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Abstract: With the great increase of renewable generation as well as the DC loads in the distribution
network; DC distribution technology is receiving more attention; since the DC distribution network
can improve operating efficiency and power quality by reducing the energy conversion stages. This
paper presents a new architecture for the medium voltage AC/DC hybrid distribution network;
where the AC and DC subgrids are looped by normally closed AC soft open point (ACSOP) and DC
soft open point (DCSOP); respectively. The proposed AC/DC hybrid distribution systems contain
renewable generation (i.e., wind power and photovoltaic (PV) generation); energy storage systems
(ESSs); soft open points (SOPs); and both AC and DC flexible demands. An energy management
strategy for the hybrid system is presented based on the dynamic optimal power flow (DOPF) method.
The main objective of the proposed power scheduling strategy is to minimize the operating cost and
reduce the curtailment of renewable generation while meeting operational and technical constraints.
The proposed approach is verified in five scenarios. The five scenarios are classified as pure AC
system; hybrid AC/DC system; hybrid system with interlinking converter; hybrid system with
DC flexible demand; and hybrid system with SOPs. Results show that the proposed scheduling
method can successfully dispatch the controllable elements; and that the presented architecture
for the AC/DC hybrid distribution system is beneficial for reducing operating cost and renewable
generation curtailment.

Keywords: distribution network; dynamic optimal power flow; flexible demand; renewable energy;
soft open point

1. Introduction

The power system has been dominated by the AC grid for a long time, since AC voltage can be
easily changed by transformers, and the power supply radius [1] of the AC system is larger. DC voltage
was difficult to be changed in the past. However, the progress in the power electronic area has made
DC voltage transformation [2] much easier and more effective. Moreover, the adoption of DC loads [3]
(e.g., electric vehicles, data centers) and DC based sources (e.g., photovoltaic systems, fuel cells) has
increased greatly in recent years [4,5]. As a result, the DC distribution network now attracts more
attention than before.

The DC distribution systems contains the following benefits [6,7]. First, the DC/AC and AC/DC
conversion stages in the AC systems can be avoided in the DC systems, because many renewable
energy sources (RESs) like wind power and photovoltaic (PV) generation usually produce DC power
directly, or produce DC first then it is converted to AC. Moreover, considerable emerging new loads
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like electric vehicles are also using DC systems. Hence, DC distribution systems can improve system
efficiency by reducing conversion losses. Second, power quality and reliability can be improved
by using DC systems. Third, the short current at one load can be separated by the converter in
the DC system. Finally, the disadvantages of AC systems, including frequency reactive power flow,
synchronization, and harmonics can be eliminated in DC systems.

DC distribution systems have been widely researched at low voltage level, especially in the microgrid.
In ref. [8], A hybrid network composed of AC and DC microgrids was investigated. In [9], a DC demand
response program is proposed for the DC distribution network integrated with distributed generators.
However, network constrains are always ignored in these studies, since the systems are of small scale.
At the medium-voltage level, DC distribution systems are often used in the area of offshore wind
integration [10], electric vehicle charging station [7], and ship power networks [11]. In [10], a design of
a power management control for an offshore DC distribution system for induction motor drives is
proposed. In [7], a common DC bus architecture is presented for an electric vehicle charging station.
In [11], a megawatt scale, medium voltage, medium frequency resonant dual active bridge dc-dc
converter is studied for the medium voltage DC (MVDC) ship power networks. However, these
studies mainly focus on control strategies, and do not consider large network operation constraints.

In spite of the various benefits of the DC system, both AC and DC loads are important in future
distribution systems; the most practical architecture to eliminate unnecessary energy conversion is a
hybrid AC/DC distribution network [12]. The architectures of the medium voltage hybrid AC/DC
distribution system are usually traditional radial structures [13]. The radial architecture leads to a
simple protection scheme. However, this type of architecture may cause large renewable generation
curtailment when the penetration is high. Thus, this paper proposes a looped medium voltage
AC/DC hybrid distribution network architecture based on AC soft open point (ACSOP) and DC soft
open point (DCSOP). This architecture can achieve flexible power flow control and high renewable
generation penetration.

The SOP has been studied in [14,15] for the AC distribution system to enhance the system
performance, in terms of power loss minimization, feeder load balancing, and voltage profile improvement.
However, the SOPs in these researches are all for AC systems, which are based on back-to-back
voltage-source converters (VSC). This type of SOP is classified as ACSOP in this paper. Also, another
type of SOP for a DC system based on a galvanically isolated bidirectional DC/DC converter is
proposed and classified as DCSOP. The control modes as well as the operation model of DCSOP are
then discussed.

Besides, DC flexible demand [9] is another key feature of the DC distribution system, which is
useful for energy management. To the best knowledge of the authors, this is the first study in the
literature combining all these elements in a hybrid AC/DC distribution system in a dynamic optimal
power flow (DOPF) framework, including AC and DC flexible demands, AC and DC SOPs, energy
storage systems (ESSs), fuel cells, renewable generation, and other units.

In short, this paper proposes a framework for the future medium voltage hybrid AC/DC
distribution network, and focuses on the optimal operation of the proposed framework under
renewable energy integration. The main objective of the proposed power scheduling scheme is
to minimize the operating cost and reduce the curtailment of renewable generation.

The key contributions of this research are as follows:

(1) The concept of DCSOP is proposed and the detailed model of DCSOP is presented.
(2) A medium voltage AC/DC hybrid distribution network architecture based on ACSOP, DCSOP

and interlinking converter is proposed to increase the renewable penetration and reduce
operation cost.

(3) An energy management scheme based on DOPF considering multiple key elements of the hybrid
distribution system is proposed.
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2. System Description

The traditional medium voltage distribution network, which is usually based on a radial structure,
has low reliability when a fault occurs in the network. For the great increase of sensitive loads and
the large-scale integration of renewable energy in the future, a more reliable distribution network is
needed. To better meet the demand of the consumers and improve energy conversion efficiency, this
paper proposes a flexible looped AC/DC hybrid medium-voltage distribution network.

2.1. Generic Description of the AC/DC Hybrid Distribution Network

The simplified structure of the proposed distribution network is shown in Figure 1. The hybrid
grid consists of a looped AC subgrid and a looped DC subgrid. The AC subgrid is connected to the
high voltage AC (HVAC) power grid by a transformer. The DC subgrid is connected to the HVAC grid
or high voltage DC (HVDC) grid by a converter, which operates at constant voltage control mode to
stabilize the voltage of the DC subgrid. The two subgrids are interconnected through a bi-directional
AC-DC converter which enables power transfer between the two subgrids. Moreover, when there
is a power failure in one subgrid, the interlinking converter can be used as a backup power source.
As shown in Figure 1, The AC and DC feeders are connected by ACSOP and DCSOP, respectively.
These two types of SOPs (or switches) are normally closed and able to control the power flow through
them. Unlike the traditional distribution network which is looped by a normally open switch and
operates radially, the proposed hybrid distribution network looped by the normally closed SOPs
can operate as a ring or mesh. By replacing the mechanical tie switches with SOPs which are based
on power electronic devices, the control of the distribution network can be faster and more flexible.
The meshed network architecture and the controllability of power flow are beneficial for renewable
generation integration and operating cost reduction. This will be discussed in Section 4.
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Various distributed generators (DGs) (e.g., wind power, PV generation, fuel cell, and diesel
generator) are connected to the medium voltage AC/DC distribution network. To suppress fluctuations
caused by intermittent renewable generation, energy storage systems are essential.

Under the medium voltage distribution network layer, the low voltage distribution networks
could be DC microgrids or AC microgrids. In addition to the traditional AC loads, DC loads like
electric vehicles can be supplied directly by hybrid distribution networks, which can reduce massive
converter links and power losses.

2.2. Flexible Demand

The flexible demand [9] is equivalent to the spinning reserve to a certain extent, and can shift
power consumption from peak load hours to light load period, reducing the need for spinning
reserves. Currently, the flexible demand mainly consists of AC demand, such as air conditioning and
refrigeration. However, as DC loads as from electric vehicles increase and DC distribution networks
develop, DC demands will be an important part of the demand side resources. Both AC and DC
flexible demand can respond to the power system, and contribute to balancing the supply and demand
of the distribution system.

2.3. SOP

A SOP [14,15] is a power electronic device placed where the traditional mechanical tie switch is
installed. It can control the active power of the feeders connected to it and provide voltage support.
The traditional ACSOP and the proposed DCSOP in this study are the two types of SOPs, which are
used in AC and DC distribution networks, respectively.

2.3.1. ACSOP

The single line diagram of an ACSOP is illustrated in Figure 2. The ACSOP is based on two
back-to-back VSCs located at the endpoints of the two AC distribution feeders. Insulated gate bipolar
transistors (IGBT) are used by the two VSCs to build the desired voltage waveforms, and the two VSCs
are connected via a dc link to reduce voltage ripple and provide an energy buffer.
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point (ACSOP) connecting them. (DG = distributed generator, VSC = voltage-source converter).

The system with an ACSOP, contains the advantages [15] of both the meshed and radial
distribution systems (i.e., high reliability and simplified protection strategy).

Other benefits [16] of an AC distribution network equipped with an ACSOP are:

(1) Flexible Power Flow Control: The back-to-back VSCs can generate the desired waveforms
separately, enabling independent reactive power control at both interface terminals, which is
useful for system loss reduction.
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(2) Instantaneous Voltage Control: The ACSOP controls its terminal voltage waveforms dynamically
in milliseconds, enabling voltage profile improvement throughout the system.

(3) Fault Isolation: In the system whose feeders are connected by a mechanical tie switch, the faults
and disturbances can spread across the feeders. In contrast, faults and disturbances can be
isolated from other normal feeders via ACSOPs, and the over-current is limited since the fault
current is controllable.

With the ability to control active and reactive power flexibly and instantaneously, an ACSOP
can operate under both normal and abnormal operating conditions. However, this study focuses on
the normal operating conditions, under which a power flow control mode [17] is used to operate the
ACSOP. Such a power flow control mode provides de-coupled control of active and reactive power,
and is integrated into the proposed dispatch scheme to increase renewable generation penetration and
reduce operation cost.

2.3.2. DCSOP

Similar with the ACSOP, a DCSOP is located at the end of the DC feeders, and connects the two
DC feeders by a DC/DC converter. The single line diagram of a DCSOP is shown in Figure 3. In this
study, the galvanically isolated bidirectional DC/DC converter based on VSCs and a high-frequency
transformer [18] is used for the DCSOP. The DCSOP can achieve electrical isolation between DC
feeders, and function as a DC breaker to isolate short fault occurs in the MVDC grid. Since there is no
reactive power problem in the DC distribution system, the DCSOP does not provide reactive power
support. However, the DCSOP can control the active power flow through it, and regulate its terminal
voltage to improve the voltage profiles of the distribution system.
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The control modes of a DCSOP are shown in Table 1. Under normal operating condition, one of
the two VSCs controls the AC voltage between the VSCs to maintaining a constant AC-side voltage
for a stable and balanced power flow through the transformer. The other VSC controls the DC power
through the DCSOP. When a fault occurs, the DCSOP switches the control mode to provide voltage
support for the non-fault area. In this case, the VSC near the fault area controls the terminal DC voltage
and the other VSC controls the AC voltage between the VSCs.
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Table 1. Control modes of a DC soft open point (DCSOP). (VSC = voltage-source converter).

Control Mode VSC1 VSC2 Scenario

1 PDC control VACθ control Normal
2 VACθ control PDC control Normal
3 VDC control VACθ control Network fault at the VSC1 side
4 VACθ control VDC control Network fault at the VSC2 side

3. Proposed Dispatch Scheme

The optimal operation of medium voltage hybrid AC/DC distribution network is based on the
load and renewable energy generation forecast in a 24-h horizon. To ensure the maximum utilization of
renewable generation and decrease the operation cost under the constraints of security, the following
mathematical model is constructed.

3.1. Objectives

The objectives of the proposed DOPF consist of the following two parts:

(1) Minimize curtailment of renewable generation

The objective minimizes the total curtailment of renewable energy across the optimization horizon,
which is formulated as

f1 = min
tn

∑
t=1

Pcur(t)∆T (1)

where t is the time-step; Pcur(t) is the renewable generation curtailment at each time-step; tn is the
number of time-steps; ∆T is the length of each time-step.

(2) Minimize total operation cost

The objective minimizes the total costs of the distributed energy resources (DERs) and power
purchased from the external grid over the scheduling horizon. The DERs used in this study include
renewable generation, fuel cell, and diesel generator as shown in Figure 1. Since the wind power and
PV generation do not consume fuel, their operation costs are assumed to be 0. The operation cost is
formulated as

f2 =
tn

∑
t=1

(C f (t)Pf (t)∆T +
K

∑
k=1

Ck(t)PDER−k(t)∆T) + ∑
l∈Γ

Cl (2)

where k is the number of DERs; C f (t) and Ck(t) are the electricity prices and operating cost of the DER
at each time step, respectively; Pf is the power purchased from external grid; PDER−k is the active
power generation of DER k; Cl is the cost of flexible load l; Γ is the set of flexible load.

(3) Combination of the two objectives

The above two objective functions are combined into one overall objective function to form a
scalar optimization problem, as follows

f = min(λ1 f1/ f ∗1 + λ2 f2/ f ∗2 ) (3)

f ∗1 = ∑
t∈T

Pren(t)∆t (4)

f ∗2 = ∑
t∈T

∑
i∈NAC∪NDC

C f (t)PDi(t)∆t (5)
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where Pren(t) is the total predicted renewable generation including wind and solar energy at each
time-step; T is the set of time-steps; PDi(t) is the active loads at bus i; NAC is the set of AC buses; NDC
is the set of DC buses; f ∗1 and f ∗2 are the reference values to normalize the two objectives, f ∗1 is the sum
of predicted renewable generation, f ∗2 is the cost of purchased power from the external grid when
DERs are not considered; λ1 and λ2 are the weights for objective f1 and f2, respectively; the values
of λ1 and λ2 are based on the need of the network operator, in this study, λ1 and λ2 are 0.5 and 0.5,
respectively.

3.2. Power Balance Equations

In order to obtain the status information of the given distribution network (e.g., node voltages
and branch powers), a full AC/DC DOPF for power management should be formulated.

(1) Power balance equations of the AC subgrid

PGi − PDi −Vi ∑
j∈NAC

Vj(Gij cos θij + Bij sin θij) = 0, ∀i ∈ NAC (6)

QGi −QDi −Vi ∑
j∈NAC

Vj(Gij sin θij − Bij cos θij) = 0, ∀i ∈ NAC (7)

where PGi and QGi are the active and reactive power injection at bus i, respectively; PDi and QDi are
the active and reactive loads at bus i; Vi and Vj are the node voltages of bus i and bus j, respectively;
Gij, Bij, and θij are the conductance, electrical susceptance, and phase angle difference between bus i
and bus j, respectively.

(2) Power balance equations of the DC subgrid

PGi − PDi −Vi ∑
j∈NDC

(Vi −Vj)Gij = 0 ∀i ∈ NDC (8)

3.3. Security Constraints

The voltage at each bus is limited by

Vmin(i) < V(i, t) < Vmax(i) ∀i ∈ NAC ∪ NDC, t ∈ T (9)

where, V(i, t) is the node voltage of bus i at time t; Vmin(i) and Vmax(i) are the lower and upper voltage
limits of bus i, respectively; It is assumed that the lower and upper voltage limits remain fixed across
the optimization horizon.

The line loading limits are formulated as

− Smax(m) < |S(m, t)| < Smax(m) ∀m ∈ M, t ∈ T (10)

where S(m, t) represents the apparent power flow of line m; Smax(m) is the maximum power
flow allowed.

3.4. Constraints of the Distributed Generator (DG) Operation

(1) Firm distributed generation

Firm generation [19] represents the generation which must be taken and cannot be curtailed.
Usually firm generation is equivalent to negative load. In this study, some of the wind and PV
generation is set as firm generation.
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(2) Nonfirm distributed generation

Nonfirm distributed generation [19] has a maximum output at each time-step, and the output of
nonfirm generation is controllable. In this research, nonfirm generators are composed of dispatchable
units including diesel generators, fuel cells, and part of wind and PV generation. The corresponding
constraints are as follows:

0 ≤ PDG(n f , t) ≤ PDG,max(n f , t) ∀n f , t ∈ T (11)

PDG(n f , t)− PDG(n f , t + 1) ≤ Rdown ∀n f , t ∈ T (12)

PDG(n f , t + 1)− PDG(n f , t) ≤ Rup ∀n f , t ∈ T (13)

where, n f is the number of nonfirm generators; PDG is the active power generation of DG,
and PDG,max is the corresponding upper limits; Rdown and Rup are the ramp-down rate and ramp-up
rate, respectively.

3.5. Constraints of the Energy Storage System (ESS)

ESS can absorb energy during off-peak demand periods, and sell it during peak power demand
hours. It reduces the need for conventional peak power generation plants. The constraints of ESSs are
related to the maximum capacity and state of charge (SOC). For simplicity, the charging power and
discharge power are assumed to be fixed during each time interval. Equations (14) and (15) give the
charging and discharging limits of ESS. Equation (16) guarantees that charging and discharging do not
occur simultaneously.

0 ≤ Pcharge(t) ≤ Xcharge(t)× Pcharge,max(t) (14)

0 ≤ Pdis(t) ≤ Xdis(t)× Pdis,max(t) (15)

Xcharge(t) + Xdis(t) ≤ 1 (16)

where, Pcharge and Pdis are the charging and discharging power of ESS; Pcharge,max and Pdis,max are the
corresponding limits; Xcharge and Xdis represent the charging and discharging state of ESS. If Xcharge
is 1 and Xdis is 0, the ESS is at charging state. Otherwise if Xcharge is 0 and Xdis is 1, the ESS is at
discharging state.

Over-charge and over-discharge will reduce the life of ESS. Thus, the SOCs of ESS should be
bounded by Equation (17). As shown in (18), the SOC at each time-step depends on the charging or
discharging power at the previous time-step, as well as on the historical SOCs. Besides, the SOCs at
the beginning of the day and the end of the day are expected to be the same.

SOCmin ≤ SOC(t) ≤ SOCmax (17)

SOC(t + 1) = SOC(t) +
εchargePcharge(t)− εdisPdis(t)

SESS
∆t (18)

SOC(t0) = SOC(tn) (19)

where, SOCmin and SOCmax are lower and upper limits of SOCs; SESS is the capacity of ESS; εcharge and
εdis are the charging and discharging efficiency; t0 and tn are the initial and final time-steps in a day.

3.6. Constraints of the Interlinking Converter

The VSC based interlinking AC-DC converter can control active and reactive power independently,
and exchange power between the AC and DC subgrids based on the higher-level optimization scheme.
Under normal conditions, the converter operates at PQ control mode [17]. When a fault occurs in the
distribution network, the interlinking converter switches the PQ control mode to constant voltage
control mode (constant DC voltage or constant AC voltage based on the fault location) to provide
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voltage support to the non-fault area. As shown in Figure 4, the converter is connected to the AC
grid through a transformer. The equivalent impedances of the transformer and the phase reactor are
represented as Zt and Z0, respectively.Sustainability 2018, 10, x FOR PEER REVIEW  9 of 22 
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The constraints of the interlinking converter can be formulated as follows [20]:

Gc + jBc =
1

Zt + Z0
(20)

Pinj = V2
i Gc −ViVc[Gc cos(θi − θc) + Bc sin(θi − θc)] (21)

Qinj = −V2
i Bc −ViVc[Gc sin(θi − θc)− Bc cos(θi − θc)] (22)

PAC−cov = V2
c Gc −VcVi[Gc cos(θc − θi) + Bc sin(θc − θi)] (23)

QAC−cov = −V2
c Bc −VcVi[Gc sin(θc − θi)− Bc cos(θc − θi)] (24)

Ic =

√
PAC−cov + QAC−cov√

3Vc
(25)

Ploss_con = a + b · Ic + c · I2
c (26)√

P2
AC−cov + Q2

AC−cov ≤ Scon (27)

VAC−con ≤ VAC−con (28)

VDC−con ≤ VDC−con (29)

where Pinj and Qinj are the active power and reactive power from the AC grid to the transformer,
respectively; Vi and Vc are the voltage magnitudes of node i and the converter AC terminal; θi and θc

are the corresponding voltage angles. Scon is the capacity of the converter; PAC−cov is the active power
injected to the interlinking converter at the AC side; QAC−cov is the reactive power absorbed by the
converter; Ploss−con is the converter power loss; a, b, and c are the loss coefficient of the converter; Ic is
the converter current; VAC−con and VDC−con are the terminal AC line voltage and DC voltage to earth,
respectively; VAC−con and VDC−con are the corresponding voltage upper limits.

3.7. Constraints of Trading with Grid

The power exchange between the distribution network and theexternal grid is constrained by

0 ≤ PGin(t) ≤ Xin(t)× PGin−max (30)

0 ≤ PGout(t) ≤ Xout(t)× PGout−max (31)
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Xin(t) + Xout(t) ≤ 1 (32)

where PGin is the purchased power from the external grid; PGout is the exported power to the external
grid; Xin and Xout are the binary variables for power flow direction; PGin−max and PGout−max are the
upper limits, respectively.

3.8. Constraints of Flexible Demand

Two types of controllable loads, i.e., interruptible loads and deferrable loads [21], are considered
in this study. Both types of controllable loads can be AC or DC loads. The interruptible loads are
allowed to be shed, while the deferrable loads can be shifted across a dispatch horizon.

For each load l ∈ Γ, its active power is denoted as sl(t) = pl + iql(t), which is constrained by

pl(t) ≤ pl(t) ≤ pl(t), ∀t ∈ T (33)

where pl(t) and pl(t) are the lower bound and upper bound of active power, respectively.
The deferrable loads are constrained as

El(t) ≤ ∑
t∈T

pl(t)∆t ≤ El(t) (34)

The demand vector of each load can be denoted as pl = (pl(t), t ∈ T). Cl(Pl) is the cost function
of the flexible demand which represents the dissatisfaction of users under the power scheduling
scheme Pl .

The cost of the interruptible load [21] is related to the amount of shed load. It can be represented as

Cl(Pl) = ∑
t∈T

αl(min(pl(t)− p f
l (t), 0))

2
(35)

where αl is a coefficient greater than zero and p f
l (t) is the predicted load. For an interruptible load,

the cost function is nonzero if there is load shedding.
The cost of a deferrable load is related to the unfulfilled energy, and can be represented as

Cl(Pl) = βl ∑
t∈T

(p f
l (t)− pl(t))∆t (36)

where βl is a coefficient greater than zero.

3.9. Constraints of SOP

In this section, the operation of ACSOP and DCSOP under normal operating conditions is considered.

(1) ACSOP

The power flow control mode in [17] is used for the ACSOP. In this mode, both VSCs generate
voltage waveforms independently, resulting in a full (four-quadrant) control of the power flow at the
two AC terminals. The operation of an ACSOP is shown in Figure 5. Three variables can be controlled
independently, i.e., the output active power of VSC1 and the output reactive power of the two VSCs,
which are denoted by PAC1(t), QAC1(t), and QAC2(t), respectively.

The operation of an ACSOP is constrained as follows

PAC1(t) + PAC2(t) + PAC−loss(t) = 0 (37)

PAC−loss(t) = ηAC1|PAC1(t)|+ ηAC2|PAC2(t)| (38)

VAC1(t) ≤ VAC1 (39)
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VAC2(t) ≤ VAC2 (40)√
PAC1(t)

2 + QAC1(t)
2 ≤ SAC1 (41)√

PAC2(t)
2 + QAC2(t)

2 ≤ SAC2 (42)

where, PAC1(t) and PAC2(t) are the active power from the two VSCs to the grid at time t, respectively;
QAC1(t) and QAC2(t) are the reactive power, respectively;SAC1 and SAC2 are the corresponding ratings;
PAC−loss(t) is the loss of ACSOP; ηAC1 and ηAC2 are the loss coefficients of the two VSCs; VAC1 and
VAC2 are the upper limits of the VSCs’ terminal voltages.
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(2) DCSOP

Since there is no reactive power problem in a DC distribution network, only the active power
needs to be considered. The constant power control mode is used to operate the DCSOP under normal
operating. The operation of a DCSOP is constrained as follows

PDC1(t) + PDC2(t) + PDC−loss(t) = 0 (43)

PDC−loss(t) = ηDC1|PDC1(t)|+ ηDC2|PDC2(t)| (44)

|PDC1(t)| ≤ PDC1 (45)

|PDC2(t)| ≤ PDC2 (46)

VDC1(t) ≤ VDC1 (47)

VDC2(t) ≤ VDC2 (48)

where, PDC1(t) and PDC2(t) are the active power from the two VSCs to the grid at time t; PDC1 and
PDC2 are the maximum active power transferred by the VSCs; PDC−loss(t) is the loss of DCSOP; ηDC1
and ηDC2 are the loss coefficients; VDC1 and VDC2 are the upper limits of the VSCs’ terminal voltages.

4. Case Study

In this section, the effectiveness of the proposed day-ahead power scheduling framework is
verified in two cases.
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4.1. Case 1

4.1.1. System Description

Figure 1 shows the line diagram of Case 1, which is a 20 kV AC/DC hybrid distribution network
modified from [22]. The resistance data of the DC feeder is obtained by ignoring the reactance of the
AC feeder. The DC subgrid is a ± 20 kV bipolar system. The generation of wind power at bus A9 and
PV at bus A2 is not allowed to be curtailed. The renewable generation at bus A6, B6, and B14 can be
curtailed (i.e., dispatchable). The locations of other DERs are shown in Figure 1. The time-series for
generation of wind turbines and PV panels are shown in Figure 6. The total renewable generation is
67.2% of the loads, and 47.7% of the loads are DC. It is assumed that bus A11 is a deferrable load, while
bus A12 and bus B12 are all interruptible loads. The cost coefficients for interruptible and deferrable
loads are set as $1000/(MW2) and $100/MWh [21]. The day-ahead electricity price from the California
Independent System Operator (CAISO) shown in Figure 7 is used for the simulation. The complete
scheduling period is 24 h, with the time interval set to 1 h.
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The following five scenarios whose simplified architecture diagram are shown in Figure 8, are
used to illustrate the effectiveness of the proposed AC/DC DOPF model.

(1) Scenario 1 which is a pure AC system with traditional radial architecture, and ignores the
equipment, i.e., the AC/DC converter, DC flexible demand, and SOPs, is used as the reference to
compare with other scenarios.

(2) Based on Scenario 1, Scenario 2 is built by converting Feeder A1 and A2 into DC feeders.
(3) Based on Scenario 2, Scenario 3 is built by adding an AC/DC converter which connects the AC

subgrid and DC subgrid.
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(4) Based on Scenario 3, Scenario 4 is built by adding DC flexible demand, with the interruptible
loads deployed at Bus A12 and the deferrable loads deployed at Bus A11.

(5) Based on Scenario 4, Scenario 5 is built by adding an ACSOP between Bus B7 and Bus B14,
and adding a DCSOP between Bus A6 and Bus A12, to form a normally closed looped network.
The detailed description of Scenario 5 is shown in Figure 1.
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4.1.2. Implementation

The DC OPF is a convex problem, and can be solved very efficiently. However, the AC OPF is
nonconvex due to the nonlinearity of the physical parameters [23], i.e., active power, reactive power,
and node voltage, as shown in Equations (6) and (7). As a result, the OPF for the AC/DC hybrid
network is nonconvex [24]. Many methods have been developed to solve the OPF problems, such
as trust region interior point algorithm, Lagrangian method, and primal-dual interior point method.
However, these methods normally obtain a locally optimal solution [25]. In contrast, the convex
relaxation method can convert the original problem into a convex one to obtain a globally optimal
solution [23]. However, the OPF formulation in this study contains SOPs and is different from the
standard OPF problem. Thus, the exactness of the convex relaxation method remains unknown
and needs further research. Here, an efficient hybrid genetic algorithm–interior point method
(GA–IPM) [26], which is a global optimization method, and can handle discrete variables easily,
is used for calculations. The calculation is implemented in MATLAB, on a laptop (Hewlett-Packard,
Chongqing, China), Intel (R) Core (TM) i7-6500U, CPU @ 2.50 GHz, 12 GB RAM. The average
calculation time is 307.6 s.

4.1.3. Results and Discussion

The results for scenario 1 are shown in Figure 9. It is seen that the generation of the fuel cell and
diesel generator between 16:00 and 19:00 is greater than the generation at other times. The reason
is that the electricity price is high at these times, and more power generated by the fuel cell and
diesel generator will result in less electricity purchased from the external grid. This reduces the total
operating cost. The operating schedule of ESS is shown in Figure 9b. The charging power of ESS
at bus A5 is high between 11:00–15:00, while the charging power of ESS at bus B13 is high between
13:00–15:00 and 17:00–19:00. These times are peak hours of renewable generation, when excessive
generation of DGs may lead to voltage violation at certain buses. By charging the ESS at these times,
the excess power is stored up, resulting in the reduction of renewable generation curtailment. The AC
interruptible loads are shown in Figure 9c, and they are shed largely during high electricity price
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periods. The total curtailment amount of wind power and PV generation is 48.2 MWh, accounting for
9.8% of the available renewable generation across the whole day.Sustainability 2018, 10, x FOR PEER REVIEW  15 of 22 
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In scenario 2, Feeder A1 and A2 are converted into DC feeders. The results for scenario 2 are
shown in Figure 10. It can be seen that the schedule for Feeder B1 and B2 in scenario 2 is the same
as that in scenario 1, because the AC subgrid and DC subgrid are independent, and the settings for
Feeder B1 and B2 are the same. The charging power of ESS at bus A5 is high at two time-steps, from
13:00 to 15:00, less than the charging time in scenario 1. The total curtailment amount of wind power is
15.0 MWh, while PV generation curtailment is 27.3 MWh. In total, 8.6% of the available renewable
generation is curtailed across the whole day. Compared with scenario 1, the curtailment is reduced by
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5.9 MWh. The results in scenario 2 show that the MVDC system has a larger renewable penetration
level than MVAC system.Sustainability 2018, 10, x FOR PEER REVIEW  16 of 22 
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In scenario 3, a bi-directional AC/DC converter is used to connect the AC subgrid and DC
subgrid. This enables power exchange between the two subgrids. Results of scenario 3 are shown in
Figure 11. As shown in Figure 11a, the AC subgrid transfers 15.5 MWh to the DC subgrid between
9:00–16:00. This reduces the curtailment of renewable generation since part of the generation is shifted
to DC subgrid, relieving the pressure of AC subgrid. Besides, the interlinking converter absorbs
15.4 MVarh reactive power, mitigating the voltage rising problem in AC subgrid at generation peak
hours. Figure 11b shows the generation curtailment in scenario 3. The total curtailment is 28.6 MWh,
accounting for 5.8% of the available renewable generation. Compared with scenario 2, the curtailment
is reduced by 13.7 MWh.

In scenario 4, the fixed DC demands at bus A11and A12 are replaced by flexible DC demands,
resulting in the further reduction of renewable generation curtailment. Figure 12a shows the schedule
for both AC and DC flexible demands at the three buses. A positive value of the schedule means the
power demand is shed, while a negative value means a power demand increment. It can be seen that
both AC and DC interruptible loads are shed a lot when the electricity price is high (i.e., between
16:00–19:00), to reduce the total operation cost. In addition to the interruptible loads, the DC deferrable
load between 9:00–16:00 (the peak renewable generation hours) is shed, and shifted to other non-peak
generation hours. The shifted deferrable load is 14.2 MWh in total. The utilization of flexible DC
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demands in scenario 4 reduces the renewable generation curtailment by 11.7 MWh compared with
scenario 3. Besides, the operation cost in scenario 4 is $1000 less than that in scenario 3. These results
show that, flexible DC demands are beneficial in the operation of the AC/DC hybrid distribution
network, for cost reducing and renewable energy integration.
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In scenario 5, the two AC feeders are connected with an ACSOP, while the DC feeders are
connected with a DCSOP. As shown in Figure 13, in the AC subgrid, the feeder B1 transfers active
power to feeder B2 between 9:00–16:00, and the feeder B2 transfers active power to feeder B1 between
17:00–19:00. In the DC subgrid, the feeder A1 transfers active power to feeder A2 between 10:00–15:00.
This is because 9:00–16:00 are the peak hours of PV generation at feeder B1. At the same time, the wind
power generation at feeder B2 is relatively low. The feeder B1 is more likely to violate the voltage
limits for its excessive generation integration. Thus, the generation power in feeder B1 is shifted to
feeder B2 to relieve the pressure of feeder B2. Between 17:00–19:00, the PV generation decreases and
the wind power generation increases. The generation power in feeder B2 is shifted to feeder B1 to
be consumed. Similarly, in the DC subgrid, the feeder A1 transfers active power to feeder A2 during
generation peak hours (i.e., 10:00–15:00) to avoid voltage violation in feeder A1. Compared with
scenario 4, the generation curtailment is reduced by 15.98 MWh.
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The results of the curtailment and costs of the five scenarios are summarized in Table 2. In the five
scenarios, scenario 5 yields the best results. The curtailment in scenario 5 is 1.9% of the curtailment
in scenario 1 which has a traditional radial architecture, and the operation cost is reduced by 23.4%.
The case study illustrates that the use of DC flexible demands, SOPs, and interconnection of AC and
DC subgrids is beneficial for reducing generation curtailment, and lowering the operation cost of the
AC/DC hybrid distribution network. The reason is that the DC flexible demand can be equivalent to the
spinning reserve which is able to shift power consumption across the dispatch horizon. The ACSOP
and DCSOP have the ability of transferring active power, and the ACSOP is useful for reactive
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compensation. The connection of AC and DC subgrids with an interlinking converter enables power
exchange between the two subgrids. All of these units contribute to optimizing the power flow of the
AC/DC hybrid distribution network. Thus, the rising voltage and network congestion problems at
generation peak hours are mitigated, and more DG penetration (i.e., less generation curtailment) is
allowed. Furthermore, the generation curtailed can be regarded as revenue lost. The less the generation
curtailment means the less power purchased from the external grid and the lower the operating cost.

Table 2. Curtailment at each scenario.

Scenario Curtailment Bus A6 Bus B6 Bus B14 Total (MWh) Cost ($10,000)

1
MWh 10.8 27.3 10.1 48.2

1.98% 10.3 30.1 9.7 9.8

2
MWh 4.9 27.3 10.1 42.3

1.93% 4.7 30.1 9.7 8.6

3
MWh 4.3 17.4 6.9 28.6

1.82% 4.1 19.2 6.7 5.8

4
MWh 2.7 9.4 4.8 16.9

1.72% 2.5 10.3 4.7 3.4

5
MWh 0 0.92 0 0.92

1.51% 0 1.0 0 0.19

4.2. Case 2

4.2.1. System Description

A larger case which consists of two IEEE 33-node distribution networks, was studied to further
verify the proposed method. The system rated voltage is 12.66 kV, and the detailed data for the system
can be obtained from [27]. The locations of DERs are shown in Figure 14. The renewable generators at
Bus A13, A30, B15, and B31 are dispatchable. The generator capacity is 800 kW for both wind power
and photovoltaic generation. The ACSOP is placed between Bus B18 and B33, while the DCSOP is
placed between Bus A18 and A33. Similar to case 1, the following five scenarios are used to evaluate
the performance of the proposed system.
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(1) Scenario 1 which is a pure AC system, is used as the reference to compare with other scenarios.
(2) Based on Scenario 1, Scenario 2 is built by converting one IEEE 33-node AC system into a

DC system.
(3) Based on Scenario 2, Scenario 3 is built by adding an AC/DC converter which connects the AC

subgrid and DC subgrid, at Bus A22 and B25.
(4) Based on Scenario 3, Scenario 4 is built by adding a DC flexible demand, with the interruptible

loads deployed at Bus A15 and the deferrable loads deployed at Bus A27.
(5) Based on Scenario 4, Scenario 5 is built by adding an ACSOP between Bus B18 and Bus B33,

and adding a DCSOP between Bus A18 and Bus A33.

4.2.2. Results and Discussion

The results of the curtailment and costs of Case 2 are shown in Table 3. It can be seen that,
the results of scenario 5 are better than the other scenarios. The curtailment in scenario 5 is 11.3%
of the curtailment in scenario 1, and the operation cost is reduced by 7.5%. These results show that
the proposed method is still applicable in a larger system. It is worth mentioning that, the cost of
power from wind and photovoltaic declined greatly over the past years, and keeps falling. In the
United States, the capital cost of wind energy in 2004 was 65% of the early 1980s [28]. The cost of
photovoltaic generation in Germany [29] was $0.49/kWh in 2005, and fell to $0.11/kWh in 2014.
Moreover, according to the prediction of [29], photovoltaic generation cost will drop to $0.037/kWh
in 2050, making solar power the cheapest form of electricity. In this context, renewable energy will
be very competitive in the future. Also, power systems are requested to increase the penetration of
renewable generation connected to the grid. Thus, this study is focused on the operation strategy
of the distribution system, with the assumption that the cost of renewable generation is low enough
to compete with traditional energy in the future. Using the capital cost data in [30], the annualized
investment cost [30] of scenario 5 is $51,810 higher than scenario 1. Also, the annualized operation
cost is $167,900 lower than scenario 1. The annualized operation cost reduction (compared with
scenario 1) in scenario 5 is larger than the annualized investment cost increase, making scenario 5
more economical.

Table 3. Curtailment and operation cost at each scenario.

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5

Curtailment (MWh) 13.52 11.96 8.49 5.32 1.53
Cost ($1000) 6.13 6.09 5.97 5.85 5.67

Generally, to obtain the benefits of SOPs and other controllable devices, the penetration of
renewable generation should be high. In this way, the controllable devices can allow more renewable
generation integration and lower the operation cost. Besides, with the development of converter
technology, the cost of SOPs will decrease, which will further reduce the total investment cost.
Moreover, SOPs can provide voltage support when a fault occurs in the distribution system,
and improve the system reliability. Also, the high penetration of renewable energy is beneficial
for environmental protection, providing extra social value.

5. Conclusions

This paper proposed an envisioned AC/DC hybrid distribution network architecture for the
future medium voltage distribution network. An optimal power scheduling strategy for the proposed
distribution network based on DOPF was developed to dispatch the ESSs, flexible demand, SOP,
and controllable DGs. Two cases were solved to illustrate the advantages of the proposed distribution
network architecture and the effectiveness of the scheduling strategy for one-day time-horizons.
The results reveal that the scheduling strategy can efficiently manage power production and
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consumption for the day-ahead distribution network. The utilization of DC flexible demands, SOPs,
and the interconnection of AC and DC subgrids can optimize the power flow of the hybrid distribution
network. This reduces the curtailment of renewable generation significantly, and the total daily
operation cost is decreased. A more detailed model considering uncertainties of renewable energy will
be studied in future work.
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