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Lu Zhang , Member, IEEE, Jun Liang, Senior Member, IEEE, Wei Tang, Member, IEEE, Gen Li,

Yongxiang Cai , and Wanxing Sheng, Senior Member, IEEE

Abstract—Transfer capacities of urban distribution networks
need to be increased to fulfill the increasing load demands and
to accommodate distributed generation (DG). However, there are
limited spaces to build new substations and lines, and curtail-
ment of DGs may happen due to voltage violation during DG
outputs fluctuation. This paper proposes and analyzes various
methods to convert some existing ac MV lines to dc lines in
order to form a hybrid ac/dc distribution network, based on
which transfer capacities of lines can be increased, and flexible
power shift can be achieved through a voltage source converter
between two lines. The increases of transfer capacities are quan-
tified. Optimal operation to fully utilize the increased capacities
is achieved, in which losses are minimized in day-ahead schedul-
ing, and node voltages are regulated real-time within security
ranges based on limited measurement. Not only reactive power
but also real power optimization are designed to maximize
load supply and DG accommodation. A sensitivity method is
proposed considering relatively large r/x ratio of an MV dis-
tribution network, which is effective for the real-time voltage
regulation. Simulations are performed to verify the proposed
method.

Index Terms—Hybrid AC/DC, distribution network, converting
AC to DC, transfer capacity, DG accommodation.

I. INTRODUCTION

IN URBAN areas, transfer capabilities of existing AC
distribution lines need to be increased to meet the increas-

ing load demands and the requirements of high reliability and
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power quality. However, existing AC distribution lines are fac-
ing challenges of managing load demand growth in urban
areas [1]. Moreover, the costs of distribution line corridors
become higher in urban areas. There are very limited spaces
to build new substations and distribution lines.

On the other hand, with the integration of large scale,
dispersed renewable sources, distribution networks face a chal-
lenge of voltage control due to the intermittence of distributed
generation (DG) [2]. Curtailment of wind power and pho-
tovoltaic (PV) may take place, because power flow cannot
be flexibly scheduled in a traditional distribution network.
Therefore, improving transfer capacity and accommodating
DG are two main serious issues at present.

Distribution lines in urban areas are normally close to each
other. Due to load fluctuation, power in a distribution line
keeps changing. For two adjacent lines, if one line is lightly
loaded while the other is heavily loaded, power losses and
voltage deviations will be high in a heavy loaded line. Loads
may have to be shed to avoid over loading. Meanwhile, DG
curtailment will happen in light loaded lines in order to allevi-
ate over-voltage problems. Flexible power shift between two
adjacent distribution lines might be a way to meet the opera-
tion requirement of variable power injection of DG and loads
fluctuation so as to increase overall power transfer capac-
ity. However, AC distribution lines are normally operated as
a radial network, because closed-loop operation in AC distri-
bution networks will cause circulating currents due to different
phase angles or amplitudes.

Reconfiguration has been widely used in distribution
networks [3] to achieve load transfer between two feeders.
However, a large transient current will be generated when clos-
ing the loop. This could mis-trip AC circuit breakers due to
over-current protection, and lead to service interruption [4].
Moreover, closed loop structures might produce circulation of
zero-sequence current because of unbalanced serial impedance
in lines [5]. Operation costs will be increased due to frequent
switching because of wear and tear on circuit breakers [3].
Therefore, it is very difficult to achieve real-time optimal
power transfer through network reconfiguration.

Power electronic devices have been used in AC distri-
bution networks [1], [6], [7]. Reference [1] proposed to uti-
lize dc-links to merge heavily-meshed urban distribution
networks to increase reliability and expand operational flexibil-
ity. Reference [6] provided a comparison of power electronic
devices which can be used in distribution networks in order to
accommodate large amounts of DGs. Reference [7] proposed
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to use back-to-back converters to connect AC lines for reduc-
ing power losses and improve node voltages. However, the
DC side of these power electronic devices is not utilized
for power transfer or DG integration. The maximum transfer
power capacity of each AC line is not increased.

Therefore, distribution networks are facing challenges with
the increasing load demand and DG accommodation, large
variation of DG power outputs, large transient impact of the
conventional power rescheduling, and limited transfer capacity
of existing circuits. Cost-effective solutions must be sought to
increase the power transfer capacity without constructing new
lines, to reschedule power between lines flexibly and to con-
trol real and reactive power independently. A hybrid AC/DC
distribution network, which can be formed through converting
some of existing AC lines to DC, can meet these require-
ments, particularly in places with very limited way-leave such
as urban areas.

Hybrid AC/DC technologies have been used for high voltage
transmission [8], [9], distribution networks [10]–[12] and low
voltage microgrids [13], [14]. Conversion of existing AC lines
to DC operation has been presented in CIGRE report [15],
and proposed in various voltage levels [16], [17] as an
innovative method to increase power capability of existing
lines.

One of the drawbacks for converting AC lines to DC oper-
ation is the cost of building voltage source converters (VSCs)
for connecting AC lines and AC loads. However these costs
would be much lower than the cost reduction by deferring
or removing the need of constructing new AC lines [1], [18].
Another drawback is the operation power losses of the VSCs,
which are needed to convert AC lines to DC operation.
However, the flexible power dispatch of VSCs can reduce
AC and DC line losses. This trade-off, particularly possible
overall power loss reduction, is worth of investigation. In addi-
tion, there are some other technical drawbacks for converting
AC lines to DC operation, which include Electro Magnetic
Interference (EMI), DC stress (polarization) of materials
designed for AC [15], DC creepage on insulators, corrosion
of structures on the path of return current if a return conduc-
tor is not used [16], [17], and other environment impacts [19],
which are out of scope of this paper, and can be studied in
the future.

This paper analyzes and quantifies the capacity increases of
various methods to convert AC lines to DC ones suitable for
urban areas. Contributions include the methods to fully utilize
the increased line capacity, in which losses are minimized in
day-ahead scheduling, and node voltages are regulated within
security ranges real-time in case of forecast errors. Not only
reactive power but also real power optimization are designed
to maximize load supply and DG accommodation, based on
limited measurement of node voltages.

The effect of power variation on node voltages is nor-
mally analyzed using a sensitivity method [20], [21]. However
these methods can only be used in radial networks due to
their limits of power flow equations. The inverse Jacobian
matrix of Newton Raphson algorithm [22] can be used for
mesh configurations but suffers convergence problem for
networks with high r/x ratio. This paper proposes a sensitivity

Fig. 1. DC link configurations converted from AC lines (a) Symmetrical con-
figuration with a neutral wire (b) Symmetrical configuration without neutral
wire (c) Asymmetrical configuration with a neutral wire.

method considering high r/x ratio and closed-loop topolo-
gies for hybrid AC/DC MV distribution networks, which is
effective for the real-time voltage regulation. The sensitivi-
ties of AC and DC lines in this paper are decoupled by VSC
because of its independent control ability of active and reactive
power.

II. HYBRID AC/DC DISTRIBUTION NETWORKS

A. DC Links Converted From AC Distribution Lines

When converting an AC line to DC, if a symmetrical con-
figuration is chosen for the VSC station, the three AC wires
are used as a positive DC wire, a negative DC wire and a neu-
tral wire respectively, as shown in Fig. 1(a). The neutral wire
provides a return path for unbalanced DC currents. This con-
figuration has low utilization of the wires, but can avoid ground
return of unbalanced load currents, because only two of the
three wires are used for power transfer, and the other one is
only used for neutral.

If a symmetrical configuration without neutral wire is cho-
sen, one extra conductor which has the same rating can be
added in order to make full use of the third existing wire and
further increase transfer capacities. Therefore, both the posi-
tive and negative poles are formed using two wires as shown in
Fig. 1(b). Utilization of wires is increased using this configu-
ration but a ground return is used for unbalanced load current,
which has potential safety risks.

If an asymmetrical configuration is chosen for the VSC, the
three wires are combined as one DC wire, but an extra conduc-
tor is needed as a neutral wire, which is grounded, as shown
in Fig. 1(c). The neutral wire is fully rated for the load cur-
rent but only lightly insulated with nearly zero volt potential,
thereby reducing the costs.

In urban distribution networks, three-core underground
cables and double circuit lines are widely used due to lim-
ited corridor spaces. There are various methods to convert
urban distribution AC lines to DC as illustrated in Table I.
The maximum power transfer capacity for each case is
also given.

The maximum DC voltage can be larger than the peak
value of an AC voltage as a Cigre technical brochure [23]
suggests that on the basis of electric mean stress the cable
insulation could withstand roughly twice the RMS AC voltage
as an applied DC voltage, and 1.5 times taking into account
ageing factors. Corona effects with DC voltage may be less
severe than with AC, and internal over voltages in DC systems
have a lower ratio than AC switching over voltages. The AC
peak voltage, i.e., 1.414 times the RMS AC voltage, has been
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proposed as a conservative operating voltage in a practical
MVDC project [24]. On the other hand, insulator pollution
may be an obstacle to a high DC voltage level since insulator
pollution is more crucial under DC voltage. Besides, DC volt-
age is also constrained by acceptable levels of audible noise in
dry weather as well as electric field and space charge current
at ground level [15]. Long term degradation, polarization and
aging of the insulation material are subject to further monitor-
ing. Therefore, considering above effects, this paper selects the
maximum DC voltage to be the peak value of the AC voltages,
either line-ground voltages or line-line voltages depending on
configurations.

When converting a 3-core AC cable to DC operation, as
for the cases in Fig. 1(a) and (b), the total DC voltage is
2UDC = √

2UAC. Since both the positive and negative poles
are within the same cable, the maximum voltage is determined
by the insulation to withstand the peak line-line voltage. Thus

UDC =
√

2
/

2UAC (1)

For the case in Fig. 1 (c), the DC voltage is

UDC =
√

2
/√

3UAC (2)

as the 3 cores have the same voltage, the maximum voltage is
determined by the insulation for core-to-ground voltage. This
also applies to the symmetrical without neutral configuration
for double circuit cables, and all overhead line cases.

The resistances of DC lines are smaller than those of AC
lines due to skin effect and proximity effect, which can be
given by the equation (3) [25]:

rAC = rDC · (
1 + ys + yp

)
(3)

where ys is the skin effect factor; yp is the proximity effect fac-
tor. ys is about 0.02 for a typical Copper 7 STRD 0.328 Inches
cable [26] under a working temperature of 40 ◦C and yp is
about 0.001 [19], [27]. Therefore the DC resistance is

rDC = 0.98rAC (4)

Considering the heat dissipation capability of a conductor
for both AC and DC operation is the same, I2

DCrDC = I2
ACrAC,

the maximum allowed DC current is thus obtained as

IDC = 1.01IAC (5)

Moreover, an AC line carries more or less reactive power,
a typical power factor cosϕ = 0.9 of a MV line under normal
operation is used.

The maximum transfer capacities of AC or DC circuits Pmax
are given in Table I. The ratio of Pmax of each circuit to that
of the AC circuit Pmax −AC is σ = Pmax

Pmax −AC
. For example, for

the symmetrical configuration with a neutral wire in Fig. 1(a),
Pmax = 2UDCIDC = 1.428UACIAC by using equations (1)-(3)
and (5), and σ = Pmax

Pmax −AC
= 1.428UACIAC√

3UACIAC cos ϕ
= 0.916. Table I

has summarized the ratios for various cases.

TABLE I
CONVERSION METHODS

B. Network Losses

The maximum allowed power losses of a line for AC or DC
operation are the same due to the heat dissipation capability of
a conductor. Thus losses are compared under a same transfer
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power. For given real and reactive power Pl and Ql of an AC
line, the power loss is:

PAC
loss = P2

l + Q2
l

U2
AC

rAC (6)

For the case in Fig. 1(a), power loss in a DC line carrying
the same power Pl is:

PDC
loss = P2

l

2U2
DC

· rDC (7)

For the case in Fig. 1(b), power loss in a DC line carrying
the same power Pl is:

PDC
loss = P2

l

4U2
DC

· rDC (8)

For the case in Fig. 1(c), power loss in a DC line carrying
the same power Pl is:

PDC
loss = 2P2

l

3U2
DC

· rDC (9)

as there is no reactive power in a DC line, full current rating
can be used to transfer real power.

Thus by using (1-9) and considering a typical power factor
0.9 of an AC line, the ratio of the losses between PDC

loss and
PAC

loss are 0.794, 0.397 and 0.794 for cases in Fig. 1(a), (b)
and (c), respectively.

C. Voltage Drop

An AC voltage drop under Pl can be calculated as:

�UAC = Pl · rAC + Ql · xAC

UAC
(10)

For the case in Fig. 1(a), a DC voltage drop can be
calculated as:

�UDC = Pl

2 · UDC
· rDC (11)

For the case in Fig. 1(b), a DC voltage drop can be
calculated as:

�UDC = Pl

4 · UDC
· rDC (12)

For the case in Fig. 1(c), a DC voltage drop can be
calculated as:

�UDC = Pl

3UDC
· rDC (13)

Thus by using (1)-(5), (10)-(13) and considering a typi-
cal power factor of 0.9 and a rAC/xAC ratio of 1.7 that is
within a reasonable range between 1 and 2 [28] of an AC
line, the ratios of voltage drops of a DC line to an AC line,
�UDC/�UAC, are 0.539, 0.27, and 0.311 respectively for the
three cases.

Fig. 2. A traditional structure of MV distribution network.

Fig. 3. A hybrid AC/DC distribution network.

Fig. 4. Model of a hybrid AC/DC distribution network.

III. OPTIMIZATION FOR HYBRID AC/DC DISTRIBUTION

NETWORK OPERATION

A. Structure of MV Distribution Networks

A typical MV AC distribution network is shown in Fig. 2.
Two feeders from different substations are interconnected
through a circuit-breaker (CB), which is normally opened.
Due to the increase of load demand and DG, the AC lines
are becoming overloaded. In order to deal with this issue, one
AC line is converted to DC operation. Fig. 3 shows a hybrid
AC/DC distribution network structure, in which an AC line is
converted to DC and supplied through a VSC (VSC1), and the
CB is replaced by a VSC (VSC2) to interconnect the AC and
DC lines.

B. Optimization Strategy

A generic model of the two-feeder hybrid AC/DC network
is given in Fig. 4 with m DC nodes and (n-m) AC nodes.
VSC1 controls the DC voltage and VSC2 controls real and
reactive power to the AC line.

Through flexible control of VSC2, it is possible to achieve
optimal power scheduling between the AC and DC lines
to reduce overall power losses and regulate AC voltages.
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Optimization has been designed forVSC2, which includes two
modes, loss reduction mode and voltage regulation mode.

1) Loss Reduction Mode: The primary optimization objec-
tive is to minimize system losses when VSC2 operates in the
loss reduction mode. The optimization variables are loads of
all nodes, DG outputs, and power of VSC2. Optimization out-
puts are the real and reactive power of VSC2 for each hour
of next day.

min
PAC

VSC2,Q
AC
VSC2

Ploss

(
Pload, Qload, PDG, QDG, PAC

VSC2, QAC
VSC2

)
(14)

Ploss = PDC
loss + PAC

loss + PVSC
loss (15)

where Ploss is the total power losses of the hybrid AC/DC
distribution network; PDC

loss and PAC
loss are losses in DC lines

and AC lines. PVSC
loss is the total losses of VSC1, VSC2 and

VSCs for connecting AC loads to the DC lines, which can
be calculated through a following equation [29], and has been
used in distribution networks [30],

PVSC
loss = aI2

VSC + bIVSC + c (16)

where IVSC is the AC current of the VSC; a and b are the fac-
tors representing quadratic and linear dependency of converter
losses on the converter current; c indicates no-load converter
losses.

Constraint conditions for the optimization are
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

PDC
l ≤ PDC

max l ∈ [1, m]
SAC

l ≤ SAC
max l ∈ [m + 1, n]√

PAC 2
VSC2 + QAC 2

VSC2 ≤ Svsc
max

Vmin ≤ Vi ≤ Vmax

(17)

where PDC
l is the power of DC line l, PDC

max is the DC line
capacity; SAC

l is the power of AC line l; SAC
max is the AC line

capacity; Svsc
max is power rating of the VSC; Vi is the voltage at

node i, Vmin and Vmax are the minimum and maximum limits
of the voltage security range, which are 0.95 p.u and 1.05 p.u.

A day-ahead optimization based on forecasted loads and
DGs is performed only once every day, in order to obtain
optimal hourly active and reactive power PAC

VSC2 and QAC
VSC2 of

VSC2 for next 24 hours.
The optimization was solved through Genetic Algorithm,

and the optimization outputs (PAC
VSC2, QAC

VSC2) were fed for
AC-DC power flow [31] to calculate power losses which are
further used for next optimization procedure. This iteration
will be performed until optimal results are obtained.

2) Voltage Regulation Mode: However, voltage violations
may occur because of forecast errors of DGs and loads.
A real-time voltage regulation mode is developed to ensure
node voltages within the security range. A voltage-sensitivity
approach [21] is used to regulate the voltage efficiently
through VSC2 control based on voltages measured at certain
nodes. It should be noted that as only limited node voltages
can be measured and available for VSC2 during operation,
global optimization cannot be achieved at this stage without
knowing other voltage and load/DG power.

The voltage regulation mode is triggered if a node voltage
is above 1.05 p.u or below 0.95 p.u. VSC2 will switch back

to the loss reduction mode originally determined by the day-
ahead optimization, when all node voltages are within [0.97,
1.03] p.u, therefore persistent jumping between the two modes
can be avoided.

In a MV distribution network, r/x ratios are relatively
large comparing to small ratios in high voltage transmission
networks. Voltage in a distribution network is sensitive to not
only reactive power but also real power. Therefore this paper
proposes to use both reactive and real power to regulate volt-
ages. In order to obtain the sensitivities a node voltage to the
active and reactive power of VSC2, the hybrid AC/DC distri-
bution network is decoupled by VSC2 into AC and DC parts
since the power of the converter can be controlled actively to
follow reference values. Thus the sensitivity method is applied
to the AC and DC parts individually, which is not achievable
for a closed-loop AC network. The sensitivities between a node
voltage and the power adjustment of VSC2, SenP and SenQ,
are obtained as:

SenP = ∂Vi

∂PAC
VSC2

= − ri,VSC2

VN
(18)

SenQ = ∂Vi

∂QAC
VSC2

= −xi,VSC2

VN
(19)

where VN is rated voltage, ri,VSC2 and xi,VSC2 are the resistance
and reactance between node i and VSC2. SenQ is only applied
for the AC side.

Thus, the real and reactive power adjustment of VSC2 can
be achieved as:

[�P] = [�V]/[SenP] (20)

[�Q] = [�V]/[SenQ] (21)

where [�V] is the deviation between the measured voltage
and a lower or an upper limit, which is 0.97 p.u for the
under-voltage or 1.03 p.u for the over-voltage cases respec-
tively. These adjustments affect all node voltages which are
represented in equation (22).
⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

�V1
...

�Vm

�Vm+1
...

�Vn

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

Sen1
P

...

Senm
P

Senm+1
P
...

Senn
P

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

· [�Pm] +

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
...

0
Senm+1

Q
...

Senn
Q

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦

· [
�Qm+1

]

(22)

where �Pm is power adjustment of VSC2 at the DC side,
which is equal to the real power adjustment of VSC at the
AC side �Pm+1; �Qm+1 is the reactive power adjustment of
VSC2 at the AC side.

If an AC node voltage is higher than 1.05p.u or lower than
0.95p.u, the reactive power of VSC2 is firstly considered to
regulate the voltage because reactive power is more effective
for AC voltage regulation and the DC line is not affected by
the reactive power regulation of the AC side. Equation (20)
is used to preliminarily calculate the adjustment of reactive
power �Q based on the maximum voltage deviation of the
measured nodes in [�V].
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Fig. 5. Flowchart of the proposed optimization strategy.

If the reactive power adjustment �Q cannot be achieved
due to the power rating limit of VSC2, both active and reactive
power will be used to regulate node voltages.

The real and reactive power adjustment of VSC2, �P and
�Q, are obtained by solving (23).

{
SenP · �P + SenQ · �Q = �V(
PAC

VSC2 + �P
)2 + (

QAC
VSC2 + �Q

)2 = SVSC2

max
(23)

where �V is the maximum voltage deviation of the measured
nodes. SenP and SenQ are the corresponding sensitivities of
the nodes.

There will be two real solutions for quadratic equations (23).
The smaller solution of �P is chosen for VSC2 in voltage
regulation, in order to reduce the effect on the node voltages
in the DC line.

If a DC node voltage is higher than 1.05 p.u or lower than
0.95p.u, real power is used to regulate node voltages based
on equation (20). The absolute value of VSC2 reactive power
will be reduced in order to release the rating of VSC2 for real
power to regulate node voltages if real power is limited by
current rating of VSC2, and the �P and �Q can be calculated
through equation (23).

A flowchart of the proposed optimization strategy is shown
in Fig. 5.

The voltage regulation mode can be implemented contin-
uously every short time interval, e.g., 1 s depending on the
measurement and communication for node voltage signals.

IV. CASE STUDY

Case studies were conducted to demonstrate the increase
of power transfer capacity and DG accommodations by using
a hybrid AC/DC distribution network.

A. Simulation Conditions

A 12-node double-circuit AC distribution network is shown
in Fig. 6(a). There are two feeders (Line-1 and Line-2) which
are connected through a circuit-breaker (CB). The sizes of
conductors are taken as Copper 7 STRD cable in the case
studies. The maximum transfer capacity of the AC system is
17 MW, i.e., 8.5 MW for each of the two lines. However, this
capacity hasn’t been fully utilized due to the voltage limits and
load/DG fluctuation. This system cannot meet further increase
of load demand and DG integration. Therefore, it is proposed

Fig. 6. Distribution networks under study.

to convert one line to DC operation to form a hybrid AC/DC
distribution network shown in Fig. 6(b). The left side cables
(Line-1) are converted to a symmetrical DC without neutral
wire, with each 3-phase cable forming one pole. The right
side cable (Line-2) remains as AC. Outputs of DGs, including
wind turbines and PVs, remain as AC output. In the study,
DGs are modeled as PQ node in AC-DC power flow, and
the injected real power depends on available resources, while
reactive power is decided by a constant power factor. Direct
DC connection or DC/DC converters could be used [32] but
are not considered in this study because only distribution lines
are converted to DC operation, and DGs are assumed to be
remained AC outputs. The AC voltage is 10 kV and the con-
verted DC voltage is selected as ±8kV , as according to (2)
UDC = 8.164kV . The power ratings of VSC1 and VSC2 are
14 MVA and 3 MVA respectively. For comparisons, a reconfig-
uration method or a Back-to-back converter is also considered
in the case studies. In this paper, the loss coefficients a, b,
and c are set as a =0.011, b =0.005, c =0.009 in a per unit
form. As there are few existing references about the parameters
in a MV distribution network, we calculate these coefficients
using the method in [29] to estimate the power losses of the
converters in our study.

B. Case 1 Increase of Power Transfer Capacity

Actual values of wind power, PV output and loads of
a practical power system in Heilongjiang Province, China were
simplified and used in case 1, as shown in Fig. 7.

In the base case with 2 AC lines without using reconfigu-
ration, voltages of nodes 5 and 6 are lower than 0.93 p.u, and
loads may have to be shed at 7 o’clock, as shown in Fig. 8(a),
because loads in Line-1 are heavy while loads in Line-2 are
light.

With the reconfiguration in which loads at node 6 are sup-
plied through Line-2, voltages of all nodes are within the
requirement of 0.93 p.u.−1.07 p.u. However, the reconfigura-
tion method cannot be used too frequently due to the limited
switching number a day. In addition, large transient currents
maybe caused during reconfiguration, as shown in Fig. 9. The
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Fig. 7. One Day Load and DG Profile for case 1.

Fig. 8. Two snapshots of voltage profiles of the network.

peak current between nodes 6 and 7 is about 0.43 kA, which
is 1.34 times of normal current, as shown in Fig. 9(a). The
peak current of Line-1 before the node 1 reaches 0.71 kA, as
shown in Fig. 9(b), which may result in a mis-trip of circuit
breakers.

Due to the fast control ability of voltage source converters,
VSC2 can achieve very smooth current control during power
rescheduling.

Node voltages don’t meet voltage requirement at 19 o’clock
in the Base case and Reconfiguration case, as shown in
Fig. 8(b), because loads of both lines are heavy. With a back-
to-back converter, the voltages of all nodes are within the
security range. This is because reactive power is compensated
from the converter for both lines, and the AC Line-2 has taken
1 MW of real power from Line-1 to balance the two lines by
fully using the capacity of Line-2. Node voltages of the hybrid
AC/DC distribution are all within a security range and bet-
ter than that with back-to-back converter because the DC line

Fig. 9. Transient currents during reconfiguration.

takes over 2.23 MW of real power from the AC line, which fur-
ther balance power supplying between the two lines by using
the higher transfer capacity of the DC line. As shown in Fig. 8,
DC side voltages are much more stable than the other loads
due to the DC control of VSC1 and smaller voltage drops in
DC lines.

C. Case 2 Maximum Transfer Capability

The maximum transfer capability is mainly determined by
line thermal limits and node voltage limits. Assuming load
power at all nodes increase at the same rate, the maximum
transfer capability of the base case is about 10.5 MW when
the lowest node voltage (node 6) of system reaches to 0.93 p.u,
as shown in Fig. 10. This transfer capability is far below the
AC line transfer capacity which is 17 MW. The maximum
capability increases to about 12 MW through the network
reconfiguration. The back-to-back converter can increase trans-
fer capability to about 15 MW, when 1.07 MW of real power
is injected to Line-1 from Line-2 and the remaining capacity
is used to provide reactive power, i.e., 2.8 MVar is injected
to both AC lines. Line-1 has reached the capacity limit and
power of Line-2 has only reached 7 MW. However, resched-
ule more real power from Line-2 to Line-1 reduce the capacity
for reactive power regulation. This will further reduce the node
voltages of Line-2 below the voltage limit.

The maximum transfer capability of the AC/DC network can
be increased to about 21.2 MW, which is 2.02 times of the
base case, when 2.4 MW real power and 1.8 MVar reactive
power are injected to the AC line (Line-2). The constraint
of the maximum power transfer for the AC/DC network is
the line thermal limit instead of the voltage limit, because
the maximum transfer capacity of the DC line has been fully
utilized without violating the voltage limit.

D. Case 3 Increase of DG Accommodation

Time domain simulation was performed to demonstrate the
benefits of the proposed hybrid AC/DC distribution network
on DG accommodation. Four events of DG and load variation
during 10-20 s, 30-40 s, 50-60 s, and 70-80 s, as shown in
Fig. 11 were used to test the control performance of VSC2.
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Fig. 10. The lowest node voltages under different load levels.

Fig. 11. Loads and DGs outputs of 90 seconds in real-time for case 2.

It is assumed that VSC2 measures node voltages and change
power output every one second. This is for illustration only,
as in practice a day-ahead optimization could not be achieved
with such a short interval.

From 10 s to 20 s, the DG outputs and load demand reduc-
tion as shown in Fig. 11 have been forecasted correctly in
advance and used for loss reduction optimization for the hybrid
AC/DC network. VSC2 has thus been determined to absorb
more PVSC2 and QVSC2 from the AC side, as shown in Fig. 13,
in order to maintain the voltage within the security range, as
shown in Fig. 12, while in the base case or the case with
the back-to-back converter, voltages have been above the risk
range and violated the permitted limit.

If these DG and load variations cannot be forecasted, as
shown from 30-40 s in Fig. 11, VSC2 powers do not change
until the voltage of node 6 reaches 1.05 p.u at 32 s, when volt-
age regulation mode is triggered. According to the estimation
using equation (18), from 34 s, reactive power alone can-
not control the voltage back to security range. Thus, through
calculation using equation (22), VSC2 reduce the real power
absorbed from the AC line, in order to give more capacity for
increasing reactive power absorbed from the AC line. When
all the voltages are below 1.03p.u. at 37 s, VSC2 switches
to the loss reduction mode, and PVSC2 and QVSC2 come back
to the initial values, This causes a slight increase in voltage
again but within the security range, with a peak of 1.045 p.u
at 38 s.

If the DG and load variations are small, as shown from 50-
60s in Fig. 11, using only reactive power is able to control the
voltage back to security range, as shown in Fig. 13.

Fig. 12. Voltages deviation.

Fig. 13. Power of VSC2 from DC to AC.

If the DG outputs decrease significantly and loads increase
at the same time, more reactive power needs to be injected
in the AC side, while reducing the real power absorbed from
the AC side can contribute to the voltage control and give
more capacity space for reactive power simultaneously. The
voltage regulation mode was first triggered at 73 s when the
voltage is below 0.95 p.u. VSC2 switches back to the loss
reduction mode at 77 s when the voltage is 0.97 p.u. This
causes voltage decrease below 0.95p.u. again at 78 s. Then use
of only reactive power can control the voltage above 0.97 p.u
at 79 s.

E. Maximum DG Penetration

Static load flow calculation has been performed when the
DG outputs increase at the same rate. The maximum DG
capacity is 8.4 MW in the base case, which is about 120%
of system rating, as shown in Fig. 14, when the highest
node voltage (node 7) is 1.07p.u. The back-to-back converter
can increase maximum DG penetration to about 160%, when
2.89 MVar of reactive power are injected to both AC lines, and
0.8 MW of real power is injected to Line-1 from Line-2. The
maximum DG penetration of the hybrid AC/DC distribution
network is about 200%, which is 1.67 times of the base case,
and 1.25 times of the back-to-back converter, when 2.5 MW
of real power and 1.6 MVar of reactive power are injected into
the AC line (Line-2).

F. Discussions

The benefits and costs for building and running a hybrid
AC/DC network are summarized in Table II. These are also
compared with other AC cases. The benefits of a hybrid
AC/DC network include reduced power losses, increased line
capacity, increased utilization of line capacity, increased load
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Fig. 14. The highest node voltages under different DG penetrations.

supply and DG integration, increased power quality due to
VSC control, and deferring or removing the need of building
new lines. The main costs are for VSC and running/monitoring
DC circuits. The values for line capacities, transfer capabili-
ties, power losses, DG accommodation, and cost of the VSCs
are also given in the table.

For the circuits used in the case study, the power losses are
2907 kWh per day of the AC/DC network for load demands
with a peak load of 21.2 MW. To supply the same load using
AC circuits with new AC lines, the power losses would be
9912 kWh per day. Thus it is estimated that �1.28 M RMB
would be saved in one year due to the loss reduction, assuming
an electricity price of RMB � 0.5/ kWh.

The maximum line capacity is increased by about 24.7%
(from 17 MW to 21.2 MW) through the proposed hybrid
AC/DC network, while the maximum transfer capability is
increased by 102% (from 10.5 MW to 21.2 MW). This
means more electricity worth �43 M can be served in a year.
Assuming the profit rate of electricity supply is approximately
23%, the profit from the increased electricity supply is �10M.

The capability of DG accommodation is increased by
5.6 MW (from 8.4 MW to 14 MW) in the case study of this
paper. This means that more DG integration worth �12 M can
be achieved a year.

By converting existing AC lines to DC, huge amount of
costs can be reduced by removing or deferring the need of
building new AC lines. Most importantly, building a new line
would be impossible in some urban areas due to very limited
spaces. In addition, building a new AC line can only increase
system capacity which might not be fully used due to the lack
of flexible control. With VSC control, power quality including
voltage and harmonic performance can be improved.

The main investments of the proposed method are the costs
of converters for connecting DC links to main power supply
and AC links, and connecting AC loads to the DC link.

For the circuits used in the case study, the investment of the
converters is

�2M/MVA × (14MVA + 3MVA)

+ �1000/kVA × 14000kVA = �48M (24)

assuming that the price of VSC1 and VSC2 is �2 M/MVA, and
the price of converters for connecting loads is 102 e/kVA [33],
roughly equivalent to �1000/kVA. The capacities of VSC1,
VSC2, and converters for connecting AC loads from DC link
are 14 MVA, 3 MVA, and 14000 kVA, respectively.

TABLE II
COST BENEFITS

The investment of building new AC underground cables in
urban area can be roughly estimated as:

�5M/km × 12km × 2 = �120M (25)

assuming that the cost for the underground cable is
�5 M/km [34], the line distance is 12 km, and 2 represents
double circuits.

Therefore, the investment of hybrid AC/DC distribution
network is much lower than that of building new AC lines.
The discounted payback period is 4.96 year considering 5%
discount rate according to reference [35], from the economic
profits of loss reduction and increased electricity supply. If
only considering the investment to the converters and prof-
its from the electricity supply, the payback time is 4.8 year
(=48/10).

These are only indicative estimation. Investments are
affected by the type of loads and DGs, capacities of VSCs,
costs of building spaces, voltage level, line distance, etc.
Detailed analysis and comparisons should be made to select
AC or DC operation. Recommendations should be made case
by case.

V. CONCLUSION

This paper proposes to convert some of existing MV AC
lines to DC lines and form hybrid AC/DC MV distribution
networks. The increase of transfer capacities of DC circuits
with different configurations converted from AC lines are ana-
lyzed and quantified. Contributions include the methods to
fully achieve the maximum transfer capacity, the sensitivity
method considering high r/x ratios and closed-loop topolo-
gies for hybrid AC/DC MV distribution networks, and the
coordinated control method including not only reactive power
optimization but also real power optimization.

Through the conversion, the maximum transfer capacity can
be increased by 83.2% if using a symmetrical configuration
with an extra conductor for single circuit cables, and by 58.7%
for double circuit cables.
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A VSC connecting the AC and DC lines is used to achieve
flexible power scheduling and power balance, and thus to
make full use of the power transfer capacity of a distri-
bution network. A hybrid AC/DC distribution network has
better performance than reconfiguring AC networks because
transient currents can be avoided. AC transfer capability is
constrained by voltage limits. A hybrid AC/DC distribution
network can increase the capability through active and reactive
power regulation.

An optimization method is designed for MV DC in urban
areas. This optimization consists of the loss reduction mode
and the voltage regulation mode. A day-ahead optimal dis-
patching is used to achieve power loss reduction and a sensitiv-
ity method considering the r/x ratio of hybrid MV distribution
network is used to avoid over/under voltage caused from fore-
cast errors. Not only reactive power optimization but also
real power optimization is considered to fully achieve the
maximum transfer capacity and DG accommodation.

Case studies have shown that the power transfer capability
can be increased by 102% (from 10.5 MW to 21.2 MW) in
a hybrid AC/DC MV distribution network, which can make
full use of the capacity of DC and AC lines.

DG accommodation can be increased significantly
(1.67 times in the example) using the hybrid AC/DC system
under the same load level, because more power can be
rescheduled flexibly between AC and DC lines through
the VSC.
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