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Abstract: With the integration of large-scale electric vehicles (EVs), more capacities of medium voltage distribution networks
need to be released. However, there are limited spaces to build new lines, and voltage violation may happen due to the power
fluctuation when EVs charge/discharge in a random way. This study proposes to convert some existing AC medium voltage
distnbution lines to DC and forms a hybnd AC/DC medium voltage distribution network through connecting existing AC lines
with a voltage source converter (VSC). Transfer capacity of lines can be increased through DC distribution and flexible power
shift between the AC and DC lines can be achieved, based on which more EVs can be accommodated. Configurations of hybrid
AC/DC distribution networks are developed, and the capacities released are quantified. A control scheme, which includes a loss
minimisation mode and a voltage regulation mode, is proposed in order to optimise real and reactive power outputs of the VSC.

Simulation studies are performed to verify the proposed method.

1 Introduction

Medium voltage distribution network will face several challenges
with the integration of large-scale electric vehicles (EVs), which
may cause severe voltage drops [1]. over voltages [2]. overloading
of lines [3], and lugh losses [4] because EVs have random
activities.

Various control methods have been proposed to alleviate these
probabilistic impacts [5-14]. The authors i [5-11] proposed
coordination methods for EV charging strategies i distnbution
networks considering  distribution grid constraints including
distnbution lme thermal ratings. transformer capacities. and
voltage linmts. Weckx et al. [1] presented a market-based multi-
agent control mechamism of EVs, which incorporates distribution
transformers and voltage constramnts. Hoog ef al. [12] extended [1]
by explicitly taking mto account underlying network constraints at
the distribution level Ardakaman ef al. [13] proposed a real-time
distnbuted charging algonthm and addressed the lne and
transformer congestion arising from uncontrolled charging of EVs.
Zhao et al. [14] proposed to determune the largest admussible
charging demand at each distnbution network node that can be
accommodated, in order to ensure voltages and line capacity within
operation limts. Existing methods were mamly focused on the
optimisation of EV charging strategy under the constramts of
distribution networks.

However, only considening EV chargig patterns and customer
side improvement. which can be achieved through existing
methods, are not enough due to the constraints of line capacities
and node voltages. Also, line capacity 1s not fully utilised flexibly
because EV charging is in a random way. Power shift between two
adjacent distribution lines so as to mcrease overall power transfer
capacities mught be a way to meet the operation requirement of
accommodating large-scale EVs. However, AC medium voltage
distnbution lines are normally operated as a radial network.
because closed-loop operation in AC distribution networks will
cause circulating currents due to different phase angles or
amplitudes.

Network reconfiguration 1n distribution network 1s an important
way to achieve load transfer between two feeders, based on which
both transfer capacity and EV hosting capacity can be increased.
However, operation costs will mecrease because of frequent
switching of circuit breakers (CBs) [15]. Therefore, 1t 15 very

difficult to achieve real-time optimal power transfer m AC
distribution networks through network reconfiguration.

To circumvent this 1ssue, some papers proposed to use power
electromic devices in distribution networks [16, 17]. Cao ef al. [16]
proposed to adopt a back-to-back converter m a distnbution
network to reduce power losses and 1mprove node voltage profiles.
Sciano [17] utilised a short DC line to connect heavily meshed
urban distribution networks to increase operational flexibility
Through the above references, we do see power electronic devices
help AC distribution networks achieve flexible power transfer.
However, DC links of these power electronic devices are not
utilised for load supply and EV integrations. The maxmmum
transfer power capacity of each AC line 1s not mncreased.

DC technology has been proposed to mtegrate electrical
vehicles [18. 19]. mmprove power guality [20]. mcrease transfer
capacities [21]. and reduce losses [22]. Development of electric
and electromec technologies offers great possibilities for DC
distribution networks. DC technology has been used in high
voltage transmussion networks [23] and low voltage mmcrognds
[24]. but has not yet attracted attentions m medum voltage
distribution networks. In addition to bulding a new DC network,
existing AC lines 1 medium voltage distribution networks can be
converted to DC lines through converters [23]. AC lines and DC
lmes will exist i distnbution networks simultaneously and form
hybrid AC/DC medium voltage distribution networks.

The hybrid AC/DC medmum voltage distribution network can
achieve flexible power shuft through voltage source converters
(VSCs). based on which transfer power capacities of all lines can
be fully used. Constraints of medium voltage distribution networks
can be released takang the advantages of DC lines. By rescheduling
power between lines, cost-effective operation can be achieved
when one line 1s facing the nsk of voltage violation. overloading.
and high losses due to the integration of large-scale random EVs.

Ahmed ef al. [26] proposed a planming approach for the
network configuration of AC-DC hybnid distnbution systems. mn
which genetic algonithm 1s used to search for optimal AC-DC
configurations. Eajal et al. [27] presented a two-stage stochastic
centralised dispatch scheme for AC/DC hybrid smart grids.
However, the benefits of DC operation 1n the distribution network
have not been fully analysed. Especially, the EV accommodation
capabilities 1n hybrnid AC/DC medium voltage distribution network
have not been quantified.
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Fig. 1 Medium voltage distribution network
fa) Traditional structure of medium veltage distnbution network, (b) Hybnd AC/DC
medium voltage distmbution network
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Fig. 2 Power mjection model of a hybrid AC/DC medhmm volitage
distribution network

In this paper., in order to release more capacities for EV
ntegration, some AC lines are proposed to be converted to DC
ones, and a hybnd AC/DC medum voltage distibution network 1s
formed through connecting existing AC lines with VSCs. Different
configurations of DC lines. which are converted from three-phase
AC lines, are analysed. The increased capacity for EV integration
15 quantified. A control scheme of hybnd AC/DC medmum voltage
distnbution networks 1s proposed for EV integration through
flexible power shift between AC lines and DC lines.

The main contents of this work are orgamsed as follows.
Section 2 describes the mam techmque 1ssues related to
accommodating EV imntegration by transfernng an AC distnbution
grid to a hybnd AC/DC one. In Section 3. a variety of ways for
converting AC links to DC ones are introduced and compared.
Then, in order to maximmse EV accommodation, an optimsation
control scheme 1s proposed for such a hybnd AC/DC medium
voltage distnbution network Section 5 presents case studies with
result discussions. Section 6 concludes the paper finally.

2 Problem description

Fig. la illustrates a traditional medmm voltage distnbution
network, where two feeders from different substations are
mterconnected through a normally opened CB. Fig. 15 illustrates a
hybrid AC/DC medinum voltage distribution network structure,
where an AC line (line 1) 1s converted to DC through a VSC
(VSC1), and the CB 1s replaced by a VSC (VSC2) to mterconnect
the AC and DC lines.

VSC2 can control reactive and active power mdependently [28].
Reactive power can be mjected mto AC lines. so reactive power
demands mm an AC line can be compensated locally. Therefore.
mvestment and operation costs of var/voltage devices can be
reduced, node voltage deviations can be eliminated, and losses can
be decreased because less reactive power flow in the AC line.

It 1s assumed that (1) in the AC line, voltage of the secondary
sides of distribution transformers 1s fixed as 1.02 p.u; (11) with the
increasing capacities of itegrated EVs, voltage violations could
happen during day-ahead optimmsation due to linuted thermal
ratings of distnibution lines, as well as the switching times of CB
a day [15]: (1) voltage violations could happen in real tume as the
day-ahead optimisation is based on probabilistic forecasts of load
demands and EV charging and discharging.

Thus, this paper proposes to convert some AC medium voltage
lines to DC lines as shown i Fig. 2, and form hybnd AC/DC
medium voltage distribution networks. An optimal control scheme.
including day-ahead optimusation and real-time regulation. 1s
therefore needed m hybnd AC/DC medmm voltage distnbution
networks m order to optinuse the references of the active and
reactive power of VSC2 to achieve EV accommodation
maximisation. loss munmmisation. and voltage profile improvement.

Fig. 2 illustrates the real and reactive power injections of a
hybrid AC/DC medium voltage distnbution network.

The real and reactive power myections at both termunals are
specified as the decision vanables. which are P'\;‘-'Ec; and Qegc‘
PySc, 1s not included because it is determined by PYSc; and VSC

loss, which can be represented as PRSe. = PSc. + P,U“ .

An optimal control scheme of hybnd AC/DC medium voltage
distribution networks 1s developed to deternune P{?Ec: and Q\e(s:-'::-

The optimal scheme includes a day-ahead loss reduction mode
and a real-time voltage regulation mode. The loss reduction mode
1s to obtam optimal references of VSC2 for a day, aimed at
reducing power losses while considening constramts of hybrnid
ACDC medium voltage distnbution networks. The voltage
regulation mode is a real-time refinement aimed at keeping node
voltages within a security range in case of sudden changes of EV
charging/discharging and abrupt load changes.

The loss reduction mode 1s performed once every day mn day-
ahead based on forecasted values of loads and EVs. m order to
obtain optimal hourly active and reactive power output of P%Ec‘
and Q\'?g(;; of VSC2 for next 24 h. The optimal problem in the loss
reduction mode is solved by genetic algorithm  which is suitable
for searching a global optimum [29].

During real-time voltage regulation, when VSC2 transfers
power to a distribution lime, the voltage changes m all network
nodes, but some nodes” voltages vary more than others due to the
power myjection. This mfluence can be obtained using a sensitivity
method [30]. Distribution lines are short compared with
transmussion lines, so the error of sensitivity methods, which 1s
mainly determined by resistance and reactance of lines, is small
Therefore, a voltage-sensitivity approach is used in the voltage
regulation mode, which optimses P#Ec: and Q#EC: of VSC2 to
regulate node voltages m every short time imterval using latest
measurements, in order to mitigate the voltages violations caused
by forecast errors of EV's and loads.

These two control modes are cooperated with each other
following an event-driven rule. The optimal results of loss
reduction mode are applied if all nodes wvoltages are within a
security range. The voltage regulation mode 15 tnggered if a node
voltage 1s hitting the linit due to unexpected power fluctuations in
real time. Voltage security range 1s set as (0.95-1.05 p.u), while
the node voltage is required to be within (0.93-1.07 pu) [31].
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Therefore, the resistance of an AC line 1s about 1.021 times of
that m a DC line, if taking a typical conductor in medmum voltage
distnibution networks.

Considering the same heat dissipation capability of a conductor,
!Bcil‘bc = !':.‘cl’".‘c. thus !DC = 10]!'.“:

Moreover, an AC line carries more or less reactive power.
assuming a typical power factor cos g = 0.9.

Figs. 46 give the ratio of the maximum transfer capacity of a
line to that of an AC line (P rwic = Pra/Pow_ac). which m
Fig 4 are 1.058 for a symmetrical configuration of VSC with
neutral line. 2.116 for a symmetrical configuration of VSC without
neutral line, and 1.587 for an asymmetnical configuration of VSC.
Therefore, the symmetrical configuration of VSC without a neutral
line is chosen in order to maximise the released capacities of
existing lines. Moreover, the current in the neutral conductor may
be too large for the asymmetrical configuration with three
conductors.

3.2 Network losses

The maximum losses of an AC and DC line should be the same due
to the heat dissipation capability of a conductor. so losses are
compared with the same transfer capacity Py.

Losses mn an AC distribution line can be calculated as

Py + Q%
pre =T, ®

Uac

where Py and (Jy are active and reactive power in distribution

lines.
Losses in a DC line can be calculated as

P,
Ploc = —2—mc 6
Upc

In a DC distnibution line, all the allowable current can be used to
transfer real power with very little reactive power.

The loss of a DC line 1s about one-third of that of an AC line, if
taking a typical power factor 0.9 under the same power conductors.

3.3 Voltage drop

An AC voltage drop under the maximum power transfer Py, can
be calculated as

P rac + Qe - Xac

AUpc = v @

where 7 and x are resistance and reactance, respectively.
A DC voltage drop can be calculated as

Pra
AUbc = F=rme ®

The wvoltage drop of DC lines 1s about half of that in AC lines.
assunmung #/x ratio 15 1.7, which 1s a typical parameter of overhead
wire in the medium voltage distribution network.

4 Optimisation scheme of hybrid AC/DC medium

voltage distribution network for EV
accommodation
4.1 [ oss reduction mode
min lF\'mrrml = P]oh':; (9)
Pios = Pio + Pios + Pl (10)

where Pjye. 1s the total losses of the hybnd AC/DC medum voltage
distribution network: PES' and h,g; are losses of DC and AC
medium voltage distribution lines, respectively; P]‘:?.F 1s loss of
VSC1. VSC2, and VSCs for connecting AC loads to DC lines.
P?Lic 15 calculated using a generalised loss equation (11) [33]

PSC—ayb-I.+c- 12 an
Subject to

SiC < SRS (12)



SHC < s2C (13)

YPose + 05sc < St (14
Uin < Ui € U (15)

N
Pr' = U,' Z UJ{G;J{‘DS f;u + B;jSiI'il‘.?,‘J)
=1
N
0= U,-Z U{Gyjsin 6 — Byjcos 6;))
i=1

(16)

where S}}c and Sﬁ.—c are power flow of DC and AC lines in branch
ij. respectively: 5PC and S?},El are allowable maximum power flow
of DC and AC lines. respectively: U7™. U™ are allowable
minimum voltage value, allowable maximum voltage value of node
i, respectively: Py, (J; are active and reactive power injection of bus
i: U; and Uj are voltages of i and j; » 15 node number: G;; and B;;
are real part and mmaginary part of admittance matrix. &; 1s
difference of phase angles 7 and j, respectively.

4.2 Voltage regulation mode

A sensitivity theory is used in this mode. The objective 15 to keep
node voltages within a security range. The sensitivity of voltage to
active power and reactive power can be obtained through resistance
and reactance of node contamed path [30]

_ ol Rivse:
Sp= @0, (1n
ou; Xivsca
SQ = an = -~ U, (18)

where U, 1s rated voltage, R;vysc, and X;vsc, are resistance and
reactance between node 7 and VSC2. §j 1s only applied for AC
side.

The sensitivities of node voltages to active power in DC lines
can be represented as

[AUPE] = [SBC] - [AP) (19)

where S;'?c 1s the voltage sensitivities to active power in the DC
line.

The sensitivities of node voltages to active power and reactive
power in AC lines can be represented as

[AUAC] = [S5°) - 1AP] + [S5°1 - 1A Q) (20

where Sﬁc and SQAC are the voltage sensitivities to active and
reactive power, respectively, i the AC line.

Therefore, a sensitivity equation of hybrid AC/DC distribution
network can be represented as (21) by combining (19) and (20)

AU, sp 0

AU, SpCm 0 i
AUpm = SFCmH [AP] + SSC"’HI [AQm 1] (21)

AUI’J SFCJ': SSCR

where AP, 1s power adjustment of VSC?2 at the DC side. whuch 1s
equal to the real power adjustment of VSC2 at the AC side AP, .1:
AQpy -, 1s the reactive power adjustment of VSC2 at the AC side.
First, 1f an AC node voltage 1s ligher than 1.05 p.u. or lower
than 0.95 pu. reactive power of VSC2 15 used to regulate the

voltage because the DC line is not affected by the reactive power
regulation of the AC side. Equation (22) 15 used to calculate the
adjustment of VSC2 reactive power output based on the maximum
voltage dewiation of the measured nodes AU;

AQ = AUYSY™ (22)

where SQAC’- 1s the comresponding sensitivity of node i.

Second, if the node voltage 1s still ugher than 1.05 p.u. or lower
than 095pu when WVSC2 reactive power has reached its
maximum value under the power rating limit of the converter, then
both active and reactive power of VSC2 will be used to regulate
the node voltage. Equation (23) 15 used to calculate the adjustment
of VSC active and reactive power outputs based on AU;

SpEL AP + S35 AQ = AU,

23
(PSc: + APY + (Q4Sc. + AQ) = Sl =
There will be two real solutions in quadratic equations (23). and
the smaller solution of AP 1s chosen, in order to reduce the effect
on node voltages in the DC line.
If a DC node voltage 1s lngher than 1.05 p.u. or lower than 0.95
pu. active power of VSC2 1is used to regulate the node voltages
based on the following equation:

AP = AUYSp™ (24)

The absoclute value of VSC2 reactive power will be reduced in
order to release the rating of VSC2 for active power to regulate
node voltages (no matter the node is in the AC line or in the DC
line) if active power 1s linuted by current rating of VSC2, and (23)
is used to calculate the adjustments.

5 Case study

Two case studies were conducted to demonstrate the supenionty of
a hybnd ACDC medinm voltage distribution on EVs
accommodation, which i1s formed through converting AC medium
voltage lines to DC ones.

5.1 Simulation background

A traditional AC 16-node medim voltage distnbution network
with EVs 1s shown in Fig. 7a. in which two double-circuit medium
voltage lmes are mterconnected through a nommally opened CB.
Loads are 8 MW. and the rated capacities of EVs are 1 MW. In
order to release more capacity for EV mntegration, three-phase AC
wires of line-1 are converted to a symmetrical DC without neutral
conductors, based on which transfer capacities are expected to
increase about 38 7% as discussed m Section 3. Line-2 remains as
a medium voltage AC line, and connect with line-1 through VSC,
thus a hybnd AC/DC medmm voltage distribution network 1s
formed. as shown in Fig. 75. Outputs of EVs remain as AC output
as they were m the AC system. Direct DC connection or DC/DC
converters can be used but not considered in this study. The rated
capacity of VSC2 15 3 MW. The voltage of the secondary side of a
distribution transformer is assumed to be 1.03 pu.

Two conditions of loads and EVs are considered, as shown in
Figs. 8a and b. respectively. In order to highlight the effectiveness
of EV accommodation in the proposed hybnd AC/DC medium
voltage distribution network. the penetration of EV 15 assumed to
be 100% on the basis of loads, and fluctuations are exaggerated in
study-2.

5.2 Study-1; increased EV charging and discharging
capacities of hybrid AC/DC medium voltage distribution
network

The voltage of AC distribution network 15 higher than 1.07 pu.at 1
o'clock. as shown in Fig. 9a. because loads are light and the
capacities of EV discharging are large. The wvoltage of AC



Fig. T Medium voltage distribution networks with EVs
(a) Traditional AC 16-node medinm woltage distribution network with EVs, (b)
Hybrid AC/DC medium voltage distribution network with EVs
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Table 1 Loss comparisons

Case Traditional AC Hybrid AC/DC
distribution network  distribution network
power losses 7351 kWh/day 3287 kWh/day

under base case

distribution network is lower than 0.93 p.u. at 19 o'clock because
loads are heavy and the capacities of EV chargmg are large.

The voltage of node 8 1s lower than 0.93 p.u.. and loads may be
shed at 19 o'clock, as shown in Fig. 95. Voltages of all nodes are
within the range of 0.93-1.07 p.u. after a network reconfiguration,
because the load of node 6 1s transferred to line-2. However.
reconfiguration cannot transfer the loads between two lines
frequently.

Voltages of all nodes are improved through converting line-1 to
DC. and connecting two lines with the VSC2. because loads can be
transferred between two lines flexibly.
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Fig. 9 Resulis of study-1
fa) Voltage dewviations, (b) Node voltage profile at 19 o'clock. (¢) Lowest node
voltages under different penetration of EV charging

The maximmum EV penetration is mainly determined by lowest
node voltage and maximmum allowable power of conducters. The
maximum EV penetration of base case 1s about 87%, because the
lowest node voltage is 0.93 p.u. when EV penetration increases to
87%. as shown in Fig. 9¢. The maximum EV penetration increases
to about 105% after network reconfiguration. The maximum EV
penetration can be increased to about 235%. which 15 2.7 times of
the base case, and about 2.24 times of network reconfiguration,
after converted to a hybrid AC/DC distribution network.

It should be noted that the main reason to limit transfer capacity
1s the maximum allowable power of conductors, which is different
from the base case and reconfiguration case, because the lowest
node voltage 15 about 0.94 p.u. as shown in Fig. 9¢, the dashed red
line.

Therefore, through converting the AC line to DC, about 99%
(=235-136%) of EV penetration 15 increased compared with 1deal
maximum transfer capacity of AC distribution network, because
more capacities are released. Actually, 1t 15 about 130% (=235-
105%) because the maximum EV penetration 1s linmted by voltage
constraints, as shown i Fig. 9¢.

Power losses i traditional AC distnbution networks are 7351
kWh/day under base case, and the losses are 3287 kWh/day 1n the
proposed hybrid AC/DC distribution network. which is reduced by
35.3% (Table 1). Such a remarkable loss reduction 1s resulted from
optimal operations of DC links. As VSC2 can support reactive
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power for the comnected AC line, power losses are reduced.
Moreover, as the power flow in the distribution network is
rescheduled optimally, the overall power losses are further reduced.

5.3 Study-2: increased EV accommodation considering the
fluctuations of charging and discharging in hybrid AC/DC
medium voltage distribution network

A real-time simulation was made to demonstrate the superionity of
the proposed hybnd AC/DC distribution network on EVs
accommodation, as shown in Fig. 10.

When chargmg/dischargimmg power of EVs fluctuate as given m
Fig. 8b, the node voltages in the base case expenience low-voltage
during 20-30 s, and 40-50 s, and over-voltage during 5767 s. as
shown m Fig. 10a. Reconfiguration cannot be used to prevent the
overvoltage caused by frequent vanation of EV charging/
discharging power because rescheduling is slow and has limited
numbers mn each day. The proposed hybnd AC/DC medium voltage
distribution network can help to keep node voltages within 0.93—
1.07 p.u., as shown by the dashed black line in Fig. 10a.

When EV charging power increases during 20-30s, VSC2
increases its reactive power output from the DC line to AC line
because voltage regulation mode is triggered in order to keep node
voltages within the security range, as shown in Fig. 105.

When EV charging power further increases durmg 40-50 s,
VSC2 reduces its real power i order to release more capacity for
reactive power according to (23), then switches back to loss
reduction mode at 47 s, when node voltage 15 regulated fo over
097 pu.

When EV discharging power increases significantly and loads
decrease at the same time from 57 to 67 s. more reactive power
needs to be absorbed from the AC line, while reducing the real
power mjected mto the AC line can contribute to the voltage
control and release more capacity for reactive power
simultaneously. VSC2 reduces its real power to 1.8 MW at 63 s,
and adjust its reactive power to —2.4 Mvar, based on which node
voltages are regulated to the security range, and VSC2 switches
back to loss reduction mode at 65 s, when its node voltage 1s
between 0.97 and 1.03 pu.

6 Conclusion

This paper proposed to form a hybrid AC/DC distribution network
by converting existing AC lines to DC. in order to release more

capacity for EV mtegration. VSCs are used to mterconnect the AC
and DC distribution lines to achieve flexible power rescheduling,
thus overall power flow can be optimised. An optimisation control
scheme 15 designed based on sensitivity methods. based on which
node voltages can be kept within a security range under unexpected
power fluctuations of EVs.

A DC line, which is converted from an AC line. can increase
maximum transfer capacity by 58.7% if using a symmetrical
configuration with a neutral wire. The capabilities of distribution
networks are fully utilised because more capacities are released and
power rescheduling is achieved between AC and DC lines.

EV accommodation can be mcreased from about 87 to 235%
under an § MW hybnd AC/DC medium voltage distribution
network. About 130% of EV penetration is increased due to
released capacities.
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