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EV Integration-Oriented DC Conversion of AC Low-
Voltage Distribution Networks and the Associated
Adaptive Control Strategy

Bo Zhang, Wei Tang*, Member, IEEE, Jun Liang, Senior Member, IEEE, Lu Zhang, Member, IEEE, Chunxue Zhao

Abstract- Driven by carbon-neutral targets and
transportation electrification, the widespread use of
electric vehicles (EVs) has become an irreversible trend.
However, low-voltage distribution networks (LVDNSs) can
face several challenges under the high-penetration EV
integration, including overloads, voltage violations and
unbalance issues. In this paper, an EV integration-oriented
DC conversion scheme and the associated adaptive control
method for LVDNs is proposed, aiming at releasing more
capacity for EVs and collaborative improvement of the
above issues caused by EV charging. Based on analyzing
the influence of different charging piles connected to the
AC and DC LVDNs, a DC conversion scheme for three-
phase four-wire LVDNs under high-penetration EVs is
proposed. The voltage source converter (VSC) control
strategies aimed at alleviating the overload of the DTs,
voltage violations, and three-phase unbalance are designed
separately based on the modified three-phase four-wire
voltage sensitivity. Then, a coordinated adaptive control
strategy of on-load tap changer and VSCs is proposed
considering the simultaneous occurrence of multiple power
quality issues in hybrid AC/DC LVDNs. Case study
verifies the effectiveness of the proposed DC conversion
and adaptive control methods, by which the maximum EV
penetration of the hybrid AC/DC LVDN is increased from
85% to 215% compared with the AC LVDN.

Index Terms-Low-voltage distribution network (LVDN),
electric vehicle (EV), transportation electrification, hybrid
AC/DC, voltage source converter (VSC), adaptive control.

I. INTRODUCTION

In response to carbon-neutral targets for global temperature
control, transportation electrification has become an
irreversible trend [1], and electric vehicles (EVs) are an
important part of this electrification [2]. The number of EVs
worldwide has increased rapidly in recent years, and reached
16.5 million in 2021 according to the “Global EV Outlook
2022” of International Energy Agency. However, low-voltage
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distribution networks (LVDNs) can face several challenges
with the integration of high-penetration EVs [3], [4]. For
instance, the single-phase integration of AC charging piles can
further aggravate unbalance issues [5]. The increasing use of
DC charging piles can lead to voltage violations (undervoltage)
and overloads of distribution transformers (DTs) and lines [6].
Moreover, the randomness of the EV charging load makes it
more difficult to address the above-mentioned power quality
issues due to the limited control capability of AC LVDNs [7].

In order to address the impacts caused by high-penetration
EVs in three-phase four-wire AC LVDNSs, various studies
have been conducted [8]-[12]. Building dedicated DTs and
lines for EV charging piles can alleviate these problems [8],
[9]. However, the feasibility of this high-investment solution
is limited as the unbalance caused by AC charging piles can
still exist. Some reactive power controllable devices, such as
static var generator and shunt capacitors, can flexibly manage
reactive power and thereby control the voltage in LVDNSs [10],
[11]. However, the regulation of reactive power can only
improve the voltage quality without providing active power
support for EV charging. Distribution transformers equipped
with on-load tap changers (OLTCs) can be used to regulate
voltage violation issues [12]. However, its applicability is
limited as the OLTC cannot be operated frequently, while the
overloads and unbalance issues cannot be solved by adjusting
the taps. Besides, power transfer between low-voltage lines
with complementary characteristics might be a possible way to
deal with the overloads and voltage violations, however, it is
not suitable for LVDNs as their topologies are normally radial.

Compared with the solutions that solely based on AC
LVDNs [8]-[12], DC technology has the potential to address
these issues caused by EV integration. In distribution networks,
DC technology has been widely used to increase the power
transfer capacities and improve power quality, thus makes it
more suitable for the integration of DC piles [13]-[15]. In a
hybrid AC/DC distribution network, power flow between AC
and DC lines can be rescheduled flexibly through three-phase
power regulation of voltage source converters (VSCs) [16],
[17], which ensures a strong capability in regulating both the
voltage and power for EV integration.

Converting existing AC lines to DC operation is a techno-
economic solution to achieve a hybrid AC/DC system, where
the related DC conversion schemes for medium-voltage
distribution networks (MVDNSs) have been proposed in [18]
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and [19]. However, as the MVDN is a three-phase three-wire
topology that differs from the three-phase four-wire
configuration of LVDN, the existing DC conversion methods
designed for MVDNs are not suitable for LVDNs to fully
utilize their line capacity. In addition, the AC and DC
charging piles for EVs will result in different power quality
issues, and the required power supply topologies need to be
adjusted accordingly. However, such application scenarios
have not been considered in the existing DC conversion
methods. As a result, it is necessary to design an effective DC
conversion method for three-phase four-line LVDNs
considering EV integration.

Besides the DC conversion methods, the existing control
schemes for hybrid AC/DC MVDNs [20], [21] are also not
applicable for LVDNs due to their innate topological
difference. Ref. [22] proposes a coordinated voltage control
scheme to regulate voltage in a hybrid AC/DC distribution
network, in which the OLTC, shunt capacitors, and distributed
generators are coordinated adjusted with the microgrids.
Reference [23] proposes an improved method through the
zero-sequence voltage injection in the converters to keep
balancing the three-phase grid currents and DC capacitor
voltages in the DC side. An energy management method is
proposed for hybrid AC/DC microgrid in [24], to deal with the
impact of uncertainty on the power interaction. An accurately
improved sensitivity calculation method based on the ABCD
parameters for hybrid AC/DC LVDN:S is proposed in [25]. It is
still challenging to design the coordinated control scheme for
hybrid AC/DC LVDNs under EV integration. More
specifically, the whole control method must incorporate not
only the control objectives of unbalance, overloads, and
voltage violations of hybrid AC/DC LVDNs under EV
integration, but also the system-level control considering the
lack of communication, i.e., in LVDCs, the coordination
among multiple lines, phases, and control objectives must be
achieved using limited communication. In addition, although
the coordination among multiple lines and phases via VSCs
can help realize the load transfer between AC and DC lines as
well as mitigating the unbalance problems of AC networks,
this may lead to the aggravation of other issues without
considering the coordination of multiple control objectives.

To address the issues concerning EV-integrated LVDNs
from a DC perspective, this paper proposes a DC conversion
scheme and its associated adaptive control strategy, which can
release more capacity for EV integration and alleviate the
overloads, unbalance, and voltage violation problems caused
by the AC and DC charging piles effectively. The main
contributions of this paper are summarized as follows:

1) Propose a novel DC conversion scheme for three-phase
four-wire LVDNs with high-penetration EVs. Firstly, the
power transfer capacities, voltage drops and power losses
of the AC and DC LVDNs are quantitatively analyzed,
considering the influences of EV charging loads. Then, a
DC conversion scheme for releasing more capacity for

© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See https:/www.ieee.org/publications/rights/index.html for more information.

EV integration is proposed, including both the topology of
hybrid AC/DC LVDNs and VSC configurations.

2) Propose a coordinated control method for hybrid AC/DC
LVDNs with high-penetration EVs. Firstly, the control
strategies aimed at alleviating the overload of the DTs,
voltage violations, and three-phase unbalance are
designed separately based on the modified three-phase
four-wire voltage sensitivity. Then, a coordinated control
strategy of VSC and OLTC is proposed considering the
simultaneous occurrence of multiple power quality issues
in hybrid AC/DC LVDN:S.

II. DC CONVERSION SCHEME OF LVDN CONSIDERING THE
INFLUENCE OF EV CHARGING PILES

A. Influence Analysis of AC and DC EV Charging Piles

In AC LVDNs with EV integration, the EV charging piles
can induce the unbalance, overload, and voltage violation
problems. Therefore, their influence on the system needs to be
analyzed in detail before designing the corresponding DC
conversion scheme. The existing EV charging piles include
DC and AC charging piles, which are also called fast-charging
and slow-charging piles, respectively [26].

For AC charging piles, the input and output voltages are
both AC. The EV on-board converter, which is usually small
in volume (7 kW is common), is used to charge the battery. As
the AC charging piles are generally located in residential areas,
their charging load characteristics are regular, i.e., usually
charging at night.

For DC charging piles in AC LVDNs, the input voltage is
AC while the output voltage is DC. Therefore, both AC-DC
and DC-DC converters are included in DC charging piles, and
the charging power is relatively larger than AC, e.g., 40 - 200
kW. The DC piles are mostly located in commercial and office
areas to meet users' short-term charging demands. Therefore,
the load characteristics of the DC piles are irregular, as EV
users may charge at any time of the day.

When AC and DC charging piles are connected to the AC
lines, as shown in Fig. 1, it may cause overloads, undervoltage,
and unbalance issues. More specifically, when AC charging
piles are connected to the AC 220 V distribution lines in
LVDN:s, the three-phase unbalance issue can be aggravated.
Besides, the integration of DC charging piles can lead to
overloads of DTs and lines. As for the undervoltage issues
caused by AC piles, they can be improved by adjusting the
OLTC since they are regular and long-lasting. However, as the
undervoltage issues caused by the DC pile are short-term and
frequent, they cannot be effectively addressed by the OLTC,
as it cannot be operated frequently. In addition, the problems
of overloads and unbalance cannot be solved by adjusting the
taps of OLTC either.
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Fig. 1. Topology of a hybrid AC/DC LVDN with AC and DC charging piles.

In order to release more capacity for EV integration and
alleviate the above-mentioned issues caused by AC and DC
charging piles, a DC conversion scheme is proposed. When
some low-voltage AC lines in AC LVDNs are converted to
DC operations, the DC charging piles can be directly
connected to the DC lines, thus the AC/DC converter is no
longer needed, as shown in Fig. 1. The maximum power
transfer capacity and voltage drop of the converted DC line
have changed compared with the original AC line. The
maximum power transfer capacities of the AC and DC LVDN
shown in Fig. 1 can be expressed as follow:

PAS =BUG T cos (1)
Pn?df = 4U1r)mcedIDc

rated rated

where Upe and U, are the rated voltage of the DC and AC
lines, Ipc and Isc are maximum currents, ¢ is the phase
difference between voltage and current.

For the given EV charging load P; and Q;, the voltage drops
of the AC and DC LVDN shown in Fig. 1 are:

AUACZ(E'FAC-'_Q]'XAC)/U:&?d )
AUDC = E /4U§?d .rDC

Linel 11 12 13 14 |5 |6

where rpc and rac are resistances.
Power losses of the AC LVDN under the EV charging load
P;and Q; are expressed in equation (3):
P2 + 2
Pl:::f = T?CQ[ “Tac 3)
Power losses of the DC LVDN carrying the same power Pl
are expressed in equation (4):

2
P P?
Pugsc = (;J Tpe = . Tpe )
2U 4U;.

According to equations (1)-(4) and the relationship of
current and resistance of DC conversion [18], ie., rpc
=0.98r4c, Ipc =1.011ac, the ratio of power transfer capacity,
voltage drop and power losses of the DC and AC can be
obtained as:

PP€ / pA©=2.588

max max

AU, /AU ,.=0.234 ()
PP€/ P%€=0.167

loss loss

Therefore, the undervoltage issues and overloads caused by
DC charging piles can be alleviated by the DC conversion due
to the increased power transfer capacity and smaller voltage
drop in DC system. Moreover, the converted DC lines can be
interconnected with other AC lines, then unbalance issues
caused by AC charging piles can be further improved by
regulating the three-phase power of the VSCs.

Based on the above analysis, it is recommended that the AC
charging piles are still connected to the AC lines, while the
DC charging piles can be connected to the DC lines in hybrid
AC/DC LVDNS .

B. DC Conversion Scheme of LVDNs with EV Integration

In this section, the DC conversion scheme of LVDNs with
EV integration is presented, including both the topologies of
hybrid AC/DC LVDNSs and VSC configurations.
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Fig. 2. Topology of LVDNs with charging piles. (a) AC LVDN; (b) hybrid AC/DC LVDN.
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The proposed DC conversion scheme is operated by
converting the AC line that equipped with the largest amount
of DC charging piles into DC operation, and the converted DC
line can also be interconnected with other AC lines. Take the
LVDN with three adjacent distribution areas and high
penetration charging piles as in Fig. 2 (a) to illustrate the
proposed DC conversion method. As shown in Fig. 2 (a), most
of the DC charging piles are connected to Line 3, thus Line 3
is converted into DC operation, as shown in Fig. 2 (b). The
adjacent DC charging piles in other lines can be relocated to
the converted Line 3, while the other farther ones remain
unchanged.  Besides, three distribution areas are
interconnected by VSC2 and VSC3 in Fig. 2 (b), which form a
hybrid AC/DC LVDN. After the DC conversion, although the
converters for AC loads are still required, the AC/DC
converters for the DC charging piles are saved. Therefore,
more capacities are released for EV integration and the power
quality issues are alleviated by the proposed method.

After the hybrid AC/DC LVDN topology is determined by
DC conversion, the configuration of VSCs also needs further
analysis, since the VSC configuration can affect the transfer
capacity, voltage drop, reliability and investment.

As LVDNs are generally constructed with a three-phase
four-wire configuration that is different from the three-phase
three-wire MVDNs, the DC configurations converted from LV
AC lines can be asymmetric monopoles, symmetric
monopoles, parallel operation monopoles, and bipolar
configurations. If the AC LVDN is converted to the
asymmetric monopole as shown in Fig. 3 (a), the four wires
will combine as a DC conductor, and an extra conductor is
needed as the dedicated metallic return. If the AC LVDN is
converted to the symmetric monopole as shown in Fig. 3 (b),
the four wires in the AC LVDN are utilized as the positive and
negative poles, respectively. If the AC LVDN is converted to
the parallel operation monopoles as shown in Fig. 3 (c), two
VSCs and the four existing AC wires can all be utilized, which
is more reliable than the monopole configuration, as a failure
in one link will not affect the operation of the other link. If the
AC LVDN is converted to the bipolar configuration as shown
in Fig. 3 (d), only three of the four existing AC wires are used
as the positive pole, negative DC pole and neutral wire.

j

+UDC
A | +UDC _A
m - ZE\;W fe
b 1 |
E T Load N
VSC | -Upc S
[vsc
@) = (b)
A +Upc A +Upe
£ Z&‘]I— h £
3 DA =
X -5 X g
vsc ~Unc VSC
1 g:"' ;" ] ZS%I— E3
© VsC @ vsc -Unc

Fig. 3. DC link configurations converted from AC lines. (a) Asymmetric
monopole with a dedicated metallic return; (b) symmetric monopole; (c)
parallel operation monopoles; (d) rigid bipolar configuration.
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To evaluate the four VSC configurations in Fig. 3, their
maximum power transfer capacity, voltage drop and power
losses can be calculated according to the relationship of the
voltage, current and resistance before and after the DC
conversion. Table I shows the maximum power transfer
capacity, voltage drop, power losses, reliability and
investment of different DC configurations compared with the
AC LVDN. As shown in Table I, the parallel operation
monopoles have the same power transfer capacity, voltage
drop and power loss as the symmetric monopole, with the
high-level reliability and medium-level investment cost due to
the two VSCs exist. Considering that the DC charging piles
are generally installed in urban areas where four-core
underground cables are widely used, it is thus recommended
to adopt the parallel operation monopole shown in Fig. 3 (c)
for hybrid AC/DC LVDN with EV charging. In this way, the
existing four wires of underground cables can be fully utilized,
and the power supply capacity, voltage drop, power loss, and
reliability of this configuration are all equal to or better than

those of the other three configurations.
TABLEI
COMPARISONS OF VARIOUS CONFIGURATIONS

P DC AU P bc
DC

. max loss . .ye
Configurations i AU, 7Pz Ac Reliability Investment
High
Asymmetric ) 550 o34 0334 Low (a new line
monopole and single
VSO)
Symmetric . Low
monopole 2.558 0.234 0.167 Medium (single VSC)
Parallel Medium
operation 2.558 0.234 0.167 High (two VSCs)
monopoles
Bipolar . Medium
configuration 1279 0.468 e High (two VSCs)

III. CONTROL METHOD FOR HYBRID LVDNS WITH
INTEGRATION OF EVs

As mentioned previously, although the OLTC is suitable for
improving the voltage violations on long-time scale such as
undervoltage issues caused by AC piles, it cannot be operated
frequently, thus are not suitable for addressing the short-term
and frequent problems caused by DC piles. In this case, the
VSCs can be adopted coordinately to further refine the voltage
issues by their fast and flexible active and reactive power
regulation capabilities. Moreover, the regulation of VSCs that
are interconnected between the AC and DC lines can also
alleviate the overloads and unbalance issues. Therefore, a
coordinated control method of VSCs and OLTC for hybrid
AC/DC LVDNs is proposed to comprehensively improve
overloads, voltage violations, and unbalance issues caused by
the AC and DC charging piles.

In the hybrid AC/DC LVDN, the converters at the terminal
of DC lines are in the V4-Q control mode to establish the DC
voltage, such as the VSCI in Fig. 2 (b). The converters for
interconnecting the AC and DC lines are in the P-Q control
mode, such as the VSC2 and the VSC3 in Fig. 2 (b). Through
active and reactive power control of VSC2 and VSC3, power
transfer between interconnected lines can be realized to
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alleviate the overloads of the DT and therefore avoid the three-
phase unbalance and voltage violation problems. The proposed
control method aims at optimizing the reference values of the
active and reactive power of the VSCs to alleviate the multiple
problems caused by EV charging, which is effective in
presence of several numbers of VSCs with different specifics.
Considering the limited communication within the LVDNSs,
the control strategy can be divided into two types: with
communication and without communication. A control
strategy without communication means that, VSC2 and VSC3
can measure only the local data and adjust their active and
reactive power according to the local voltages. On the other
hand, if communications are considered, VSC2 and VSC3 will
communicate with the DT as well as the important nodes of
the line, then adjust their active and reactive power according
to the power of the DTs and the voltage of the communicable
nodes.

The distribution system operator (DSO) is responsible for
executing the proposed adaptive control of VSC and OLTC in
a hybrid AC/DC LVDN. The active and reactive powers of
VSCs and OLTCs are controlled by the proposed method in
order to alleviate the multiple problems caused by EV
charging, in which the EV charging power is determined by
the EV owners’ requirement and is not dispatched by the DSO.
Note that the VSCs controlled in this paper are the
interconnected VSCs between AC and DC lines (such as
VSC2 and VSC3 in Fig. 2(b)), not the VSCs of EV owners.

In this section, firstly, the VSC control strategies aimed at
alleviating the overload of the DTs, voltage violations, and
three-phase unbalance are designed separately in Section III-A,
III-B, and HI-C. Then, a coordinated adaptive control strategy
of OLTC and VSCs is proposed considering the simultaneous
occurrence of multiple power quality issues in hybrid AC/DC
LVDNs in Section III-D.

A. Alleviating the Overloads of DT by VSC

Considering that the formulated hybrid AC/DC LVDN has
communications, then the VSC can obtain the three-phase
active power measurements of DT. Therefore, overloads of DT
can be alleviated by adjusting the three-phase active power of
the VSC, which can be achieved as follows:

DT max DT max
—(F" —-Fy ) B >Fy

AP(/)VSC — 0 ’Pmin < PwDT < Pmax (6)

DT DT

DT min DT min
~(P”" —Py") P’ <P

DT DT
where AP, is the p-phase active power adjustment, P," is the
measured active power at the terminal of the DT, Pj; and Py
are the maximum and minimum power of the DT, respectively.

B. Eliminating the Voltage Violations by VSCs

As in LVDNs, the R/X ratio is larger than that in high-
voltage transmission networks, the node voltage in LVDNS is
sensitive not only to reactive power but also to active power.
Therefore, both the active and reactive power can be used to
regulate voltages. Considering the limited computing
capability of LVDNs, the voltage sensitivity method can be
used to achieve rapid voltage regulation. As a result, the
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hybrid AC/DC LVDN is decoupled into AC and DC parts by a
VSC, and the AC part can be controlled by the three-phase
four-wire voltage sensitivity method.
The voltage regulation on the AC-side of the VSC is:
[AVAT=[S""1-[APc 1+[S" 1 [AQysc (N
where AVAC is the voltage deviation between the measured
voltage and the upper or lower voltage limit on the AC-side,
SVP and SV€ are the sensitivities between a measuring node
and the VSC, and APys.and AQys. are respectively the real and
reactive power adjustments of the VSC on the AC-side.
The voltage regulation equation on the DC side is:
[AVP]=[S""]- AP ] ®)
where AVPC is the voltage deviation between the measured
voltage and the upper or lower voltage limit on the DC side,
and APy is the real power adjustment of the VSC on the DC
side.
The real power adjustment of the VSC on the AC-side and
DC side needs to satisfy the following equation:
ARjsc =—ARsc ©)
If an AC node voltage exceeds the limits, the reactive power
of the VSC is first considered to regulate the voltage, since the
DC line is not affected by the reactive power regulation of the
AC-side. Equation (10) is used to preliminarily calculate the
three-phase adjustment of the reactive power AQysc,.

AQisc.p = AV / Sipise (10)
where AVS is the voltage deviation between the g-phase
voltage of node i and the upper or lower voltage limits. The
upper and lower limits of the AC-side voltage are taken as
1.07 and 0.90 p.u., respectively. S5 is the three-phase four-
wire voltage sensitivity between node i and the VSC, which
can be calculated using the perturbation and observation
method [27].

If the reactive power adjustment AQ's., cannot be achieved
due to the power rating limit of VSC, both active and reactive
power are used to regulate node voltages.

{S.‘/‘P CAPAC 48V LAQAC — AVAC
LY

ip,VSC VSC,p i, VSC VSC.p
(Bsc +ARsc.,)" + Qe +AQi5c )" = 5,00
where S, is the rated capacity of the VSC.

To reduce the impact on the DC side, the active power
adjustment of VSCs should be as small as possible. The
specific realization process of (11) is to gradually reduce the
absolute value of the VSC’s active power. AQs, takes the
maximum value that meets the capacity constraint until the
voltage meets the constraint 0.9 < V;, < 1.07.

If a DC node voltage exceeds the limits, real power is used
to regulate node voltages based on (12). If the active capacity
is insufficient, the active capacity is released by reducing the
absolute value of the reactive power. At this time, the VSC’s
active and reactive power is adjusted according to (13).

AP = AVjDC / S;;SPC (12)

AC DC
AR/SC = _AR/SC

AC AC 2 AC AC 2 _ goVsC
JBAS + AR ) +(0 + A0 ) =S

where AV?C is the voltage deviation between the voltage of

(1)

(13)
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node j at the DC side and the upper or lower voltage limits.
The upper and lower limits of the DC side voltage are taken as
1.07 and 0.93 p.u., respectively. S}y is the voltage sensitivity
between node j and the VSC. There are two solutions for (13).
To reduce the impact on the AC-side, the solution with the
smaller AQjsc, is used.

For LVDNs without communications, AV in (7)-(13)
denotes the voltage overlimit deviation of the nodes connected
to the AC and DC sides of the VSC. For networks with
communications, AV is the maximum voltage overlimit
deviation measured by the VSC.

C. Improving the Three-Phase Unbalance by VSC

The three-phase voltage unbalance factor (VUF) of the
LVDNss is defined as follows [28]-[29]:

VUF, =max([V,, —V,"" |/ V") x100%, @  {a,b,c}  (14)

where VUF; is the voltage unbalance factor of node i, V;, and
Vi@ are respectively the g-phase voltage and average voltage
of node i and Vi*"=(V, o+ Vip+Vic)/3.

If the VUF; exceeds the upper limit (2% [30] used in this
paper), the three-phase voltage is adjusted to the average
voltage of node i by adjusting the power of the VSC to achieve
voltage balance. The voltage sensitivity method is also used
here. To reduce the impact on the DC side, the reactive power
is first adjusted according to (10). If the reactive capacity is
insufficient, (11) is used to achieve the coordinated control of
active and reactive power.

Note that in the VSC control process for improving the
three-phase unbalance, AVA¢C in (7)-(13) is the voltage deviation
between the p-phase voltage and average voltage of node i, i.e.,
AV:‘; - V?(f _‘/l_avr'

For LVDNs without communications, AV, is the voltage
unbalance deviation of the nodes connected to the AC-side of
the VSC. For networks with communications, AV}, is the
maximum voltage unbalance deviation measured by the VSC.

D. Coordinated Adaptive Control Method of OLTC and VSCs

As the OLTC can help improve the voltage violations on
long-time scale caused by AC piles, it can be coordinated with
the VSC fast power control methods.

The regulation principle of the OLTC is as follows. The
first step is to determine the period for OLTC adjustment. The
load curve is divided into Nr periods according to the
maximum number of tap adjustment in one day. Then, the
second step is to calculate the tap position for each time period,
which is determined based on the maximum voltage deviation
and voltage sensitivity during the period. The tap position for
the period N; can be calculated by the sensitivity of node
voltage to transformer ratio [28]. The tap position must be an
integer and less than the maximum number of taps.

V. -V
L ma )y oSy
SVkAk ] i max

i

T, =10, V<V <V
_[ Vmin — ‘/x

S Ak

+

15)

]’ ‘/1 < Vmin
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where V; is the voltage of node i, S s sensitivity of node
voltage V; to ratio of OLTC, Ak is the transformer ratio change
per tap, Viae and V,; are the allowable maximum and
minimum voltage, [-] represents the rounding function.

For the regulation sequence of OLTC and VSCs, the tap
position of the OLTC in each period is determined first, and
then the power of the VSC is regulated according to the
measured node voltages and DT power at each moment. For
the simultaneous occurrence of multiple power quality issues,
the VSC power control strategies are carried out in sequence
of alleviating the overloads of DT, eliminating the voltage
violations and improving the three-phase unbalance. The
implementation flowchart of the proposed coordinated control
method of OLTC and VSCs is shown in Fig. 4, and the
detailed steps are as follows.

l Determine the period for OLTC adjustment ‘

l calculate the tap position for each time period based on (13) ‘

Change Q of
VSC based [—
on (10)

l Change P and Q of VSC based on (11) ‘
r|

V™ >1.07p.u or V"¢ <0.90p.u? N

Change Q of
VSC based —
on (8)

l Change P and Q of VSC based on (9) ‘

T

Y
Change Q of If AC voltage regulation
[ VSCbased by Q only based on (8)2
on (8) Y y g

N

% Change P and Q of VSC based on (9) ‘

Fig. 4. Flowchart of the proposed control strategy.

Step 1: determine the period for OLTC adjustment and
calculate the tap position for each time period.

Step 2: measure the node voltages and the output power of
the DT at each time .

Step 3: judge if the issue of overload, voltage violation, or
three-phase unbalance occurs, then calculate the reference
values of VSC active and reactive power according to the
proposed control methods.

Step 4: adjust the VSC active and reactive power according
to the calculated reference values.
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IV. CASE STUDIES

Two case studies are conducted in this section by numerical
simulation. In Section IV. A, one of the three AC lines is
converted to DC operation, which is used to demonstrate the
advantages of DC conversion in reducing voltage deviation,
increasing power transfer capacity, and accommodating EVs.
In Section IV. B, a 5-feeder hybrid AC/DC LVDN is utilized
to demonstrate the effectiveness of the proposed control
strategy in improving overloads, voltage violations, and three-
phase unbalance.

A. Case Study 1: Advantages of DC Conversion

The LVDN topology under study is modified from [29],
shown previously as Fig. 2(a), where the distribution area of
DT1 consists of three lines, marked as Line-1, Line-2 and
Line-3, respectively. The type of conductor is LGJ-50, and the
capacity of the DT is 400 kVA in case study. The voltage
regulation range of the OLTC is #2x2.5% and maximum
number of tap adjustment in one day is 5 times. The maximum
transfer capacity of the AC LVDN is 390 kW, i.e., 130 kW for
each line. The locations of PV generations and EV charging
piles in the hybrid AC/DC LVDNSs are shown in Fig. 2(b). The
rated power of single-phase PV generation is 6 kW, the
charging power of a single-phase AC pile is 7 kW, and that of
a DC pile is 40 kW. The length of each branch shown in Fig.
2(a) is 50 m, and the impedance parameter of three-phase
four-wire LV line is Zy. Moreover, the simulation software
used in this paper is MATLAB R2016a.

[0.6500+ j0.4120 0.0065+ j0.0041 0.0065+ j0.0041 0.0065+ j0.0041
7 - 0.0065+ j0.0041 0.6500+ j0.4120 0.0065+ j0.0041 0.0065+ j0.0041
0 0.0065 + j0.0041 0.0065+ j0.0041 0.6500+ j0.4120 0.0065+ j0.0041
1 0.0065+ j0.0041  0.0065+ j0.0041 0.0065+ j0.0041 0.6500+ j0.4120
1 1
308 EOB
go.s g 06
§ 04 _E' 0.4
Z o2 2oz v
&0 6:00 12:00 18:00 24:00 oo R 18:00 370

Time(h) Time (h)

Fig. 5. Power curves of PVs and loads.

The proposed DC conversion scheme is to convert Line-3
into DC operation to form a hybrid AC/DC LVDN, where the
PV generation and DC charging piles in Line-1 and Line-2 are
integrated into Line-3. According to the analysis in Section II.
B, the parallel operation monopole is adopted. The 24-h power
curves of loads and PVs are shown in Fig. 5, and the sampling
interval of the load and PV data is 5 min.

The maximum and minimum voltages of the three lines
within 24 h are shown in Fig. 6. Before DC conversion,
undervoltage occurs in Line-1 at midday and night during the
peak charging periods of EVs. After DC conversion, the
voltage deviation is reduced due to the decrease in power flow
in Line-1, as shown in Fig. 6 (a). For example, at 12:30, the
power at the head of Line-1 in AC LVDN is 66.96 kW +
j22.98 kVar, and the minimum voltage is 0.87 p.u. For the
hybrid AC/DC LVDN, the power at the head of Line-1 is
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reduced to 50.52 kW + j20.84 kVar, and the minimum voltage
is 0.91 p.u.

511 . . .
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Vmin after DC conversion
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Fig. 6. Maximum and minimum voltages of the three lines.

As for the voltage of Line-2 in Fig. 6 (b), its maximum
voltage deviation exceeds the upper limit during 9:50-13:40 in
the AC LVDN. During this period, the reverse power flow is
formed in the line due to the high PV output and low load
demand, which leads to overvoltage. When overvoltage issues
are the most severe at 12:20, the power at the head of the line
is -55.01 kW + j8.37 kVar (the active power is the reverse
power), and the maximum voltage of Line-2 is 1.09 p.u. After
DC conversion, there is no reverse power flow in Line-2 in the
hybrid AC/DC LVDN, and the voltage at each moment meets
the voltage constraint.

As for the voltage of Line-3 in Fig. 6 (c), before DC
conversion, the issues of overvoltage occur at midday and
undervoltage occur at night. Although the power at the head of
Line-3 increases after DC conversion, the voltage deviation of
the DC network is smaller than that of the AC network,
because the reactive power and reactance of the DC line are
zero. For example, at 10:00, the active power at the head of
Line-3 increases from 19 kW to 31 kW, but the maximum
voltage decreases from 1.08 to 1.04 compared with the results
of the AC network. Therefore, the voltages of Line-3 are in the
secure range in the hybrid AC/DC LVDN.

The undervoltage and overvoltage issues of the three lines
can also be improved by regulating the OLTC. The load curve
is divided into 4 periods for OLTC adjustment, and the tap
positions for each period are calculated by eq. (13). The
regulation result of the OLTC is shown in Fig. 7.

During the first period (19:00-4:00), undervoltage issues
occur in Line-1 and Line-3, and the tap of the OLTC is
regulated to -2.5%. The undervoltage issues in the network are
thus alleviated with the proper tap adjustment. The minimum
voltage is 0.90 p.u. in Line-1.
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Fig. 7. Regulation result of the OLTC.

During the second and fourth periods, there is on
undervoltage or over voltage issues occur in the three lines.
Therefore, the tap of the OLTC is regulated to zero.

During the third period (9:00-15:00), undervoltage issues
occur in Line-1, while overvoltage issues occur in Line-2 and
Line-3. In order to improve the voltage of the whole network,
the tap is adjusted up to +5%. The overvoltage issues in Line-
2 and Line-3 are alleviated. However, the undervoltage issues
of line 1 are aggravated, and the minimum voltage is 0.83 p.u.

Therefore, for scenarios where overvoltage and
undervoltage issues occur at the same time, OLTC can only
improve one voltage issue. In the hybrid AC/DC LVDNs, the
VSC can be further regulated to completely eliminate the
voltage issues.

Assuming that the load power at all nodes increases at the
same rate, the maximum transfer capability of the AC LVDN
is approximately 190 kW when the lowest node voltage
reaches 0.93 p.u., which is far below the AC line transfer
capacity as 390 kW. In the hybrid AC/DC network, the
maximum transfer capability is increased to approximately
320 kW, which is 1.68 times that of the AC network.

Due to the lower voltage deviation and larger transfer
capability of the DC network, the maximum EV penetration of
the hybrid AC/DC LVDN is increased from 85% to 215%
compared with the AC LVDN, as shown in Fig. 8. Therefore,
the advantages of the proposed DC conversion method have

been verified.
0.99
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Fig. 8. Voltages under different EV penetrations.

B. Case Study 2: Superiority of the Proposed Adaptive
Control Strategy of Hybrid AC/DC LVDN

To further verify the effectiveness of the proposed
coordinate control strategy for hybrid AC/DC LVDNs, two AC
lines (marked as Line-4 and Line-5) are added to realize the
interconnection of AC and DC lines based on Case Study 1, as
shown in Fig. 2(b). The capacity of DT2 and DT3 is 100 kVA,
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and the allowable range of the DT load rate is [-60%, +80%].
PV and load power variations during 9:00-15:00, as shown in
Fig. 9, are used to test the effectiveness of the proposed
control strategy. It is assumed that VSC2 and VSC3 measure
the node voltages and change the power output every 5 min.
The tap position of the OLTC is adjusted up to +5% during
this period according to Fig. 7.

Time (h)
Fig. 9. Loads and PV outputs from 9:00 to 15:00.

Four cases are compared in this section: 1) the base case
without any control, 2) the control strategy for voltage
violation issues, 3) the control strategy for unbalance issues,
and 4) the proposed coordinated control strategy for multiple
issues. In Fig. 10, the results of three-phase voltage deviations
in the four cases are presented, assuming that the LVDN has
communication.
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Fig. 10. Voltage deviations. (a) Base case. (b) Control strategy for voltage
violation. (c) Control strategy for unbalance; (d) Proposed coordinated control
strategy.

For the base case as Case I, the B-phase and C-phase
voltages of Line-4 violate the permitted upper limit from 9:00
to 13:40, and the VUF exceeded the allowable limit during
9:00-15:00 due to the high penetration of PVs in phases B and
C, as shown by the dotted line in Fig. 10 (a). The maximum
voltage deviation and VUF of Line-4 are 1.12 p.u. and 4.9%,
respectively. The undervoltage issues occur in phases A and B
of Line-5 during 9:00-15:00, and unbalance issues occur from
9:50 to 15:00 because of the unbalanced load and single-phase
AC charging piles of EVs, as shown by the solid line in Fig.
10 (a). The maximum voltage deviation and VUF of Line-5
are 0.86 p.u. and 4.6%, respectively. Moreover, the maximum
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B-phase and C-phase reverse power of DT2 is 75 kW and 80
kW, which exceed the allowable limit of 60%. The maximum
load rate of DT3 reaches 85% in phase A, which exceeds the
allowable limit of 80%.

For Case 2 with the control strategy for voltage violation in
Fig. 10 (b), the overvoltage and undervoltage issues can be
eliminated. For more insights, the power of VSC2 and VSC3
that injected into the AC-side under this control is presented in
Fig. 11. As shown in Fig. 11 (a) by the dotted line, the B-
phase and C-phase reactive power of VSC2 is absorbed from
the AC-side, while the B-phase and C-phase reactive power at
the head of Line 4 is increased due to the reactive power of
VSC2, as shown in Fig. 11 (a) by the solid line. Therefore, the
B-phase and C-phase voltages of Line 4 decrease. At the same
time, the A-phase and C-phase power at the head of Line 5 is
reduced because the A-phase and C-phase reactive power of
VSC3 is injected into the AC-side, as shown in Fig. 11 (b).
Therefore, the undervoltage problem of Line 5 caused by EVs
is eliminated. Although the reactive power of VSC2 and
VSC3 alleviates the three-phase unbalance in this case, the
maximum VUF (4.2% in Line-4 and 3.2% in Line-5) still
exceeds the limit of 2%, which needs extra control for the
unbalance issue.
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= = QcofVSC2

Power of VSC (kW/kVar)
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% s 2
b
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9 10 11 12 13 14 15
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Fig. 11. Power of VSCs injected into the AC side under the control strategy
for voltage violation. (a) VSC2; (b) VSC3.

For Case 3 with the control strategy for three-phase
unbalance, as shown in Fig. 10 (c), the VUF is greatly reduced
(0.95% in Line-4 and 1.9% in Line-5). For more insights, the
power of VSC2 and VSC3 that injected into the AC-side
under this control is presented in Fig. 12. As shown in Fig. 12
by the dotted line, the B-phase and C-phase reactive power of
VSC2 is absorbed from the AC-side, while the A-phase
reactive power is injected into the AC-side. The amplitude of
the three-phase voltage tends to be constant because of the
reactive power of VSC2. However, this strategy worsens the
C-phase voltage, resulting in the normal C-phase voltage
exceeding the upper limit during 12:00-12:30. The same
situation occurs in Line-5. The VUF of Line-5 is reduced due
to the reactive power of VSC3, in which A-phase and B-phase
power is injected into the AC-side, and C-phase power is
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absorbed from the AC-side, as shown in Fig. 12 by the solid
line. However, the regulation of the reactive power of VSC3
leads to voltage violation in phase B that requires extra control.
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Fig. 12. Power of VSCs injected into the AC side under the control strategy
for three-phase unbalance.

For Case 4 with the proposed coordinated control strategy,
the overloads of DT2 and DT3 are alleviated by the active
power of the VSC. As shown in Fig. 13 (a), the reverse power
of DT2 after control is in the allowable limit, since the B-
phase and C-phase active power of VSC2 is absorbed from the
AC-side. The load rate of DT3 in phase A after control is less
than 80% because the A-phase active power of VSC3 is
injected into the AC-side, as shown in Fig. 13 (b).

=
<
E T ARt e s Siitly” V.S st v ey
Z 5l
= ——Pa of Linc4
o Pb of Linc4
g -10 Pc of Line4
Z = = PaofVSC2
° Pb of VSC2
5157 |- - peorvsc2
S
1=
& 20
9 10 1 12 13 14 15
(a) Time (h)
30 : . : :
=
<
s
=
&<
O 10 3
;’ Pa of Line5
55 Pb of Line5
S k| ReofLine | o=N e mmtea
3 = = Paof VSC2
3 Pb of VSC2
= - = PcofVSC2
ol T . . . J
9 10 11 12 13 14 15
(b) Time (h)

Fig. 13. Active power of VSCs injected into the AC side under the proposed
coordinated control strategy. (a) VSC2; (b) VSC3.

Besides, as shown in Fig. 10 (d), the voltage violation and
unbalance issues are both eliminated with the proposed
coordinated control strategy. Similarly, the power of VSC2
and VSC3 that injected into the AC-side under this control is
presented in Fig. 14. As shown in Fig. 14 (a), the B-phase and
C-phase reactive power of VSC2 is absorbed from the AC-
side, while the A-phase reactive power is injected into the AC-
side. Therefore, the B-phase and C-phase voltages of Line-4
decreases, the A-phase voltage increases, and the three-phase
voltages tend to be equal. In the same way, the three-phase
voltages of Line-5 are balanced and do not exceed the limit, as
the A-phase and C-phase reactive power of VSC3 is injected
into the AC-side, while the B-phase reactive power is
absorbed from the AC-side, as shown in Fig. 14 (b).
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Fig. 14. Reactive power of VSCs injected into the AC side under the proposed
coordinated control strategy. (a) VSC2; (b) VSC3.

According to the results in Fig. 10 (b)-(d), it is
demonstrated that the proposed strategy can realize a
comprehensive improvement of overload, voltage violation
and three-phase unbalance issues. Compared with the separate
control strategy for voltage violation or three-phase unbalance,
the proposed adaptive multi-mode control strategy can not
only ensure that the three-phase voltages do not exceed the
limit, but also eliminates the three-phase unbalance, which
does not degrade the original normal voltage.

The operating indexes of the proposed coordinated control
strategy for multiple issues with and without communication
are shown in Table II. In the case without communication, the
maximum voltage, minimum voltage, maximum VUF and

power losses are 1.08, 0.88, 2.5% and 60.32 kWh, respectively.

The node voltages and power losses are improved compared
with the base case thanks to the power regulation of the VSC2
and VSC3. However, voltage violations and unbalance issues
are not completely eliminated in this case, since the active and
reactive power of the VSCs is adjusted according to the voltage
measurement of the nodes connected to the VSCs (i.e., node 8
of Line-4 and Line-5), which cannot represent the most severe
situation of the LVDNSs. In the case with communication, the
voltage violations and unbalance issues are completely
improved, since the VSC2 and VSC3 can measure the
voltages of all nodes and control their power according to the
most severely affected nodes to improve the power quality
issues. Moreover, the power losses in this case are further
reduced to 54.35 kWh.

TABLE II
OPERATING INDEXES UNDER DIFFERENT STRATEGIES
Cases Vimax Vinin VUF max Pioss (kWh)
Base case 1.12 0.86 4.9% 80.54
Without communication 1.08 0.88 2.5% 60.32
With communication 1.06 0.90 1.9% 54.35
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V. CONCLUSIONS

This paper proposes EV integration-oriented DC conversion
schemes for three-phase four-wire LVDNs and the associated
control strategy, which can alleviate the multiple problems
caused by EV charging piles, release more capability for EVs
and further promote the transportation electrification.

Based on the proposed DC conversion scheme, a hybrid
AC/DC LVDN is formed by converting some of the existing
AC lines in a distribution network to DC operation. Through
the DC conversion, the capacities of distribution lines can be
increased. As a result, the maximum EV penetration of the
hybrid AC/DC LVDN is increased from 85% to 215%
compared with the results of the AC LVDN, which benefits
from the smaller voltage deviation and larger transfer
capability of the DC circuits.

An adaptive control strategy is also proposed considering
the simultaneous occurrence of overload, voltage violations,
and three-phase unbalance issues in hybrid AC/DC LVDNs
with EVs. Three-phase active and reactive power of VSCs are
coordinately utilized to improve the power flow without
causing degradation of the original normal voltages.
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