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Abstract – This paper focuses on voltage control schemes for multi-terminal low-voltage direct 
current (LVDC) distribution systems. In a multi-terminal LVDC distribution system, there can be 
multiple AC/DC converters that connect the LVDC distribution system to the AC grids. This 
configuration can provide enhanced reliability, grid-supporting functionality, and higher efficiency. 
The main applications of multi-terminal LVDC distribution systems include flexible power exchange 
between multiple power grids and integration of distributed energy resources (DERs) using DC 
voltages such as photovoltaics (PVs) and battery energy storage systems (BESSs). In multi-terminal 
LVDC distribution systems, voltage regulation is one of the most important issues for maintaining the 
electric power balance between demand and supply and providing high power quality to end 
customers. This paper focuses on a voltage control method for multi-terminal LVDC distribution 
system that can efficiently coordinate multiple control units, such as AC/DC converters, PVs and 
BESSs. In this paper, a control hierarchy is defined for undervoltage (UV) and overvoltage (OV) 
problems in LVDC distribution systems based on the control priority between the control units. This 
paper also proposes methods to determine accurate control commands for AC/DC converters and 
DERs. By using the proposed method, we can effectively maintain the line voltages in multi-terminal 
LVDC distribution systems in the normal range. The performance of the proposed voltage control 
method is evaluated by case studies. 
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1. Introduction 
 
With the recent development of power electronics 

technology, most electric loads now consume electrical 
energy in the form of direct current (DC) in the middle or 
final stage of their power converters. In addition, DC 
power is also used for the power generation of distributed 
energy resources (DERs). Low-voltage DC (LVDC) 
distribution systems are a new type of power distribution 
technology that can directly connect DC generators to DC 
loads at low voltages near electricity customers.  

Recent studies have shown that LVDC systems are 
more economical than traditional alternating current 
(AC) distribution systems in certain circumstances [1-3]. 
Moreover, LVDC distribution systems can efficiently host 
multiple DERs such as renewable energy resources and 
energy storage systems (ESSs), through power-electronic 
converters that can effectively control power system 
parameters. Another advantage of LVDC systems is that 
DC systems do not have parameters such as frequency, 

phase angle, or reactive power so that it is possible to 
connect different types of DC sources without synchro-
nization procedure [4].  

Over the past decade, the Korea Electric Power 
Corporation (KEPCO) has been studying the application 
and operation of LVDC distribution systems in South 
Korea [5-6]. Based on the successful demonstration of an 
LVDC system in Finland [3], KEPCO has been pursuing 
research on the economic feasibility and relevant system 
design of LVDC systems. In 2015, KEPCO launched a new 
research project to develop an LVDC distribution system 
test facility in the Gochang Power Testing Center located in 
Jeonnam Province, South Korea. Fig. 1 shows the LVDC 
testing simulator in Gochang that contains many kinds of 
DERs, such as PVs, wind turbines (WTs), BESSs, diesel 
generators, combined-heat-and-power (CHP) simulators 
as well as AC and DC loads. All the DERs and loads are 
connected to the network through power electronic devices. 
The main AC/DC converters interconnect the LVDC 
distribution system to 22.9 kV medium voltage AC grid.  

Similar to the Finnish system [3], the LVDC testing 
simulator is designed as a bipolar system whose rated 
voltage is ±750 VDC. The simulator employs many dis-
connecting switches (DSs) that can remotely configure 
various network topologies, such as radial, loop, and mesh-
type power distribution networks. 
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In the Gochang project, KEPCO plans to install multiple 
AC/DC converters so that the LVDC system can have 
multiple points of connection with other distribution or 
transmission systems. This configuration is called a multi-
terminal LVDC distribution system. Multiple AC/DC 
converters can exchange electric power with other AC 
networks so that the system reliability can be significantly 
improved. In addition, a multi-terminal LVDC distribution 
system can allow power exchange between unsynchronized 
AC distribution systems, thus increasing system stability 
by preventing cascading failures. 

There have been research studies on multi-terminal DC 
systems, but most of them focused on medium- or high-
voltage transmission systems. [7-9] explain the advantages 
of multi-terminal medium-voltage DC (MVDC) systems 
in terms of efficiency, reliability, and flexibility. Some 
researchers have applied a multi-terminal DC system to 
the concept of the multi-microgrid [10] and the parallel 
connection of multiple renewable energy sources using 
voltage source inverters [11]. [12] applied the concept of 
the multi-terminal DC system to increase the rating and 
short circuit ratio of the system. 

Compared to MVDC or high-voltage DC (HVDC) 
systems, LVDC distribution systems can be easily affected 
by voltage fluctuations caused by load variation or DER 
integration. Voltage regulation can limit the size and rating 
of LVDC distribution systems [13]. In addition, in DC 
systems, voltage is directly linked to active power and 
energy. Furthermore, in multi-terminal LVDC distribution 
systems, voltage control is more complicated due to multiple 
power flow paths. Therefore, voltage control in multi-
terminal LVDC systems is important to maintain normal 
system conditions and stabilize power supply and demand. 

This paper proposes a sophisticated voltage control 
method for multi-terminal LVDC systems that coordinates 
multiple AC/DC converters and DERs. First, this paper 
proposes a method to coordinate multiple AC/DC converters. 

To this end, we propose two methods, which are referred 
to as the numerical iterative computation method and the 
linear equivalent circuit method, to accurately calculate 
the control commands of AC/DC converters in multi-
terminal LVDC distribution systems. We then compare the 
performance of the two methods in terms of accuracy and 
computational burden. This paper also proposes a voltage 
control scheme by coordinating multiple DERs such as 
PV panels and BESSs scattered in multi-terminal LVDC 
distribution systems. The proposed method considers the 
priority for types of DERs as well as the voltage sensitivity 
factor (VSF) for the active power injection of each DER.  

The proposed voltage control algorithm can be 
implemented in hierarchical control architecture based on 
multi-agent system (MAS) that includes a supervisory 
master agent and local agents. Local agents are designed 
to produce time-synchronized measurement data such as 
voltage, current and power in local distribution lines. Local 
agents can also exchange measurement data with adjacent 
agents to estimate power system data for unmonitored 
buses. The control algorithms of local agents can be 
perfectly implemented in 32-bit microcontroller-based 
hardware that can be easily embedded into remote terminal 
units (RTUs) or advanced metering infrastructure (AMI) 
devices. We are developing a prototype voltage control 
system for Gochang LVDC system with dedicated 
communication protocol and middleware to implement 
MAS-based coordinated control platform. 

 
 
2. Voltage control in LVDC distribution system 
 

2.1 Conventional voltage control methods 
 
Voltage regulation is an important issue in the design 

and operation of distribution systems. The objective of 
voltage regulation is to maintain the voltage profile of the 
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distribution system within a predefined range, which is 
typically defined as ±5% range of the nominal voltage [14-
15]. There have been previous studies on voltage control 
schemes for LVDC distribution systems [16-18]. However, 
most of them focused on small-scale DC systems with 
limited service areas. 

[16] focused on the voltage control of a radial LVDC 
distribution system with the injection power control of 
DERs. The authors showed that the VSF could be defined 
as the ratio of the voltage change at a specific bus over the 
injected power of the DER at another bus. Then, they 
proposed a simplified method to calculate the VSFs for a 
radial LVDC distribution system. Their method can quickly 
and accurately calculate VSFs, but it is confined to radial 
distribution systems. 

[17] provided a systematic approach for the voltage 
control of a LVDC distribution system including multiple 
DERs. Their method consists of two sequential stages: 
the output voltage control of AC/DC converters in the 
first stage and the power control of DERs in the second. 
This sequential control method is similar to the voltage 
control method involving the cooperation of tap-changing 
transformers and static voltage compensators (SVCs) in the 
AC distribution system, which is familiar to the system 
administrators and operators. However, to calculate the 
control command of the AC/DC converters and DERs, 
the authors neglected the nonlinear characteristics of 
constant power loads and assumed the distribution system 
as a linear system. 

[18] considered the LVDC distribution system nonlinear 
and compared the results with [17]. This paper provides 
the detailed nonlinear equations to calculate the control 
commands for the AC/DC converters and DERs. 

This paper continues the discussion of voltage control 
in the [18] and extends the scope of the target system to 
multi-terminal LVDC distribution systems that consist of 
multiple AC/DC converters. Because of the existence of 
multiple AC/DC converters, this paper proposes a method 

to coordinate the AC/DC converters. In addition, we 
consider a ring-type distribution system that has multiple 
paths power flow paths. 

 
2.2 Voltage regulation issues in multi-terminal LVDC 

distribution system 
 
In a multi-terminal LVDC distribution system, the 

voltage profile becomes more complicated than in a 
conventional radial distribution system because there can 
be multiple power flow paths to loads. Moreover, if there 
are multiple DERs in the middle of the distribution lines, 
electric power can flow in the opposite direction to the 
grids. The more complex the system configuration (e.g. 
loop- or mesh-type networks), the more difficult it becomes 
to predict the power flow of the system. 

To examine practical voltage profiles, we use a loop-
type multi-terminal LVDC distribution system for a test 
system, which is illustrated in Fig. 2(a). The test system 
consists of two AC/DC converters, PVs, BESSs and 
loads. The AC/DC converters connect the LVDC system 
with upper-level grids and meet the load demand via 
load-following action by controlling the terminal voltage 
constantly. DERs such as PVs and BESSs can be installed 
in the middle of the LVDC distribution lines.  

Fig. 2(b) illustrates an example of a voltage profile of 
the test multi-terminal LVDC distribution system under a 
specific loading and generation condition. In particular, 
Fig. 2(b) shows that overvoltage (OV) and undervoltage 
(UV) problems can occur simultaneously in a multi-
terminal LVDC distribution system. To obtain this 
abnormal condition, we assume a situation with maximum 
DER generation in the upper distribution line (between 
buses 1 and 4) and a heavy loading condition in the lower 
line (between buses 6 and 9). Fig. 2(b) shows two voltage 
profile curves after the AC/DC converter control. The 
solid line is the voltage curve after compensating the OV 
problem, and the dashed line is the voltage curve after 
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UV problem compensation. It can be seen that both voltage 
curves exceed the normal range. This indicates that the 
coordination of multiple AC/DC converters and multiple 
DERs should be applied to secure voltage control. 

 
 

3. Proposed Voltage Control Scheme for  
Multi-terminal LVDC Distribution System 

 
3.1 Objective of proposed voltage control method 

 
This subsection describes the objective and basic 

principles of the voltage control method proposed in this 
paper. Based on a power flow analysis, the proposed 
algorithm adopts a method to cooperatively control multiple 
AC/DC converters, PV, and BESSs. The goal of voltage 
control is to keep the distribution voltage stable within 5% 
of the nominal voltage according to the American National 
Standards Institute (ANSI) for distribution systems [15]. 

In AC power distribution systems, the voltage magnitude 
can be controlled through auxiliary reactive power control 
but in DC power distribution systems, the voltage must be 
controlled through active power control. Therefore, voltage 
control in LVDC distribution system is directly related to 
electricity price and/or electric power market. 

The proposed voltage control method aims to meet the 
following fundamental objectives: 
Ÿ To increase the deliverable power ratings and reduce 

energy losses of the LVDC distribution lines. 
Ÿ To improve the hosting capacity of DERs in the LVDC 

distribution system by compensating OV problems 
caused by additional DERs. 

Ÿ To consider the generation of renewable energy resources 
such as PVs as the first priority so that renewable 
energy sources can produce more power to the system. 

Ÿ To minimize the discharge energy from BESSs for 
voltage control. With this concept, we can efficiently 
use BESS and reduce its rated size. 

Based on the above objectives, we develop the 
coordinated control method for LVDC distribution systems. 

 
3.2 Overview of proposed voltage control method 

 
Fig. 3 shows the flowchart of the overall voltage control 

method for multi-terminal LVDC distribution systems. 
After obtaining the initial data about the power system 
network topology, the control system normally operates in 
monitoring mode measuring the power system parameters, 
such as bus voltage, line current, load demand, power 
injection from DERs, stage-of-charge (SOC) of BESS, and 
so on. Voltage problem can be detected by calculating the 
largest voltage violation from the normal range (0.95~1.05 
p.u) using (3.1) and (3.2) 

 
 ( )min min0.95 0.95UVV V u VD = - × -         (3.1) 
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Fig. 3. Flowchart of voltage control scheme in multi-

terminal LVDC distribution system 
 
 ( )max max1.05 1.05OVV V u VD = - × -  (3.2) 

 
where UVVD and OVVD are the maximum voltage violations 
due to UV and OV, respectively; minV and maxV  are the 
minimum and maximum voltages (in per unit) on the 
multi-terminal LVDC distribution system, respectively; and 
the unit-step function, u(x), returns 1 when x ≥ 0 and 0 
when x < 0. 

The proposed voltage control method can be classified 
into three categories: i) UV control; ii) OV control and iii) 
simultaneous UV and OV (UV/OV) control in the different 
feeders. For each category, we define the detailed control 
algorithms elaborated on in the following subsections. 

 
3.3 Control algorithm for UV problem 

 
Fig 4 shows the flowchart of the voltage control 

algorithm for the UV problem, which is a portion of the 
overall flowchart shown in Fig. 3. To solve the UV problem, 
it is necessary to increase the power injection from DERs 
such as PVs and ESSs, and/or increase the output terminal 
voltage of the AC/DC converters. 

The proposed UV control method consists of three major 
steps to effectively coordinate the AC/DC converters, PVs 
and BESS. As shown in Fig. 4, the method proposed in this 
paper selects the PV output increase as a top priority. In 
general, PVs aim to produce maximum power through 
MPPT control, but they may produce below the maximum 
value under certain conditions. In this case, we can increase 
the PV output to improve the voltage profile. The effect of 
a generation power increase ( jPD ) of the PV on the j-th 
bus in the LVDC distribution system on the voltage of the 
i-th bus ( iVD ) can be calculated via the VSF ( ijVSF ) as 

 
 i ij jV VSF PD = ×D  (3.3) 
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Fig. 4. Voltage control scheme for UV Problem 

 
The method used to obtain accurate VSFs is explained in 

detail in the next section. If there are multiple PVs in the 
LVDC distribution system, the voltage compensation 
( compVD ) of the i-th bus through the control of multiple PVs 
can be obtained by adding each compensated voltage as 

 

 ( )
1

N

comp ij j
j

V VSF P
=

D = ×Då  (3.4) 

 
If voltage compensation using PV is not enough 

( comp UVΔV ΔV< ), the voltage profile will still be under the 
normal range. Then, we should move on to the next step 
for AC/DC converter control. 

The output voltage control of the AC/DC converter is a 
powerful means of controlling the voltage profile across 
the whole LVDC distribution system. In general, while the 
DER power control can shape the local voltage profile 
curves, the voltage control of the AC/DC converter can 
affect the voltage profile of the whole LVDC distribution 
system. This control is similar to the control of the on-line-
tap-changer (OLTC) in the AC distribution system but the 
control accuracy and speed of the AC/DC converter are 
much higher than those of the OLTC. 

When we apply the AC/DC converter control, we need 
to check if the voltage increase for the UV control of the 
AC/DC converter may cause OV problems on the other 
buses in the distribution system. As shown in Fig. 4, we 
should calculate the following two voltage control 

commands: i) the required voltage increase of the AC/DC 
converter ( reqVD ) to keep the overall voltage profile above 
0.95 p.u. and ii) the maximum voltage increase ( lim itVD ) to 
limit the overall voltage profile below 1.05 p.u. The 
detailed procedure used to calculate the exact voltage 
control commands for AC/DC converters is described in 
the next section. If the first value ( reqΔV ) is smaller than 
the second ( limitΔV ), the AC/DC converter control can fully 
compensate UV problem of the whole system without 
causing OV problems in the other buses. If not, the AC/DC 
converters will not allow enough compensation for the UV 
problem. Then, we should try the last control action using 
BESSs. 

BESSs can be installed for multiple purposes such as 
peak shaving, arbitrage transaction, renewable energy 
integration and voltage control. Since the storage capacity 
of the BESS has a large effect on the installation cost, we 
need to save the stored energy in the BESS for voltage 
control in the last stage. 

The principle of voltage control using BESS is similar to 
that of PV because both PV and BESS can compensate the 
voltage by controlling the injection power. It is effective to 
preferentially control the BESS installed at a position 
where the VSF is large. The difference with PV is that PVs 
usually operate in the MPPT mode so that the margin of 
power available for UV control may be insufficient, while 
BESSs have a relatively large amount of energy available 
for voltage control. 

 
3.4 Control algorithm for OV problem 

 
Fig. 5 shows the flowchart of the control algorithm for 

the OV problem. As with UV control, we coordinate the 
AC/DC converters, BESSs and PVs in sequence, but the 
control priority for the proposed OV control differs from 
that for the UV control method. Normally, OV can occur 
when DERs, such as PVs, inject excessive power to the 
distribution system, especially under light loading conditions. 
As shown in Fig. 5, the proposed coordinate control 
sequence is as follows: i) reduce BESS discharge, ii) charge 
electric power to BESSs if PVs generate excessive power 
to the line, iii) reduce the voltage of the AC/DC converter, 
and iv) finally, reduce the power generation of PVs. 

If there are discharging BESSs in the distribution system, 
the first control action is to reduce BESS discharging. Then, 
we can calculate how much voltage can be reduced by this 
first control action using (3.3). 

If there is PV generation power to the LVDC distribution 
line, it can cause OV problem in the line. Therefore, in the 
second step, we charge the BESSs with the PV generation 
power. Then, we can maximally use the PV generation 
even during OV problems. To this end, calculate the 
amount of power to charge in the BESS for the required 
voltage reduction. If there are multiple BESSs in the LVDC 
system, the BESS with the higher VSF has the priority to 
charge the power first. By considering the VSFs and SOCs 
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of BESSs, we can calculate the exact amount of charging 
power of BESSs.  

AC/DC converter control is considered when the first 
two actions cannot maintain the voltage profiles within 
the normal range. In this control action, we need to ensure 
that the voltage decrease of AC/DC converters control 
does not cause UV problems in other feeders. To this end, 
we compute the two voltage commands: i) the required 
voltage decrease to limit the overall voltage profile below 
1.05 p.u. ( reqΔV ), and ii) the maximum voltage decrease 
to have the overall voltage profile over 0.95 p.u. ( limitΔV ). 
If the second voltage command is higher than the first 
voltage command, the AC/DC converters have enough 
capacity to reduce the maximum voltage without causing 
UV problems in any feeders. If not, we need to reduce the 
PV power generation at the final step. 

One of the major reasons for OV problems is excessive 
power injection from DERs. Therefore, if we can reduce 
the power injection from PVs, OV problems can be solved 
in most cases. The control procedure for PV power control 
is similar to that for UV control. The PV with the higher 
VSF value is applied first until the required voltage 
compensation can be achieved. 

 
3.5 Control algorithm for simultaneous occurrence 

of UV and OV problems 
 
Fig. 6 shows the voltage control scheme when the UV 

and OV problems occur in different feeders at the same 

time. For the feeders suffering from the OV problem, the 
control procedure is similar to the OV control in Fig. 5, but 
the AC/DC converters are not considered because they 
cause the additional voltage drop in UV-feeders. In the 
feeders suffering from the UV problem, the control 
procedure is almost the same as the UV control in Fig. 4. In 
the UV control, it must be checked if the maximum voltage 
is lower than 1.05 p.u. after the voltage increase in the UV 
feeder. 
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4. Calculation of Control Commands for AC/DC 
Converters and DERs 

 
Section 3 discussed the voltage control principle through 

the cooperation of AC/DC converters, PVs, and BESSs. 
This section describes how to calculate the control 
commands for DERs and AC/DC converters in detail.  

 
4.1 VSFs for DERs 

 
The VSF is defined as the effect of the power variation 

control of the DERs on the voltage compensation of a 
specific bus. Therefore, we can determine the control 
priority based on the VSF values of DERs.  

[18] proposed that VSF can be obtained from the 
Jacobian matrix of the LVDC distribution system. We can 
define the VSF between the voltage at the i-th bus and the 
power injection at the j-th bus as 

 

 [ ] [ ] 1i
ij ij

j

V
VSF J

P
-D

= =
D

 (4.1) 

 
where J is the Jacobian matrix corresponding to derivations 
of the active power from the bus voltage magnitude. The 
full equation of Jacobian matrix is obtained as follows: 

Off-diagonal elements: 
 

 ij i ijJ V G=   (4.2) 
 
Diagonal elements: 
 

 
1,

2
N

ii i ii j ij
j j i

J V G V G
= ¹

= + å   (4.3) 

 
where N is the number of buses, iV and jV  are the bus 
voltages at the i-th and j-th nodes, respectively. The bus 
conductance matrix G is defined as 
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1

n

ii ij
j

G g
=

=å  and ij i j ijG g¹ = -   (4.5) 

 
where	 ijg is the conductance of the line between i-th and j-
th buses. The conductance matrix is similar to the bus 
admittance matrix for an AC distribution system and the 
only difference is absence of reactance components. 

Then, the equation for determining the DER output 
power can be derived as 

 

 k
j

kj

V
P

VSF
D

D =  (4.6) 

where, bus k is the target bus for voltage control and j is the 
bus index where the selected DER is connected. The 
variable kΔV  represents the voltage deviation of the target 
bus from the normal range and jΔP  is the required 
additional power injection from the DER at the j-th bus. 

To adjust the output of the DERs, the power margin 
should be considered for voltage compensation using DER 
control. The power margin of a DER can be obtained by 
subtracting the output power from the rated power. The 
control commands for the power output of DERs must be 
smaller than the power margin. 

 
4.2 Control commands for AC/DC converters 

 
In this section, we propose a method to coordinate 

multiple AC/DC converters for voltage control for multi-
terminal LVDC distribution systems and to calculate the 
exact voltage control commands for AC/DC converters. 

The first step is to determine the order of control priority 
of the AC/DC converters. The fundamental idea is to give 
the AC/DC converters with better control performance a 
higher priority. We can use the electrical distance between 
the AC/DC converter and the control target bus as the 
control performance. Here the electrical distance can be 
represented by the resistance of the line. The process is 
summarized as follows. 
Ÿ Obtain the lengths of the distribution lines from the 

database of the central controller 
Ÿ Calculate the line resistance between the AC/DC 

converter and the target bus using the information of the 
corresponding line. 

Ÿ Give the AC/DC converters with lower line resistance 
control priority. 
If the first-chosen AC/DC converter cannot fully 

compensate the target bus voltage, the second converter is 
activated to restore the voltage within the normal range. 
This process is repeated until the last AC/DC converter 
reaches its limited output voltage. 

The next step is to determine the control commands for 
AC/DC converters in multi-terminal LVDC distribution 
systems. To obtain the output voltages of the AC/DC 
converters, we propose two methods in this paper. In the 
first method, the power flow analysis should be performed 
to analyze the influence of the voltage change at the 
specific bus on the voltage control in the other bus. In 
particular, the control commands of the output voltage of 
the AC/DC converter are calculated through iterative 
numerical analysis. 

If the nonlinear characteristics of the load are neglected, 
the distribution system can be approximated by lineari-
zation circuit model so that the superposition theory can be 
applied to the system. The second method finds the control 
commands of AC/DC converters by using linear circuit 
theory after considering the equivalent resistance model of 
the loads. 

The two methods proposed in this paper are described 
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below. The performance of the two methods is compared 
and analyzed in Section 5. 

 
4.2.1 Method 1: Iterative numerical computation method 

 
This method calculates the converter control commands 

using iterative computation based on the concept of the 
Gauss-Seidel method that can reduce the computation error 
iteratively. Fig. 7 shows the procedure of this method, and 
the details of the calculation procedure are as follows: 

Step 1: The control system selects the AC/DC converter 
among multiple AC/DC converters according to the 
control priority. There are two modes of operation. The 
full-compensation mode (mode 1) is fully to compensate 
the OV problem to the normal range. The limited 
compensation mode (mode 2) restrict the voltage control 
command to prevent UV problem in other feeder. 

Step 2: Update the compensation voltage with Eqs. (3.1) 
and (3.2) for mode 1 and Eqs. (4.7) and (4.8) for mode 2. 
Eq. (4.7) represents the maximum voltage increase to limit 
the overall voltage below 1.05 p.u. for UV control. 
Similarly, Eq. (4.8) represents the maximum voltage 
reduction to keep the overall voltage above 0.95 p.u. for 
the OV problem 

 
 ( )max max1.05 1.05UVV V u VD = - × -      (4.7) 

AC/DC 
converter 

#1

AC/DC 
converter 

#2

R1 R2 Rj-1 Rj

Rn

V2V1 V3 Vj-1 Vj Vn
Rn-1

Vn-1

PL2 PL3 PL(j-1) PLj PL(n-1)

PL(n+1)PLkPL(k+1)PL(n+m-1)

Feeder #1

Feeder #2

Rn+m Rn+m-1 Rk RK-1

Vn+m Vn+m-1
VK+

1
Vk Vn+1

PL(n+m)

 
Fig 8. Power system parameters in multi-terminal LVDC 

distribution system 
 

 ( )min min0.95 0.95OVV V u VD = - × -      (4.8) 
 
Step 3: Apply the update control command of the 

AC/DC converter and run the power flow analysis for the 
whole LVDC distribution system. Then, update the overall 
voltage profiles of the system. 

Step 4: If the maximum and minimum voltages are 
within the normal range during mode 1 operation or the 
maximum/minimum voltage reaches the lower limit of 
the normal range in during mode 2 operation, the 
algorithm stops and the output voltage command for the 
corresponding AC/DC converter is determined. Otherwise, 
go to step 2 and go through more iterations. 

 
4.2.2 Method 2: Linearly approximated circuit analysis 

 
This method calculates the control commands of AC/DC 

converters based on the linear circuit analysis. To calculate 
the control commands, let us define the node voltages at 
the (j-1)-th and j-th buses as Vj-1 and Vj, respectively, and 
the resistance between the (j-1)-th and j-th buses as Rj-1, as 
illustrated in Fig. 8.  

The load in Fig. 8 can be rendered as a resistance model 
as 

 
2

rated
Lj

Lj

V
R

P
=  (4.9) 

 
where Vrated  is the rated voltage of the LVDC distribution 
system and PLj is the load power consumption at bus j 
measured from the local agent. For example, when 
applying Kirchhoff's Current Law (KCL) to the node 2 in 
Fig. 8, we can obtain the voltage equation as 

 

 2 3 #1
1 2 2 2 1

1 1 1 1 1
conv

L

V V V
R R R R R

æ ö
+ + × - × = ×ç ÷

è ø
   (4.10) 

 
Similarly, applying KCL to the arbitrary j-th node in 

feeder#1 yields 
 

 1 1
1 1

1 1 1 1 1 0j j j
j j j Lj j

V V V
R R R R R- +

- -

æ ö
× - + + × + × =ç ÷ç ÷

è ø
  (4.11) 

Check if the 
overall voltage profile 

reaches the voltage 
limits?

Detemine the control command: 
- Set the control command for the AC/DC converter as 
V*conv  and dispatch it via communication.

Start

Initialization of control command change:
- Initialize the control variables 
   ( mode = 1, ΔVconv  = 0, iteration = 0 )

Update control command deviation:
ΔVconv = ΔVconv + ΔVUV    for UV
ΔVconv = ΔVconv - ΔVOV     for OV

Power flow analysis:
- Apply the updated control commands 

of the AC/DC converter and run the 
power flow analysis. 

- Update the min and max voltages 
(Vmin and Vmax).

Update voltage to be compensated:
   If “mode==1 (full compensation)”:

ΔVUV = |0.95-Vmin| · u( 0.95-Vmin) for UV
ΔVOV = |Vmax-1.05| · u( Vmax-1.05) for OV

    Else “mode==2 (limited compensation)”:
ΔVUV = |1.05-Vmax| · u( 1.05-Vmax) for UV
ΔVOV = |0.95-Vmin| · u( 0.95- Vmin) for OV

Check if over-
compensation

Iteration = 0

Next 
iteration

(Iteration++)

Y
N

Y

Update control command:
V*conv = V*conv + ΔVconv

Mode 
change 

“mode = 2”

Check if voltage 
problem lasts?

mode == 1 ?Y N

Next 
iteration

(Iteration++)

N

N
Y

  
Fig. 7. Procedure of iterative numerical computation method 
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Then, we can derive the equation that explains the 
relationship between the bus voltages, line resistances, and 
bus load resistances as (4.12), which can be calculated 
from (4.9). Similarly, we can obtain the voltage equation 
for feeder#2 as (4.13). 

If we assume that bus j-th is the target bus, we can get 
the voltage at the target bus following as a function of the 
voltage at the AC/DC converters from (4.12) as  

 
 1 2conv conv jV V Va b g× + × = ×  (4.14) 

 
where a , β , and g  are the coefficients formed by line 
and load resistance. The values of the coefficients for the 
case study in this paper are summarized in Appendix A 

In AC/DC converter control, if one converter is chosen 
for the compensating voltage problem in the feeders, the 
others will be kept constant. When we control the output 
voltage of AC/DC converter#1 and maintain the voltage of 
AC/DC converter#2, we obtain 

 
 1conv jV Va g×D = ×D  (4.15) 

 
where old

conv2
new

conv1conv1 VVΔV -=  and old
j

new
jj VVΔV -= . 

Finally, we can obtain the control command of the AC/DC 
converter#1 as 

 jconv1 ΔV
α
γΔV ×=  (4.16) 

 
Similarly, we can calculate the voltage control command 

of AC/DC converter#2 as 
 

 jconv2 ΔV
β
γΔV ×=  (4.17) 

 
 

5. Case studies 
 

5.1 Test system for simulation case studies 
 
To verify the performance of the proposed voltage 

control scheme, we use a simulation model of a multi-
terminal LVDC distribution system using MATLAB as 
shown in Fig. 9. The simulation model has two AC/DC 
converters that interconnect the multi-terminal LVDC 
system to the 22.9-kV medium-voltage AC grids and is 
configured as a loop system with 10 buses. The distribution 
line is modeled as overhead line used in South Korea such 
as OW 60 mm2, with line resistance of 0.313 Ω/km. The 
configuration of the multi-terminal LVDC distribution 
system is a bipolar system whose rated voltage between 
two poles is DC 1,500V as explained in [4]. The distance 
and resistance of the distribution line are listed in Table 1. 

Then, we assume various loading conditions as listed in 
Table 2. The loading conditions can be classified into 
several categories as follows: 
Ÿ Normal loading condition (L0): In this condition, the 

overall voltage profile can be maintained within the 
normal range because loads are moderate. 

Ÿ  Heavy loading conditions (L1 and L2): In these 
conditions, the UV problem occurs due to load increase 
in feeder#1 with 40% increase in L1 and 100% in L2 
compared to L0 

Ÿ  Heavier loading conditions (L3 and L4): The loads in 
feeder#1 are increased more than heavy-loading 
condition L1 and L2. Therefore, the multi-terminal 
LVDC distribution system suffers severe UV problems.  
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Fig. 9. Configuration of the test system for multi-terminal 

LVDC distribution system 
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Table 1. Line parameters of the test multi-terminal LVDC 
distribution system 

Line length and resistance 
Distance Resistance From bus To bus 

in km in Ω in p.u.1 
1 1 2.5 1.5650 0.0696 
1 10 0.75 0.4695 0.0200 
2 3 3.5 2.1910 0.0974 
3 4 1.75 1.0955 0.0487 
4 5 2.75 1.7125 0.0765 
5 6 2.45 1.5337 0.0682 
6 7 2.25 1.4085 0.0626 
7 8 3.5 2.1910 0.0974 
8 9 1.45 0.9077 0.0403 
9 10 1.25 0.7825 0.0348 

[1 Base values: Vbase = 1,500 V, Pbase = 100 kW] 
 

Table 2. Loading conditions for case studies [Unit: kW] 

Case 1 Case 2 Case 3 Load
Bus L0 L1 L2 L3 L4 L5 L6 L7 

1 - - - - - - - - 
2 9 12.6 18 22.5 27 5.4 2.7 2.7 
3 12 16.8 24 24 36 7.2 3.6 3.6 
4 27 37.8 54 54 81 16.2 8.1 8.1 
5 15 21 30 30 45 9.0 4.5 4.5 
6 - - - - - - - - 
7 25 25 25 25 25 25 25 60 
8 40 40 40 40 40 40 40 90 
9 25 25 25 25 25 25 25 60 

10 15 15 15 15 15 15 15 40 
Total 168 193.2 231 262.5 294 142.8 123.9 368.9 

 
Ÿ  Sudden load decrease during UV control (L5 and 

L6): The loads in feeder#1 decrease suddenly with 80% 
in L5 and 90% in L6 compared to L4. Then, OV 
problems occur on feeder#1. 

Ÿ Heavy loading and light loading conditions in 
different feeders (L7): The loads in feeder#1 are high, 
while the loads in feeder#2 are low. Then the LVDC 
system can simultaneously suffer both the UV and OV 
problems in different feeders. In this case, coordination 
controls between DERs and AC/DC converters are 
significant as described in Fig. 6. 

 
5.2 Comparison of control performance of the 

AC/DC converter 
 
Here, we evaluate the control performance of the AC/DC 

converters in terms of their electrical distance and the 
methods to determine the control command of the 
converters. The evaluation is based on simulation studies 
under L2 loading condition of the test system. 

First, we evaluate the control performance of the AC/DC 
converter based on their electrical distance to the target bus. 
When we have multiple converters in a multi-terminal 
LVDC distribution system, we can decide the control 
priority of the converters based on electrical distance 
between the target bus and the AC/DC converters, as 

explained in Section 4.2. During the L2 loading condition, 
the LVDC distribution system suffers the UV problem and 
the minimum voltage occurs at bus 4. As listed in Table 1, 
the electrical distance to AC/DC converter #2 (5.20km) is 
shorter than AC/DC converter #1 (7.75km). Therefore, we 
can give higher control priority to AC/DC converter#2 than 
to converter #1. Fig. 10(a) shows the power losses in the 
LVDC distribution line when each AC/DC converter 
compensates the UV problem at bus 4. It can be seen that 
the UV compensation using the AC/DC converter #2 is 
more efficient than using converter #1, which supports our 
rule of converter selection. 

Second, we examine the control performance of the 
AC/DC converters based on the method to determine the 
control command of the converters. In Section 4, we 
presented two methods to determine the voltage control 
command of AC/DC converter using iterative numerical 
computation (method 1) and linearly approximated circuit 
analysis (method 2). Fig. 10(b) compares the power loss 
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Fig. 10. Power losses comparison: (a) between two 

converters; and (b) between two control methods 
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Fig. 11. Voltage profile after UV compensation of the two 

methods in L2 condition 

 

 
Fig. 12. Comparison processing time between the two 

methods 
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when the two methods are applied to the same UV 
compensation at L2 loading condition. It can be noted that 
method 1 is more efficient than method 2. This is because 
the computation of the voltage control command of method 
1 is more accurate than that of method 2. 

Fig. 11 compares the voltage profile after UV 
compensation of the two methods in L2 condition. The 
minimum voltage is compensated to 0.95 p.u. in method 1 
and 0.9561 in method 2. It can be noted that method 1 is 
more accurate than method 2 because the control objective 
is to restore the minimum voltage to 0.95 p.u.  

Fig. 12 compares the computation time in two methods 
to calculate the voltage control commands for the AC/DC 
converters. To obtain the results, we implemented the 
control algorithms including the two methods and the 
power system model of the test LVDC distribution system. 
We tested the processing time by running and compiling 
the codes 200 times. Normally, iterative computation 
takes longer than a deterministic equation to get solutions; 
however, the results in Fig. 12 indicates that the com-
putation times of the two methods are similar to each other, 
each having average values of about 0.07 seconds. This 
because the LVDC distribution system is relatively simple 
for method 1 and the equations in method 2 are complicated. 
Randomness shown in Fig. 12 is due to other background 
procedure of operating system in computer. 

According to the above comparison results in terms of 
accuracy, power losses, and processing time, we can 
conclude that method 1 is more suitable to compute the 
AC/DC converter command in this simulation studies. 
Therefore, in the following case studies, we will apply 
method 1 to obtain the control command of the AC/DC 
converters. 

 
5.3 Case 1: UV problem in feeder#1 

 
In this case, we assume five different loading conditions 

(L0 to L4) as described in Table 2. Table 3 lists the voltage 
profile under each loading condition before any control 
actions. The second column in Table 3 indicates the voltage 
profile during normal loading condition L0. In this 
condition, the minimum voltage is 0.9584 p.u., which is 
in the normal range. The third to sixth columns show the 

voltage profiles under L1, L2, L3, and L4 loading 
conditions, respectively. The voltage at bus 4 is the lowest 
in all loading conditions; thus, bus 4 will be selected as the 
target bus for UV control. 

Table 4 shows the voltage profile after PV generation 
power control. Let us focus on the L1 loading condition 
first. The third column in Table 4 explains the voltage 
profiles in L1 after using PV control. Table 5 lists the VSFs 
of the buses in feeder#1 against the target bus 4. There are 
two PVs installed in feeder #1 at buses 2 and 5. The PV 
located at bus 5 will be selected first for voltage control 
action given the higher VSF than bus 2. The required 
power injection from the PV at bus 5 is computed as 
20.4520 kW according to (4.6), but it must be limited to 
20kW because of the rated power of the PVs. Therefore, 
the PV located at bus 2 need to be selected to generate an 
additional 1.0296 kW according to (4.6) to keep the 
voltage within the normal range.  

The red dashed line in Fig. 13 shows the voltage profiles 
before control action and the green line is the voltage 
profile after PV control for L1 loading condition. As shown 
Table 4, the PV control cannot bring the minimum voltage 

Table 4. Voltage profiles after PVs generation power 
control under each loading condition [Unit: p.u] 

After PV control Bus L0 
L1 L2 L3 L4 

1 1.0000 1.0000 1.0000 1.0000 1.0000 
2 0.9803 0.9755 0.9740 0.9630 0.9516 
3 0.9616 0.9528 0.9355 0.9138 0.8909 
4 0.9584 0.9500 0.9288 0.9052 0.8803 
5 0.9749 0.9761 0.9627 0.9487 0.9339 
6 1.0000 1.0000 1.0000 1.0000 1.0000 
7 0.9738 0.9738 0.9738 0.9738 0.9738 
8 0.9580 0.9580 0.9580 0.9580 0.9580 
9 0.9683 0.9683 0.9683 0.9683 0.9683 

10 0.9861 0.9861 0.9861 0.9861 0.9861 

 
Table 5. VSFs of buses in Feeder#1 to bus 4 under L1 

loading condition 

Bus VSF Values 
2 0.0307 
3 0.0754 
4 0.0971 
5 0.0450 

 

 
Fig. 13. Voltage profiles under L1 loading condition with 

and without coordinated voltage control 

Table 3. Voltage profile under each loading condition 
[Unit: p.u] 

Bus L0 L1 L2 L3 L4 
1 1.0000 1.0000 1.0000 1.0000 1.0000 
2 0.9803 0.9720 0.9590 0.9477 0.9358 
3 0.9616 0.9454 0.9200 0.8976 0.8739 
4 0.9584 0.9408 0.9132 0.8888 0.8631 
5 0.9749 0.9643 0.9477 0.9331 0.9178 
6 1.0000 1.0000 1.0000 1.0000 1.0000 
7 0.9738 0.9738 0.9738 0.9738 0.9738 
8 0.9580 0.9580 0.9580 0.9580 0.9580 
9 0.9683 0.9683 0.9683 0.9683 0.9683 

10 0.9861 0.9861 0.9861 0.9831 0.9831 
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to the normal range for L2, L3, and L4 loading conditions. 
According to the algorithm in Fig. 4, the next control step 
is the AC/DC converter control and BESS control. 

Table 6 shows the results for voltage profiles after 
voltage control actions: 1) PVs and converter #2 control for 
L2 loading condition, 2) PVs and two converters control 
under L3 loading condition, and 3) PVs, two converters, 
and BESS control under L4 loading condition. 

Fig. 14 shows the voltage profiles before and after 
voltage control actions in L2 loading condition. Before any 
control actions, the minimum voltage is 0.9132 p.u. at bus 
4, which violates the normal range. After PV power control, 
the minimum voltage is restored to 0.9288 p.u. but is still 
lower than the normal range. Finally, the AC/DC converter 
#2 boosts its output voltage up to 1.0328 p.u to compensate 
the bus 4 voltage to 0.9500 p.u. 

The voltage profiles before and after control actions in 
L3 loading condition is given in Fig. 15. Before the control 
actions, the minimum voltage is as low as 0.8976 p.u. at 
bus 4. The, this voltage is restored to 0.9052 p.u. after PV 
control and to 0.9383 p.u. after consecutive AC/DC 
converter #2 control. Finally, the AC/DC converter #1 
increases the bus 1 voltage to 1.0261 p.u. so that the bus 4 
voltage becomes 0.9500 p.u. as shown in the blue solid line 
in Fig. 15. 

In L4 loading condition, the voltage at bus 4 dropped to 
0.8631 p.u. before control actions. After the PVs and 
AC/DC converter control, the voltage at bus 4 increase to 

0.9374 p.u. but it is still lower than the normal voltage 
range. Therefore, BESSs becomes the last choice for the 
voltage control algorithm. In this case, BESS located at bus 
4 discharge power is as much as 12.322kW according to 
(4.2). Fig. 16 shows the voltage profiles in L4 loading 
condition. After the final BESS control, the minimum 
voltage at bus 4 becomes 0.9500 p.u., as shown in the blue 
line in Fig. 16. 

 
5.4. Case 2: OV problem in feeder#1 

 
OV problems can occur when DERs inject power to the 

distribution system during light loading condition. To 
simulate OV problems, we apply sudden load change from 
L4 loading condition to L5 or L6 loading condition. In the 
last simulation in L4 loading condition in case 1, both the 
AC/DC converters #1 and #2 support the terminal voltage 
at 1.05 p.u., while the two PVs at buses 2 and 5 generate 
maximum power up to 20kW and the BESS at bus 4 
discharge power to the LVDC distribution system is as 
much as 12.322kW. At that moment, the load drops 80% 
(in L5) or 90% (in L6) from L4 loading condition. Then, 
OV occurs at bus 2 in L5 loading conditions and buses 2, 3, 
4, and 5 in L6 loading conditions, as listed in the second 
and fifth columns in Table 7. 

According to the OV control scheme illustrated in Fig. 5, 
the control priority is the BESS, the AC/DC converter, and 
the PV in order. Because the BESS discharges 12.322kW 
when the OV problem occurs, the first control action is to 
cut off the BESS injection power. If the OV problem 
persists after the BESS charging is stopped, BESS charging 

Table 6. Voltage profiles before and after control actions 
under loading conditions [Unit: p.u] 

PVs and converter#2  
control 

PVs and two 
converters #1 and  

#2 control 

PV and two 
converters and 
BESS control Bus 

L2 L3 L4 L3 L4 L4 
1 1.0000 1.0000 1.0000 1.0261 1.0500 1.0500 
2 0.9809 0.9739 0.9628 0.9954 1.0044 1.0086 
3 0.9521 0.9398 0.9179 0.9549 0.9474 0.9573 
4 0.9500 0.9383 0.9145 0.9500 0.9374 0.9500 
5 0.9901 0.9910 0.9769 0.9965 0.9878 0.9938 
6 1.0328 1.0500 1.0500 1.0500 1.0500 1.0500 
7 0.9990 1.0122 1.0122 1.0190 1.0251 1.0251 
8 0.9708 0.9776 0.9776 0.9946 1.0101 1.0101 
9 0.9758 0.9797 0.9797 1.0007 1.0199 1.0199 

10 0.9889 0.9904 0.9904 1.0146 1.0368 1.0368 

 
Fig. 14. Voltage profiles under L2 loading condition with 

and without coordinated voltage control 

 

Fig. 15. Voltage profiles under L3 loading condition with 
and without coordinated voltage control 

 

 

Fig. 16. Voltage profiles under L4 loading condition with 
and without coordinated voltage control 
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control should be performed. The amount of charging 
power can be calculated according to VSFs by (4.6). 
Table 7 lists the voltage profiles after these BESS control 
actions. As a result, the OV problem disappears in L5 
loading condition but not in L6 condition. 

In L5 condition, the required charging power of the 
BESS at bus 4 is obtained as 8.2564 kW according to the 
corresponding VSF. Then, as shown in the third column 
in Table 7, the voltage profile can be maintained in the 
normal range. If the BESS charges power up to its capacity, 
which means the SOC of the BESS reaches 100%, then 
the AC/DC converter needs to control the terminal 
voltage to solve the OV problem as explained in Fig. 5. 
The fourth column in Table 7 shows the voltage profile 
when the AC/DC converter control is activated after the 
BESS completes charging. Fig. 17 shows the voltage 
compensation results in L5 loading condition. 

In L6 loading condition, the sixth column in Table 7 
indicates that the BESS control is not enough to 
compensate for the OV problem. The seventh column in 
Table 7 shows the voltage profile after the cooperation 
control of the BESS and the AC/DC converter control. It 
can be seen that the voltage profile maintains in the normal 
range. Fig. 18 shows the voltage profiles in L6 loading 
condition before and after control actions. 

 
5.5. Case 3: Simultaneous OV and UV problem in 

two different feeders 
 
In this case, we test the voltage control scheme when 

OV and UV problems occur simultaneously in the different 
points in the LVDC distribution system. To simulate the 
case, we assume the following conditions. The outputs of 
AC/DC converter#1 and converter#2 are operating at 1.03 
p.u. and 1.05 p.u. respectively. The two PVs located at 
buses 2 and 5 generate the maximum power of 20 kW, and 
the BESS located at bus 4 has discharge power of 12.3223 
kW. Then, we apply the L7 loading condition to the LVDC 
distribution system. On these assumptions, OV problem 
occurs at buses 4 and 5 in feeder #1 and UV problem 
occurs at bus 8 in feeder #2 as listed in the second column 
in Table 8. 

To solve these problems, the voltage control follows the 
control priority in the control procedure shown in Figure 6. 
First, we stop discharging the BESS on the OV feeder and 
use PV control on the UV feeder. The third column in 
Table 8 shows the result of voltage profile when we stop 
discharging the BESS on bus 4 and PVs located at buses 7 
and 10 generate power injection at the maximum value as 
20 kW. Because these control actions cannot fully solve the 
voltage problems, we need to apply BESS charging for the 
OV feeder to solve the OV problem. The fourth column in 
Table 8 indicates the voltage profile when the BESS 
located at bus 4 charges 5.8422 kW, which can reduce the 
voltage at bus 5 from 1.0523 to 1.0500 p.u. 

In feeder #2, there is still UV problem at bus 8 entailing 
a need to increase the output voltage of the AC/DC 

 
Table 7. Voltage profiles under L5 and L6 loading 

conditions [Unit: p.u] 

L5 Loading Condition L6 Loading Condition 

Bus No  
Control 

BESS 
Control 

BESS & 
Conv 

Control 

No  
Control 

BESS 
Control 

BESS & 
Conv 

Control 
1 1.0500 1.0500 1.0472 1.0500 1.0500 1.0472 
2 1.0588 1.0500 1.0500 1.0609 1.0523 1.0500 
3 1.0498 1.0364 1.0402 1.0603 1.0395 1.0380 
4 1.0503 1.0330 1.0389 1.0617 1.0348 1.0337 
5 1.0541 1.0450 1.0486 1.0608 1.0482 1.0476 
6 1.0500 1.0500 1.0500 1.0500 1.0500 1.0500 
7 1.0421 1.0251 1.0244 1.0251 1.0251 1.0244 
8 1.0085 1.0101 1.0083 1.0101 1.0101 1.0083 
9 1.0187 1.0199 1.0176 1.0199 1.0199 1.0176 

10 1.0363 1.0368 1.0342 1.0368 1.0368 1.0342 
 

 
Fig. 17. Voltage profiles under L5 loading condition with 

and without coordinated voltage control 
 

 
Fig. 18. Voltage profiles under L6 loading condition with 

and without coordinated voltage control 

Table 8. Voltage profiles under L7 loading condition [Unit: 
p.u] 

L7 Loading Condition 

Bus No  
Control 

BESS cut-off 
(OV) and PV 
control (UV) 

BESS charging 
(OV) and PV 
control (UV) 

BESS charging 
(OV), PV and 

AC/DC converter 
control (UV) 

1 1.0300 1.0300 1.0300 1.0346 
2 1.0449 1.0417 1.0401 1.0432 
3 1.0497 1.0418 1.0380 1.0391 
4 1.0537 1.0436 1.0387 1.0387 
5 1.0571 1.0523 1.0500 1.0500 
6 1.0500 1.0500 1.0500 1.0500 
7 0.9832 0.9943 0.9943 0.9956 
8 0.9387 0.9468 0.9468 0.9500 
9 0.9589 0.9655 0.9655 0.9693 

10 0.9981 1.0032 1.0032 1.0075 
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converter to compensate the UV problem. Because the 
output voltage of AC/DC converter #2 is the maximum 
voltage 1.05 p.u., AC/DC converter #1 needs to control the 
output voltage. According to the iterative computation 
method proposed in Section 4.2.1, we can obtain the 
voltage increase of AC/DC converter #1 of 0.0046 p.u. 
This control action brings the voltage at bus 8 from 0.9468 
to 0.9500 p.u., which is in the normal range. The last 
column in Table 8 shows the final voltage profiles after the 
overall coordinated control. 

 
 

6. Conclusion and Discussion 
 
This paper presented a voltage control scheme for a 

multi-terminal LVDC distribution system using the 
coordination control between multiple AC/DC converters 
and multiple DERs such as PVs and BESSs. The paper 
also proposed a method to determine the exact control 
commands for the AC/DC converters and DERs. The 
control performance of the proposed voltage control 
scheme is evaluated via several case studies and analysis of 
the numerical results. 

VSF can be obtained from power flow analysis that 
requires significant computational resources in the overall 
control system. Basically, the computation burden for VSF 
calculation in DC distribution system is less than that of 
conventional AC distribution system. This is because the 
size of the Jacobian matrix of DC system is a quarter of AC 
system (because there is no concept of phase angle and 
reactive power in DC distribution system). Therefore, 
the proposed control algorithms for the test cases can be 
perfectly implemented in 32-bit microcontrollers, which is 
an affordable solution. However, if we extend the system 
size to larger complicated LVDC grids, the computation 
burden and communication delay should be significantly 
considered. This will be our future research topic in our 
KEPCO project. 

In addition, the accuracy of the proposed algorithm 
depends on the information on system configuration and 
real-time measurement data. Therefore, the system 
information and data must be provided accurately to the 
control system. The development of autonomous detection 
procedure of the system configuration and reliable data 
communication for power system parameter measurement 
will be significant topic for future study. 

 
 

Appendix A 
 
The coefficients α, β, and γ of (4.16) ·for buses from 2 

to 5 in the simulation cases are listed in Table A.1. The 
coefficients for buses from 7 to 10 can be obtained 
similarly.  

 

Table A.1. The coefficients of (4.14) for buses from 2 to 5 
in the test simulation cases 

Target bus Coefficients 
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