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Abstract: Low-voltage direct current (LVDC) distribution systems have been evolving into interesting
ways of integrating distributed energy resources (DERs) and power electronics loads to local
distribution networks. In LVDC distribution systems, voltage regulation is one of the most important
issues, whereas AC systems have concerns such as frequency, power factor, reactive power, harmonic
distortion and so on. This paper focuses on a voltage control method for a LVDC distribution
system based on the concept of multi-agent system (MAS), which can deploy intelligence and
decision-making abilities to local areas. This paper proposes a distributed power flow analysis
method using local information refined by local agents and communication between agents based on
MAS. This paper also proposes a voltage control method by coordinating the main AC/DC converter
and multiple DERs. By using the proposed method, we can effectively maintain the line voltages in a
pre-defined normal range. The performance of the proposed voltage control method is evaluated by
case studies and compared to conventional methods.

Keywords: low-voltage direct current (LVDC) distribution system; multi-agent system (MAS);
voltage control; voltage sensitivity analysis; DC power flow analysis

1. Introduction

Recently, there have been studies into DC distribution systems that can bring advantages over
conventional AC distribution systems in terms of energy efficiency, power quality and so on [1].
Among various applications of DC distribution systems, low-voltage DC (LVDC) distribution systems,
whose rated voltage is less than 1500 V, have unique strengths for distribution network operators
(DNOs) in that they can supply diverse energy management services by integrating distributed
generation or storage units into local distribution networks [2,3]. The first commercial application of a
LVDC distribution system was built in Finland in 2012, and has been successfully tested for more than
3500 h, as explained in [2].

In LVDC distribution systems, voltage regulation is one of the most significant issues for their
planning and operation because it mainly defines the quality of the distributed electricity. The main
objective of voltage regulation is to maintain the voltage within certain ranges that can guarantee
voltage stability and service quality of the distribution system. There are some on-going discussions
about the acceptable voltage range for LVDC distribution systems. In this paper, the normal voltage
range is defined as £5% of the rated voltage under the assumption that we need to supply the same
voltage quality to the customers as AC distribution systems. According to the American National
Standard (ANSI) for distribution systems [4].
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There have been many studies into voltage control methods in AC distribution systems. Their basic
approach is to manipulate the tap position of the distribution transformers. On top of the basic solution,
some researchers have considered voltage regulators such as static VAR compensators (SVCs) as local
voltage compensators. References [5-7] proposed to how to coordinate a voltage regulator and an on-load
tap changer (OLTC). The authors in [8] proposed a local coordination scheme between an OLTC and shunt
capacitors in the presence of synchronous generating units with coordinating actions with time delay.

To coordinate multiple control units, some researchers have proposed the application of a multi-agent
system (MAS) to system-wide voltage control. A MAS can be defined as a system comprising multiple
intelligent agents that have the abilities of autonomous decision-making and communication with other
agents [9,10]. In [11,12], the authors suggested an agent-based algorithm to control the reactive power
output of distributed energy resources (DERs) for proper voltage regulation with a few communication
requirements. However, they did not consider the coordination between OLTC and DERs.

There have been studies about voltage control issues for DC distribution systems. However, many
of them are focused on small-scale DC systems with limited service areas. If the distribution line is short,
the line voltage can be considered as the common parameter over the system such as the frequency in
AC distribution system. In [13,14], the authors have supposed a local voltage control method by using
DERs with droop control concepts to control the common bus voltage on DC distribution system.

However, their approaches are difficult to apply to a long-distance LVDC distribution systems
because the DERs are connected to different buses with different voltages. To solve this problem,
the authors in [15] suggested a multi-agent control scheme for voltage regulation in DC distribution
systems. In [15], two sequential stages were proposed: one for the AC/DC converter operation and
the other for DER control strategies. However, the authors neglected loss and voltage drop in the lines
to simplify the computation process so that their method can be prone to computation error if the line
lengths are extended. The authors in [16] derived simplified equations describing voltage sensitivity
factors (VSFs) for voltage control. However, because they assumed radial networks, it is difficult to
apply the equations to more complicated configurations such as loop or meshed networks.

This paper proposes a new voltage control method by coordinating the main AC/DC converter
and DERs scattered in LVDC distribution systems. The main advantages of the proposed control
scheme are as follows: first, we calculated the VSFs based on the Jacobian matrix of the system and
load flow analysis. This allows us to consider line losses and voltage drops in the distribution lines.
In addition, our method can be applied to not only for radial systems, but also ring-type or meshed
networks. Second, to reduce the computational burden of the main central controller, we applied
MAS to distribute computation process to multiple local agents. Each local agent generates system
information to construct the Jacobian matrix of the system using locally measured raw information.
In addition, we define “virtual buses” so that local agents can also estimate the voltages in the
neighboring buses with precise calculation results. With this concept, we can reduce the number of
measurement points to calculate the Jacobian matrix of the system without losing accuracy. This means
that the overall system can be economic. The overall decision making procedure is based on contract
net protocol (CNP), which can reduce the size of communication data and increase the flexibility of
decision making procedure in local agents.

This paper is organized as follows: Section 2 introduces the important issues of voltage control
in LVDC distribution systems. In Section 3, we propose a new voltage control scheme in LVDC
distribution system using a MAS. Lastly, in Section 4, we verify the effectiveness of the proposed
voltage control method in comparison to the conventional methods with various simulation studies.

2. Voltage Control in DC Distribution System

2.1. Important Issues in Voltage Control

Voltage magnitude is one of the most important parameters for low-voltage distribution systems.
Usually, DNOs have a strict responsibility to regulate the magnitude of the voltages of their distribution
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system within statutory limits. Because the voltage magnitudes are directly affected by the line currents,
management of power consumption or generation in the distribution system is essential for voltage
control [17].

There are two kinds of approaches related to DER integration to the distribution system. The first
approach depends highly on local control with power-electronics technology while the other considers
system-wise energy management technology. In the first approach, each DER locally controls the
voltage at its point-of-common-coupling (PCC). If there are multiple DERs in the distribution system,
droop control can be used to prevent unwanted hunting reaction between DERs [18,19]. The main
drawback of this method is that it is difficult to consider system-wide voltage profiles if the line losses
are significantly large.

In order to control the voltages system-wisely, we need to use power flow analysis that can
calculate bus voltages, line currents, power flows, line losses and so on. This second approach requires
supervised management system with communication and system-wise decision-making process.
This paper proposes a MAS-based system-wise voltage control method to accurately and effectively
control the voltage profile in the distribution lines.

2.2. Voltage Problem in DC Distribution System

In a typical radial network as shown in Figure 1a, active power flows along with the feeders in one
direction from the grid to the end of the feeder. When loads increase significantly, the voltage profile
can fall below the normal range. In this case, the minimum voltage occurs at the end of the feeders.
Figure 1b illustrates a loop-type DC distribution system, in which all the loads have two paths to
receive electric power from the grid. If DERs are integrated to this system, the voltage profile becomes
more complicated than the radial system. To accurately analyze the effect of DERs to system voltage,
power flow analysis must be executed.
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Figure 1. Voltage profile in (a) DC radial network; (b) loop network.

Figure 2 illustrates voltage profiles for two extreme examples of radial distribution networks.
Let us assume that Feeder #1 includes only DERs distributed in the line whereas only loads are
connected to Feeder #2. As seen with the lines in Figure 2, overvoltage and undervoltage problems
can occur at the end of Feeders #1 and #2, respectively. To compensate the undervoltage problem,
the AC/DC converter can adjust its output voltage to a higher value up to 1.05 p.u. Then the voltage
profile of the distribution line can be changed to the dashed line in Figure 2. However, this causes
overvoltage problem at the end of Feeder #1. This simple example shows that the coordinated control
between AC/DC converter and the DERs (and loads) are very important for secure voltage control.
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Figure 2. Voltage profile variations in the DC distribution system.

3. Proposed Voltage Control Scheme Using Multi-Agent Systems

3.1. Multi-Agent System for Voltage Regulation

Section 2 describes the problem of voltage control without coordination between the AC/DC
converter and DERs. This subsection proposes a MAS-based voltage regulation method that can
coordinate the main AC/DC converter control and multiple DERs. By using the proposed method, the
bus voltages in the LVDC distribution system can effectively be maintained within the normal range.

Figure 3 shows the structure of the MAS-based voltage control system. Control agents are
classified into two types such as master and local agents. Physically, the master agent links to
the controller of the main AC/DC converter and local agents are connected to DER controllers or
important monitoring points in the distribution lines. Figure 4 shows an architecture of a control agent
for DC distribution network application. The control agents are composed of three main functions:
communication, data collection and computation functions. The communication part has two main
actions: (1) connection to the other agents to negotiate and exchange data for coordinated tasks and
(2) integration with the controller of the AC/DC converter or DER. The data collection function is to
measure local data with sensors such as potential transformers (PTs) and current transformers (CTs).
The computation function is to monitor voltage events, to calculate power flow analysis, and to make
decisions for voltage control actions. Local agents monitor the voltage events and estimate the system
parameters to construct the Jacobian matrix. We implemented the decision-making process in the
master agent that can assign the dedicated tasks to AC/DC converter and/or DERs to accomplish
system wise-voltage control schemes.

Utlity

AC/DC ,\|

conv |[Y

Master % . :
agent ====

Multi-agent system platform

Figure 3. The structure of the proposed multi-agent system (MAS)-based voltage control system.

We define two types of local agents: DER agent and monitoring agent. Both types of agents
share the same hardware and software platform. The major different between DER and monitoring
agents is that the monitoring agents do not have DER control functions. DER agents link to DER
controllers to manipulate active power output for regulating the bus voltage within the normal ranges.
Monitoring agents are installed in important electrical nodes where DER is not integrated. In LVDC
radial distribution systems, monitoring agents should be located at the end of the distribution lines
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because these locations usually have the minimum voltage in the LVDC distribution lines. Without the
information of the end of the lines, the accuracy of power flow analysis can be degraded.

The master agent determines the control command for the AC/DC converter controller and
has responsibility to coordinate multiple agents to accomplish efficient voltage compensation.
The proposed control schemes for the master and local agents are described in detail in the
following sub-sections.

Sensors
(CT,PT)

Rule & knowledge
management

Network elements
(inverter, DER)

Control strategies [ — ,I?eftfgal,efinini R

Agent functional diagram

|
|
|
|
|
|
|
|
|
} Decision making
|
|
|
|
|
|
|
|

Figure 4. Structure of control agents.

3.2. Ovaerall Voltage Control Process Based on Multi-Agent System

In this sub-section, we explain the control hierarchy of the proposed system and communication
configuration between multiple agents for common tasks. Physically, the MAS-based control
network uses the Ethernet protocol so that the system is easily scalable to the size of the system.
The decision-making procedure of the overall MAS network is implemented using CNP, which is
based on request-for-proposal (RFP) and bidding process [20]. The overall voltage control process is
summarized in Figure 5.
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Figure 5. MAS-based overall voltage control process.

e  Step 1: In normal state, all the agents operate in monitoring mode and measures local voltages.
If the measured voltages exceed the normal limits, which is normally £5% of the rated voltage,
the local agents inform the master agent of the voltage problem via request messages with the
voltage deviation (AVy).
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e  Step 2: The master agent requests for voltage control proposals to all DER agents. The process
begins with issuing a request-for-proposal (RFP).

e  Step 3: Local agents respond to the RFP by sending their bidding information to the master agent.
The bidding data include bus voltage, line current, active power margin of the DER, line power
flow and a part of the Jacobian matrix of the system. If there is a “virtual bus” defined next to
the local agent, the local agent estimates the data of that virtual bus and send them to the master
agent. The virtual bus and estimation algorithms will be defined in next section.

e  Step 4: When the bidding data of local agents arrives, the master agent constructs the Jacobian
matrix of the system and decides the best solution for voltage control. The master agent computes
the reference value of the AC/DC converter and checks whether the AC/DC converter is available
for the reference value or not. If not, the control process goes to step 5.

e  Step 5: The master agent decides the participation of DERs according to the results of sensitivity
analysis. Then, it assigns the tasks to the selected DER agents. In this step, the task is given as an
amount of active power injection of the DERs.

If the voltage compensation is not enough due to any errors, the voltage control process is repeated
until the amount of AV becomes less than a certain threshold line 0.001 p.u.

3.3. Computaion of Local Agent

This sub-section explains how the agents compute the data using distributed computation method
based on MAS-based control network.

3.3.1. Computation of Jacobian Matrix with Distributed Algorithms

Power flow analysis using Newton-Raphson method needs the Jacobian matrix of the system.
The Jacobian matrix in a DC power system represents the first derivative relationship between active
power and bus voltages. Therefore, the inverse of the Jacobian matrix means the sensitivity of the bus
voltages over the injected active powers to the corresponding buses. Here, we define the elements of
the inverse of the Jacobian matrix as VSFs. This value can be derived from small-signal linear model of
power flow equations as:

AV =]71AP 1)
1
AVy Ju Jio o T APy
AV, 1 o o Jm AP,
. = . : ()
AVn ]nl ]n2 e ]nn APn

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:

e  Off-diagonal elements:

Jij = ViGj; ®)
e Diagonal elements:
N
Ji =2ViGi+ Y, ViGj 4
=4

where N is the number of buses, V; and V] 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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Gin G - Gy
G G - Gy
G = ' @)
Gnl GnZ v Gnn
n
Gii = )_ gij and Gjjjizj = —gij (6)
=1

where g;; 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, we can obtain VSF that define the voltage sensitivity against power injection. Equation (7)
defines the VSF between the voltage at the i-th bus and the power injection at the j-th bus as:

AV

AP;

[VSF); = 7 = D1 )

where [J] i;l is the element of i-th row and j-th column of the inverse of the Jacobian matrix.

Equation (4) shows that to obtain the diagonal elements of the Jacobian matrix, we must gather
two types of information, namely the bus voltages and line resistances of all the buses and the lines at
the same time. Generally, energy management systems (EMSs) suffer a significant communication
burden to collect those data in the central controller. In addition, EMSs also need to screen bad data
due to sensing errors or communication failure using state estimation algorithms.

In this paper, we propose a new algorithm to calculate the Jacobian matrix with distributed
computation manners using multiple agents. The voltages of the other nodes in (4) can be replaced by
the line currents that can be locally measured by the local agent as:

P,

N N
37 = Vil 2G;; + Z Gir | + Z IikSign(Ii,k) ®)
i

k=1 k=1
k#i k #i

Jii =

where, I;; is the line current from bus i to the adjacent bus k; sign (I; ) is defined as ‘—1" for
outgoing current, ‘1’ for incoming current. Then, from (3) and (8), the local agent at bus 7 can calculate
the i-th row of the Jacobian matrix only using locally measured data. Therefore, the cooperation of
local agents can construct the complete Jacobian matrix.

3.3.2. Data Related to Power Flow and Power Margins of Distributed Energy Resources

The power margin of a DER can be obtained by monitoring its power output of DER as:

i tput
Pimurgm _ Pimtgd _ Piou pu (9)

where Pimmgin is the power margin of the DER at bus i; P{md and Pl-o P are the rated and output
powers of the DER at bus i, respectively.

The line power flow between buses i and j can be obtained as:
Pyj=Vi-Ij (10)

where V; and [; ; are the bus voltage at bus i and the bus current between the buses i and j measured by
local agent located at bus i, respectively.



Energies 2017, 10, 41 8 of 20

3.3.3. Estimation of System Parameters for Virtual Buses

Because of economic issues, we need to select a limited number of locations for local agent
installation. The appropriate locations of the local agents are the points of DER connection for DER
agents and the ends of the distribution lines for monitoring agents. This means that some buses in
the distribution line are not directly monitored by local agents. Because the number of monitoring
buses is reduced, the dimension of Jacobian matrix can be reduced and the computation burden is
also relieved. However, this may cause inaccuracy to power flow and voltage sensitivity analysis.
To solve this problem, we propose the concept of “virtual bus” that is assumed to be located between
two local agents in distribution line as illustrated in Figure 6. The estimation process can be done by
the agents at both sides. Here, we propose how to define the location of the virtual bus and to estimate
the voltage at the virtual bus.

Bus 1 Bus 2

X y z

o Multiple loads o
o I T R I I A
- BRI

Vi)« > |« | V2
D length; length, D
Agentf virtual Bus (Vib) Agent 2

Figure 6. The location of virtual bus.

Assume that multiple loads connected between two agents can be concentrated in the middle of
the two nearest loads from the agents as shown in Figure 6. Then, define the variables related to the
lengths: L is the total length between two agents; length; and length; are the distances of the virtual
bus from buses 1 and 2, respectively. The distances length; and length, are obtained as:

lengthy = x + % (11)
lengthy, = Y

gty =z + 5 (12)

lengthy 4 lengthy = x +y +z (13)

where x and z are the distances from bus 1 and bus 2 to its nearest loads, respectively, y is the distance
between these two loads. Then, the line resistances of length; and length; are obtained as:

Rlength1 = (x + %) X Tline = lengthl X Tline (14)
Rlengthz = (z + %) X Tline = lengch X Tline (15)

where ry;,,, is the line resistance per unit length in Q) /km.
The voltage at the virtual bus estimated by agent 1 (V1) can be given as:

Vop1 = Vi — iRjengin, (16)
Similarly, the voltage at the virtual bus can also be estimated by agent 2 (V7) as:
Voro = Vo + IZRlength2 17)

where I and I, are the line currents measured by agents 1 and 2, respectively. Both Equations (16) and
(17) estimate the voltage at the virtual bus using locally measured data.
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When do we need to use virtual buses? There is a trade-off between the accuracy and the cost
of the system. If there is a small load between agents, we do not need to consider a virtual bus for it
because a new virtual bus can increase the dimension of Jacobian matrix. With multiple simulation
studies, we found that two conditions need to be met for the use of virtual buses. First, the distance
between distributed loads need to be longer than 10% of the total length of the distribution system.
Second, total amount of loads between two agents need to be larger than 10% of the total loads in the
system. Otherwise, like short distances or small loads, we do not need to consider to use a virtual bus.

3.3.4. Computation Procedure of Local Agents

Figure 7 shows the flow chart of control procedures in local agents. In short, local agents have
several responsibilities: (1) to check voltage violation problems; (2) to measure local power system data;
(3) to calculate the corresponding row of the Jacobian matrix, line power flow, and active power margin
of DER and (4) to estimate the voltage of the virtual bus based on local data. Then, send bidding data
to the master agent for system-wise voltage control process. Local agents also send control signals to
the DER to inject power into the system.

Initial set-up

Set-up for system parameter
(system topology, bus ID, line
resistance, etc)

Set-up for Virtual Bus
(if necessary)

Normal state

\ 4

System parameters monitoring
(bus voltages, line currents, etc)

A

RFP from Master Agent
for voltage control

\ 4

Voltage estimation for Virtual Bus
(if necessary)

Check if voltage
problem ? v

heck if RFP from
Master Agent ?

Send request
to Master Agent

Event State

\ 4
Calculate power flow data
(the line power flow
and the row of Jacobian matrix)

v

Send bidding data to Master Agent:
1) Bus voltage,
2) Voltage at Virtual Bus (if any)
3) Line currents,
4) Line power flow
5)
6)

power margin of DER
Row of Jacobian matrix

v
Receive control command from
Master Agent and control DER

Figure 7. Flow-chart of control actions in local agents.

3.4. Control Procedure of the Master Agent

When a request for voltage restoration is transferred by local agents, the master agent first chooses
the target bus that has the maximum voltage deviation from the normal range. In the proposed voltage
control strategy, the master agent determines the reference value of the AC/DC converter and the
power injection of DERs based on their bidding information.



Energies 2017, 10, 41 10 of 20

The decision-making model of the master agent is the most important function that affects to the
main concept of our voltage control algorithm. There are two criteria in the decision-making model of
the master agent. First, the participation of the main AC/DC converter has priority to the control of
DERs. Second, the master agent determines the participation of DERs in voltage control by comparing
their VSFs.

Figure 8 shows the decision-making procedure of the master agent in detail. In this subsection,
we propose the voltage control algorithm for the AC/DC converter first and then discuss how to
determine the control command to DERs for voltage control.

Initial set-up

Set-up for system parameter
(system topology, bus ID, line
resistance, etc)

v

Register local agents
in MAS control network

»le

Normal state

Check requests from local agents for
voltage compensation

Check the output voltage of the
AC/DC converter

Check if voltage
problem ? No

Yes

Event State

A,

Calculate the AC/DC converter
voltage for voltage compensation

Send RFP to local agents for voltage
compensation

v

Adjust the AC/DC converter output
voltage for voltage compensation

Construct the Jacobian matrix of the
system and calculate APSF of DERs

v

Select participating DERs and
calculate their active power injection

hecK'if the AC/DC converte
can compensate the voltage
problem by itself 2

No Send the active power commands to
DERs

v

Figure 8. Flow-chart of decision-making procedure of the master agent.

3.4.1. Control Command for the AC/DC Converter

Let us define the node voltages at the (k — 1)-th and k-th buses as V1 and Vj, respectively and
the branch currents and the line power flows between (k — 1)-th and k-th buses as I;_1 x and Px_,
respectively as illustrated in Figure 9.

Bus 1 Bus 2 Bus (k-1) Bus (k)
Ir I'y-
AC/IDC 12 I _____ I w o
Conv I I
—> —
Vi iz, P Vs Vier ek, Prak Vi

Figure 9. Power system parameters in LVDC radial distribution system.

Assume that i-th bus is the target bus that has the maximum voltage violation exceeded the
normal range. This means the V; is the minimum voltage in an undervoltage problem or the maximum
voltage in an overvoltage problem. According to the proposed method, the first control action is to
change the output bus voltage of the AC/DC converter to make the voltage at the target bus restored
within the normal range. The master agent should calculate the new voltage control command of the
AC/DC converter. Define that V" is the voltage of the target bus that we want to restore after the
AC/DC converter control and V;° is the voltage before control. Then, the voltage difference at the
target bus can be calculated as:
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AV; = Vinew _ ViOld (18)
Similarly, the differential voltage at the (i — 1)-th bus is also given as:
AViy =V — vl (19)

On the other hand, the voltage at the i-th bus before and after the AC/DC converter control can
be obtained from bus voltage and branch current measured at the (i — 1)-th bus as:

1d 1d 1d
VP = VP2 =iy (20)

new __ y7new . new
Vet = VI —risii5y; (21)

where 7;_1 ; is the line resistance between the (i — 1)-th and i-th buses. If the loads consume constant
power, we can assume that the line power flows P;_; ; before and after the control action are almost
the same. Then, we can obtain the equation about the line power flow between buses (i — 1) and i as:

Py = Vool = yrew prew o

i—1, i ti—1,1

With (22), we can rewrite (20) and (21) as:

P‘, .
Id Id 1,
‘/io - ‘/ifl - ‘;pldl Yi—1,i (23)
i—1
P4
vpew = e Hoat @
i—1

From (18) to (24), we can obtain the following equation, which is a linear quadratic equation of
AV;_q as:

2 2
Vo AVE + [(W_’”{) + Piyiriini— W_Z%Avi} AViy = (V) v =0 (25)

The detail derivation process of (25) will be provided in Appendix A at the end of this paper.
In (25), the values of Vl"l”{ and P;_; ; can be measured by the local agent and r;_; ; is a given value from
the distribution system topology. When we apply the quadratic formula to (25), we can obtain AV;_;

as a function of AV; as:
_ [(AVi) + o(AV)
A‘/i—l - 2V0[d (26)
i—1

where the sub-functions f1 and f, can be defined as:

2
A AV = = (V) + VAV = Py 27)

2 3
f2(8V) = ¢ [(Wl‘{) ~ VO AVi+ P r,»l,z} +4(ve) AV, (28)

From (26) to (28), it can be noted that in order to compensate the voltage at the target bus as much
as AV;, we need to change the voltage at (i — 1)-th bus as AV;_;. If we apply (26) up to the first bus
where AC/DC converter installed using backward sweeping method, we can finally obtain the voltage
change command of the AC/DC converter as:

1(AV2) + fo(AV)

AV, = Al v (29)
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where: 5
fi(AV) = — (Vf’”’) + VO Ay — Py, (30)

2
F(AVy) = \/[(vlvld)2 ~ViAVa+Piana| +4(V4) AV (31)

In (29) through (31), Vl"ld is the voltage measured at the AC/DC converter, and AV, is the voltage
change at bus 2 required for restoration in the target bus as much as AV;. The value of P15 and r; 7 are
the line power flow and line resistance between buses 1 and 2, respectively.

Finally, the voltage control command of the AC/DC converter can be obtained from (29) as:

Viamo = Vi' + AV (32)

If the margin of the output voltage of the AC/DC converter is smaller than AV}, the AC/DC
converter cannot fully compensate the voltage problem at the target bus. For example, consider a
case that AC/DC converter already maintained the output voltage as 1.05 p.u. during undervoltage
problem. Then, the AC/DC converter cannot increase the voltage more because the voltage at the
AC/DC converter exceeds the upper level limit. Then, the master agent controls the AC/DC converter
at the maximum value and activates power control of DERs for the remaining voltage control task.

3.4.2. Control Command for Distributed Energy Resources

As shown in Figure 8, the DERs control is activated if and only if the voltage problem lasts after
using AC/DC converter control. Then, the master agent selects DERs and then determines the active
power output of the selected DERs according to bidding information such as the VSF and real power
margins of the DERs. The selection rule of DER is to choose the DERs that have larger VSF values first.
Then, we calculate the injection power of DER to compensate the target bus voltage within the normal
range. The equation for determining the DER power is as:

AV
AP; =
I VSE

(33)

where, bus k is the target bus and j is the bus index where the selected DER is connected. The variable
AVj represents the voltage deviation of the target bus from the normal range and AP; is the required
additional power injection from the DER. If the power margin of the selected DER is smaller than
AP;, the voltage at the target bus cannot be fully compensated. Then, the master agent selects another
DERs with the second largest VSF value and similarly calculates the injection power command to
compensate the remaining voltage deviation after the first DER control action. This process repeats
until the voltage at the target bus is completely compensated.

4. Simulation Results

4.1. Test System Layout

To verify the performance of the proposed voltage control scheme, we implemented a simulation
model of a LVDC distribution system using MATLAB version R2015b developed by MathWorks
(https:/ /www.mathworks.com/) as shown in Figure 10. The AC/DC converter interconnects the
LVDC system to the 22.9 kV medium-voltage AC grid. The simulation model is a typical radial
distribution system with nine buses whose rated voltage is DC 1500 V. The requirement for voltage
regulation is 5% of rated voltage over the whole distribution lines [4]. The distribution line is
modeled as one of the popular types of overhead line in South Korea, OW 60 mm?, of which line
resistance is 0.313 (3/km. The configuration of the LVDC distribution system is a bipolar system
that has positive and negative poles as explained in [2,3]. The voltage difference between two poles
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is 1500 V and the loads are connected between the positive and negative poles. The distance and
resistance of the distribution line are listed in Table 1.

We assumed that four DERs are connected to the distribution system and their rated power is
identically set to 20 kW. Hence, the maximum power injection from all the DERs are 80 kW. Loads are
distributed over the distribution lines as shown in Figure 10. Load changes differently in each study
cases from 100 kW to 300 kW. Figure 10 also illustrates the configuration of MAS-based voltage control
system. The test system is comprised of one master agent at bus 1 and four local agents at buses 2, 3, 8
and 9 in the feeder. For all the following cases, we assume the following conditions:

e  The output voltage of the main AC/DC converter is maintained at 1.0 p.u. in nominal operation.
e The minimum and maximum allowable voltages are 0.95 p.u and 1.05 p.u., respectively.

1 3 4 7 8
@7 AC/DC | | | | |
Conv |
= PURERES
Master
agent

Local Local Local Local
agent 1 agent 2 agent 3 agent 4

N

Figure 10. Configuration of a LVDC distribution system and MAS-based control system for
simulation studies.

Table 1. Line parameters of the test LVDC distribution system shown in Figure 10.

Case 1 Case 2
From Bus  To Bus Distance Resistance Distance Resistance
km Q pu.l! km Q p-u.

0.257 0.1609  0.0072 0.257 0.1609  0.0072
0.735 0.4601  0.0204 0.735 0.4601  0.0204
0.08 0.0501  0.0022 0.357 0.2235  0.0099
0.05 0.0313  0.0014 0.150 0.0939  0.0042
0.05 0.0313  0.0014 0.150 0.0939  0.0042
0.05 0.0313  0.0014 0.150 0.0939  0.0042
0.06 0.0376  0.0017 0.265 0.1659  0.0074
9 0.603 03775  0.0168 0.603 03775  0.0168

Notes: ! Resistance in p-u.: The p.u. values of line resistances are calculated based on the
following base values—Rp,g, = 22.5 Q) where Vi,g, = 1500 V, Ppe, = 100 kW.

IO WDN =
IO Ul WD

As seen in Figure 10, there is no local agents installed between bus 4 and bus. In this unmonitored
region, bus voltages are not directly measured by local agents, but rather estimated by the agents
considering the “virtual bus” concept. There are three values such as x, y and z to represent the
distances between load buses that are not directly measured by local agents as depicted in Figure 10.
In this section, we evaluate two case studies to evaluate the performance of the proposed method and
compare the results to conventional methods. In case 1, the distance between buses 3 and 8 is relatively
short and the loads in between are also small whereas the distance and the loads between the buses
are relatively long and large in case 2.

In each case, we assume three different loading conditions such as normal loading condition (LO),
heavy loading condition (L1) and heavier loading condition (L2), which can be defined as:

e Normal loading condition (L0): In this condition, we do not need to compensate the voltages of
the system because loads are moderate so that all the buses in the LVDC distribution system are
within the normal range.
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e Heavy loading condition (L1): In this condition, the distribution system suffers an undervoltage
problem due to load increase. This problem can be fully compensated by the AC/DC
converter control.

e  Heavier loading condition (L2): Load increase more than heavy loading condition (L1) so that
the LVDC system suffers severe undervoltage problems. In this case, both the AC/DC converter
control and DER control are needed to compensate the voltage problem.

In each case, the results of the proposed method are analyzed in detail over the three different
loading conditions. Table 2 list the three loading conditions for each case study. The values are
arbitrarily chosen to show the control performance clearly. The results are also compared to the
previous control method proposed in [15].

Table 2. Three loading conditions (L0, L1 and L2) for case studies (Unit: kW).

Load Case 1 Case 2
Bus Lo L1 L2 Lo L1 L2
1 - - _ - - _
2 10 16 16 10 16 16
3 15 35 45 15 35 45
4 3 3 5 10 25 25
5 4 4 6 12 27 27
6 5 5 7 14 29 29
7 6 6 8 16 31 31
8 30 40 70 10 20 35
9 35 45 100 10 20 35
Total 108 154 257 97 203 243

4.2. Case 1: x, y and z Are Short, Loads at Bus 4, 5, 6, 7 Are Small

In this case, the distance of the unmonitored region between buses 4 and 7 are relative short and
their loads are also small. The voltage profiles under different loading conditions before and after
control actions are listed in Table 3. Table 4 provides the detailed computation results of VSFs under
the proposed method in this paper and the conventional method described in [15].

Table 3. The results of voltage profiles for case 1 (Unit: per unit).

Conventional Method Proposed Method
Bus No. Lo L1 L2 AC/DC Converter DERs Control AC/DC Converter DERs Control
Control during L1 during L2 Control during L1 during L2
1 1.0000  1.0000  1.0500 1.02867 1.0500 1.006962 1.0500
2 09920 09885  1.0310 1.0170 1.0320 0.9955 1.0310
3 09712  0.9588  0.9796 0.9887 0.9819 0.9660 0.9816
4 09693 09564  0.9750 0.9864 0.9775 0.9636 0.9772
5 09681 09549 0.9723 0.9849 0.9749 0.9622 0.9745
6 09671 09535  0.9696 0.9836 0.9723 0.9608 0.9719
7 09660 0.9521  0.9670 0.9823 0.9698 0.9595 0.9694
8 09649 09506  0.9640 0.9808 0.9670 0.9580 0.9666
9 0.9588  0.9426  0.9463 0.9731 0.9506 0.9500 0.9500

In Table 3, the second column explains the voltage profile during normal loading condition (LO).
In this condition, the minimum voltage is 0.9588 p.u., which is in the normal range. The third column
in Table 3 shows the voltage profiles during heavy loading condition (L1). Due to the increases in
loads, the voltage at bus 9 reduces to 0.9426 p.u. below the normal range. In the proposed method,
the local agent 4 can detect the voltage violation and requests for voltage compensation to the master
agent as much as 0.0074 p.u. After receiving the request message, the master agent computes the
required change in the AC/DC converter output voltage as 0.006962 p.u. to make the minimum bus
voltage over 0.95 p.u. using (32).
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The fifth and seventh columns in Table 3 show the results for L1 loading condition after the
AC/DC converter control using conventional method [15] and the proposed method. It can be noted
that the output voltages of the AC/DC converter are 1.02867 p.u. in the conventional method and
1.006962 p.u. in the proposed method while the overall voltage profiles are maintained within the
normal range. This means the proposed method can maintain the system voltage with smaller control
efforts. This is due to precise computation without simplification of the system model in the proposed
method compared to the conventional method.

The fourth column in Table 3 shows the voltage profile on L2 loading condition after the AC/DC
converter control. Note that the voltage at bus 1 becomes 1.05 p.u. due to the maximum AC/DC
converter control. However, even after the AC/DC converter control, an undervoltage problem still
exists at bus 9 as 0.9463 p.u. Therefore, we need to use the power injection from DERs to compensate
the remaining voltage problems. For this, the master agent sends an RFP signal to local agents and the
local agents at buses 2, 3, 8 and 9 to receive locally computed information such as the corresponding
row of the Jacobian matrix and the margin of DERs. Then, the master agent calculates the required
power injection from the DER using (33).

The sixth and eighth columns of Table 3 list the voltage profiles after control action of the
conventional and proposed methods, respectively. In both results, the voltage profiles can be
maintained within the normal range between 0.95 p.u. and 1.05 p.u. However, in the proposed
method, the DER can inject less active power than the conventional method.

Table 4. The computation results of case 1 for distributed energy resource control in the proposed and
conventional methods during heavier loading condition (L2).

Proposed Method Conventional Method
Voltage Sensitivity Factors Result with Result without
Virtual Bus Error Virtual Bus Error Result Error
VSFy 0.007767 0% 0.007693 0.953% 0.00715 7.944%
VSFy3 0.03152 0.022% 0.03122 0.974% 0.02760 12.45%
V SFog 0.04124 0.012% 0.04088 0.885% 0.03567 13.52%
V SFyg 0.06088 0.013% 0.06051 0.621% 0.05245 13.87%

Table 4 provides the accuracy of the computational results for the VSFs in the proposed and
conventional methods for heavier loading condition (L2). The second and fourth columns in Table 4
show the VSFs computed by the proposed method with or without virtual bus concept. The sixth
column gives the VSFs calculated by the conventional method of [15]. According to the results, the
VSF of the bus 9 is the largest. This means the DER at bus 9 can compensate the voltage problem with
the minimum power injection to the distribution system.

The third, fifth and seventh columns in Table 4 represent the computational error against ideal
power flow analysis when local agents are connected to all the buses in the distribution system
including the buses between buses 4 and 7. The computation error in the proposed method is less than
0.022% with virtual bus concept while the conventional method has around 10% error. The proposed
method with virtual bus concept is the most accurate compared to the others. In addition, the
required power injection of DER at bus 9 is 6.0775 kW in the proposed method while 7.0543 kW in
the conventional method. This means that the proposed method can save about 1kW for the voltage
compensation compared to the conventional method. Figure 11 shows the graph of the voltage profile
of the LVDC distribution system in case 1.
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Figure 11. Voltage profile of the LVDC system under voltage control methods (Case 1). (a) with AC/DC
converter control; (b) with distributed energy resource control after AC/DC converter control.

4.3. Case 2: x, y and z Are Long, Loads Are High

The major difference case 2 from case 1 is that the distance between buses 3 and 8 becomes larger
and the loads in between grow bigger. Because there is no local agent installed between buses 4
and 7, the power system parameters such as bus voltage and line currents are not measured in the
region. Therefore, we can expect that the error in power flow analysis may increase due to the effect of
the unmonitored region. Table 5 lists the voltage profiles of the LVDC distribution system on three
different loading conditions before and after the voltage control. Similar to case 1, the voltage profile is
good without any voltage control actions in the normal loading condition (L0). The minimum voltage
is 0.9572 p.u. at bus 9 within the nominal voltage range.

Table 5. The results of voltage profile for case 2 (Unit: per unit).

Conventional Method Proposed Method
Bus No. Lo L L2 AC/DC Converter DER Control AC/DC Converter DER Control
Control during L1 during L2 Control during L1 during L2
1 1.0000  1.0000  1.0500 1.0472 1.0500 1.0404 1.0500
2 0.9928  0.9843  1.0320 1.0320 1.0340 1.0250 1.0330
3 09744 09428  0.9833 0.9930 0.9898 0.9858 0.9889
4 0.9669 09263  0.9642 0.9774 0.9730 0.9700 0.9719
5 09642 09205 0.9573 0.9719 0.9671 0.9645 0.9658
6 0.9621 09159  0.9515 0.9676 0.9623 0.9601 0.9608
7 0.9605 09126  0.9471 0.9645 0.9587 0.9570 0.9572
8 0.9590  0.9094  0.9416 0.9614 0.9548 0.9539 0.9531
9 0.9572  0.9057  0.9353 0.9579 0.9522 0.9504 0.9500

During heavy loading condition (L1), the voltage at bus 9 plummets to 0.9057 p.u. as shown in the
third column in Table 5. In this condition, the AC/DC converter can compensate the voltage problem
by increasing the output voltage of the AC/DC converter control using the conventional and proposed
control method, respectively. Both results are good but the proposed method can change the output
voltage of the AC/DC converter less than the conventional method. This means the proposed method
can achieve the control task with less effort.

During heavier loading condition (L2), the voltage profile of the LVDC distribution system cannot
remain in the normal range even after the AC/DC converter control. In this condition, the DER active
power control must be activated. The sixth and eighth columns of Table 5 show the voltage profiles
after DER control in the conventional and proposed methods, respectively. Both results are acceptable
because the voltage profiles are well maintained within the normal range.
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Table 6 shows the computation results for VSF of the DERs for the voltage compensation at bus 9
during L2 condition. The results in Table 6 indicate that the maximum error of the proposed method
with virtual bus concepts is still less than 1% (0.52%) whereas the error without virtual bus is higher
than 5% (5.67%) and the error of the conventional method is more than 10% (15.36%). This means that
the virtual bus concept is essential when the unmonitored region is lengthy and highly loaded.

As discussed in Section 3, the virtual bus is located at length; = 0.582 km according to (11).
Two agents at buses 3 and 8 can estimate the voltage at the virtual bus individually and send the
estimated voltage to the master agent. The master agent can use the average of two estimated virtual
bus voltage from two agents. With this idea, the proposed method can filter out noises in the estimated
voltages. Figure 12 shows the graph of the voltage profile of the LVDC distribution system in case 2.

Figure 13 shows the comparison between the power injection of the DER to compensate the
voltage problem during heavy loading condition (L2) in cases 1 and 2. For example, the required
power injection of the DER at bus 9 is 17.143 W in the proposed method while the conventional method
requires 19.811 kW. This means that the proposed method can save 2.668 kW while providing the same
voltage compensation. This result shows the main advantage of our proposed method compared to
the conventional method because the proposed method can use less active power to solve the same
voltage problems in both cases.

Table 6. The computation results for case 2 for DER control in the proposed and conventional methods
during heavier loading condition (L2).

Proposed Method Conventional Method
VSF Result with Result without
Virtual Bus Error Virtual Bus Error Result Error
VSFy 0.00786 0.03% 0.007416 5.67% 0.00715 9.06%
VSFys 0.03181 0.04% 0.03002 5.66% 0.02760 13.27%
VSFog 0.06777 0.12% 0.06478 4.52% 0.05742 15.36%
VSFyg 0.08575 0.52% 0.08171 4.22% 0.07420 13.02%
(a) AC/DC converter control
1.07 T T T T T T T
1.05 — %~ - Voltage profile during LO =
3 4025 —&— Voltage profile during L1 d
Q. —%— After converter control during L1 (conventional)
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S 095 5
0.925
0.9
1 2 3 4 5 6 T 8 9
No. of bus
(b) DER control
1.075 T T T
1.054 —&— Voltage profile after converter control during L2 | -|
3 —— After DER control during L2 (conventional)
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>
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Figure 12. Voltage profile of the LVDC system under voltage control method (Case 2). (a) with AC/DC
converter control; (b) with distributed energy resource control after AC/DC converter control.
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Power injection from DER [kW]
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Figure 13. Power injection of the selected DER comparing the conventional and proposed methods.

5. Conclusions

This paper presented a new voltage control scheme for LVDC distribution system using
coordination control between the main AC/DC converter and multiple DERs based on MAS.
The proposed method distributes power flow analysis and decision-making procedure to multiple
local agents. Since local agents can detect voltage problems in real time and refine raw data to system
information of the overall system, the computation burden in the master agent can be significantly
relieved. For example, the roles of the local agents are to monitor the local bus voltage and currents,
to detect the voltage problem and to request the voltage compensation. Local agents also compute
the power system data such as corresponding rows of the system Jacobian matrix, power margin of
DERs, line power flow and so on. All the functions of the local agents can be implemented in an
affordable microcontroller.

When a voltage problem occurs, local agents participate in the bidding process based on the
CNP. This paper also proposed the definition of “virtual bus” and presented how to estimate the
power system data of the virtual bus in the neighboring local agents. By using the virtual bus, we
can use the data of unmonitored buses into the system analysis so that the proposed method can
be more accurate. The proposed method is compared to the conventional method with case studies.
Through the simulation results, it was numerically verified that the proposed method can solve voltage
problems more accurately and use smaller control efforts than the conventional method.
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Appendix A
In Section 3.4.1, subtracting (23) from (24) yields:

1 1
Vinew _ Viold = (Vl"_ei” — Vf_%) + (VOId - Vngw> Pi—l,ﬂ’i—l,i (A1)
i—1 i-1

Then, application of (18) and (19) to (A1) results in:

Id Id
AV, =AV;_1 + Vzn—eiu — Vio—l P qiti1;=AVi_ 1+ Vzn—eiu — Vio—l P qiti_qi (A2)
[ 1— 1—11"1—=1,1 — 1— =11t i—=1,
vreevel (AViy + Vo) vt
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where V" = AV;_; + V4.
If we rearrange (A2) to a quadratic form in terms of AV;_;, we can obtain (A3) that is the same
as (25):

2 2
VAV + [(Vﬁ’”{) + Pryiioni— vﬂ‘isz} AV — (V) AV =0 (A3)
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