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Abstract—This paper presents a hierarchical control scheme
using a multi-agent system for black start operation of a
microgrid with power electronic interfaces. Five types of agents
are proposed in this architecture, namely Grid Agent, Central
Agent, Generation Agent, Load Agent and Breaker Agent. With
this architecture, the multi-agent system is able to coordinate
distributed generators (DG) and loads to maintain steady state
operation of the microgrid either in grid-connected mode or
islanded mode; it can also perform a black start if a seamless
transition to the islanded mode fails or if a black start becomes
necessary for any other reason. A system with four DG units
is demonstrated using MATLAB/SIMULINK to demonstrate the
operation of the proposed system.

Index Terms—Multi-agent system, microgrid, hierarchical con-
trol, black start, distributed generation.

I. INTRODUCTION

HE total electricity consumption in the US is predicted

to grow from 3,873 billion kWh in 2008 to 5,021 billion
kWh in 2035, at the rate of 1.0% annually [1]. Accompanying
the increasing consumption, the percentage of renewable gen-
eration is expected to rise from 9% in 2008 to 17% in 2035.
High penetration of renewable energy will introduce some
new problems to conventional power system, such as energy
management of renewable sources, frequency fluctuation, and
distribution voltage variation. A promising way to manage
these problems is to organize these renewable sources locally
to construct an autonomous microgrid and connect it to the
grid through a Point of Common Coupling (PCC) [2]. A
microgrid can be defined as a tiny power system established
by a cluster of interconnected distributed generators, loads,
storage units and protection devices and be treated by the grid
as a controllable load or source [3]. Microgrids benefits power
industry by improving local reliability, providing voltage sup-
port, reducing feeder losses and increasing efficiency [4], [5].
A microgrid can be operated in two modes: grid-connected
and islanded. In grid connected mode, microgrid is connected
to utility and DGs can be controlled to produce rated real and
reactive power to minimize power imported from the grid or be
controlled to generate pre-specific real power and regulate its
terminal voltage [6], and loads can consume at their demand
levels due to the large capacity of the grid. Islanded mode
usually happens when the main grid fails. In this operation,
microgrid will detect the loss of the grid and disconnect
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itself from the grid. To achieve stability in islanded control,
microgrid should be operated to satisfy three requirements:
power balance between total generation and consumption,
voltage variation within a limited range, synchronization and
frequency control among DGs [7].

Allowing microgrids to operate in islanded mode can re-
duce customer interruption time when the grid is unavailable.
Microgrids are designed to have a high level of reliability
with close monitoring and complex error correcting controls;
however, microgrids may sometimes fail in severe situations.
A failure in smooth transition from grid-connected mode to
islanded mode or a disturbance occurring in islanded mode
may bring about the outage of the microgrid. If medium
voltage network does not restore in a short time, a local
black start in microgrid is preferable to restore service. In
conventional power systems, there are two types of black start:
top-down restoration (energize high voltage grid first and then
energize lower voltage systems) and bottom-up restoration
(starting from individual generating units with black start
ability and critical loads and synchronize them later) [8]-[10].
In a microgrid, due to its smaller number of units, shorter
interconnects, diverse technologies and dispersed locations, the
black start process has unique characteristics. References [11]
and [12] identify a sequence of actions to restore microgrids
and address the need of storage devices to guarantee system
stability. In this paper, we propose a hierarchical architecture
of multi-agent system to manage microgrid black start, in
which autonomous agents have ability to detect loss of grid
power, and execute a black start sequence.

This paper is structured as follows. In section II, a basic
configuration of a microgrid is presented. Section III discusses
a hierarchical architecture of multi-agent system and its func-
tion in normal operation and black start operation. Dynamic
models for DG units are given in section IV and simulations
to verify the effectiveness of multi-agent system in black start
operation are shown in section V.

II. SYSTEM CONFIGURATION

A basic structure of microgrid considered in this paper
is shown in Fig. 1. The microgrid system includes four
distributed resources connected to the system with single phase
inverters. Power ratings of these distributed generators are
shown in Table I. DG1 and DG4 have an energy storage
device in its DC link, which are not shown in this figure.
These DGs are connecting to its local bus, where a centralized
load is also attached. A point called PCC (point of common
coupling) connects microgrid to medium voltage network.
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Fig. 1. Configuration of microgrid

Another centralized load 5 is connected to bus 5 through
breaker 19. Voltage level for this microgrid is 120V. DG2,
DG3, DG4 are black start capable and have both voltage
control mode and real and reactive power control mode (PQ
control) [13], while DG1 only has PQ control mode. DG4 with
largest capacity and an energy storage device equipped, has a
fast response and large tolerance to the disturbance happened
in microgrid.
TABLE 1
POWER RATING AND CONTROL MODES OF DGs

Units | Capacity (kVA) | Black start ability | Energy storage
DG1 24+ 451.5 no yes
DG2 2451 yes no
DG3 5473 yes no
DG4 10 + 55 yes yes

III. MULTI-AGENT SYSTEM

Multi-agent system is a system containing two or more
autonomous entities that can detect and react to its envi-
ronment and communicate with each other to optimize its
local goal, and therefore system’s global goal is obtained.
The role of implementing multi-agent system is to break
down a complicated control problem into several small simple
problems, and each simple problem will be handled by an
agent [14]. Agents have a certain degree of autonomy that it
can make decisions based on the information it acquires from
environment without a central controller [15]. Previously, some
work has been done on multi-agent system. Ref. [16] reviews
the fundamentals of multi-agent system and presents possible
contributions that MAS can provide to power engineering.
Ref. [17] gives instructions and advices on the design and
implementation of multi-agent system. Ref. [18] discusses op-
timal control of multi-agent system to provide voltage support
on a distribution feeder. Ref. [19] proposes a decentralized
approach to isolate the fault and restore power supply.

A. Agent architecture and specification

As displayed in Fig. 2, the multi-agent system of the
proposed scheme consists of five types of agents, namely
Grid Agent, Central Agent, Generation Agent, Load Agent
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v
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]
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Fig. 2. Architecture of multi-agent system

and Breaker Agent. Each agent has its specific role in the
multi-agent system:

Grid Agent: Grid Agent monitors voltage and frequency of
the grid and acts like an ambassador representing the grid
to communicate with Central Agent, which is the governor
of microgrid. Grid Agent is capable of detecting failure of the
grid and sends signals to inform Central Agent when it detects
the grid’s outage.

Central Agent: Central Agent is the core agent in multi-
agent system and in charge of optimizing microgrid opera-
tion, which includes monitoring grid and microgrid in grid-
connected mode, optimal dispatching loads and generations
in islanded mode, and conducting microgrid’s black start
procedure after microgrid fails. Central Agent has a list of
Generation Agents and Load Agents within microgrid; so it
can inform them of the immediate status of the grid and control
them directly.

Generation Agent: Generation Agent will monitor the op-
eration of the distributed generators, update Central Agent
with generation informations, including: generator type, power
rating, storage level, control modes and black start capability
etc. Generation Agent also receives commands from Central
Agent and controls its distributed generator in conformity to
the commands.

Load Agent: Load Agent observes electricity consumption
at user’s side, updates load demand and load significance
weight to Central Agent and increases or sheds load under
commands of Central Agent. In the black start procedure, Load
Agent will increase its load gradually and selectively under
instruction of Central Agent.

Breaker Agent: Breaker Agent is responsible to change the
breaker status under the command of Central Agent. Breaker
Agent should open the breaker at Point of Common Coupling
to disconnect microgrid from medium voltage network when
Central Agent is informed of the grid outage by Grid Agent
and gives open command to Breaker Agent. In the black start
procedure, Breaker Agent will close breakers collaboratively in
the sequence that forms microgrid under commands of Central
Agent.


https://www.researchgate.net/publication/3268400_Multi-Agent_Systems_for_Power_Engineering_Applications-Part_II_Technologies_Standards_and_Tools_for_Building_Multi-agent_Systems?el=1_x_8&enrichId=rgreq-c8a82e2d-35fe-4109-80dd-f7744aae8036&enrichSource=Y292ZXJQYWdlOzI0MTE5MjA1NTtBUzo5OTMxOTEwNTQ1ODE4NUAxNDAwNjkwOTI4NzMy
https://www.researchgate.net/publication/3268402_Multi-Agent_Systems_for_Power_Engineering_Applications-Part_I_Concepts_Approaches_and_Technical_Challenges?el=1_x_8&enrichId=rgreq-c8a82e2d-35fe-4109-80dd-f7744aae8036&enrichSource=Y292ZXJQYWdlOzI0MTE5MjA1NTtBUzo5OTMxOTEwNTQ1ODE4NUAxNDAwNjkwOTI4NzMy
https://www.researchgate.net/publication/224189001_A_decentralized_control_architecture_for_a_microgrid_with_power_electronic_interfaces?el=1_x_8&enrichId=rgreq-c8a82e2d-35fe-4109-80dd-f7744aae8036&enrichSource=Y292ZXJQYWdlOzI0MTE5MjA1NTtBUzo5OTMxOTEwNTQ1ODE4NUAxNDAwNjkwOTI4NzMy
https://www.researchgate.net/publication/4205007_Reconfiguration_for_restoration_of_power_systems_using_a_multi-agent_system?el=1_x_8&enrichId=rgreq-c8a82e2d-35fe-4109-80dd-f7744aae8036&enrichSource=Y292ZXJQYWdlOzI0MTE5MjA1NTtBUzo5OTMxOTEwNTQ1ODE4NUAxNDAwNjkwOTI4NzMy
https://www.researchgate.net/publication/224408084_Multi-agent_systems_in_a_distributed_smart_grid_Design_and_implementation?el=1_x_8&enrichId=rgreq-c8a82e2d-35fe-4109-80dd-f7744aae8036&enrichSource=Y292ZXJQYWdlOzI0MTE5MjA1NTtBUzo5OTMxOTEwNTQ1ODE4NUAxNDAwNjkwOTI4NzMy
https://www.researchgate.net/publication/3267788_A_Multiagent-Based_Dispatching_Scheme_for_Distributed_Generators_for_Voltage_Support_on_Distribution_Feeders?el=1_x_8&enrichId=rgreq-c8a82e2d-35fe-4109-80dd-f7744aae8036&enrichSource=Y292ZXJQYWdlOzI0MTE5MjA1NTtBUzo5OTMxOTEwNTQ1ODE4NUAxNDAwNjkwOTI4NzMy

B. Control strategies for grid-connected and islanded opera-
tion

In grid-connected mode, Grid Agent is in charge of mon-
itoring the operation and status of the grid by measuring
voltage and frequency of the grid. It is responsible to inform
Central Agent of the grid outage when grid fails. Generation
Agents will operate in grid-connected mode that control its
corresponding distributed generator to generate predefined real
and reactive power or produce specific real power and regulate
its terminal voltage. Load Agents can obeserve voltage and
frequency at the customers’ side and feedback customers’
information to Central Agent.

When grid breaks down, Grid Agent detects the outage
and sends signal to Central Agent to inform the fact of
the grid outage. Receiving the notification of the grid fail-
ure, Central Agent immediately sends open command to the
Breaker Agent at point of common coupling to open the
breaker separating microgrid from grid. Then Central Agent
will switch to islanded control mode. It will ask load infor-
mation from Load Agent and generation capacity information
from Generation Agent. Based on this information, Central
Agent will optimally dispatch loads and generations in some
pre-defined rules. For example: when total load demand is
larger than total generation capacity, Central Agent will send
commands to Load Agent to cut off some less critical load
based on the load significance weight. On the other hand,
when total load demand is less than generation capacity,
Central Agent may control some dispatchable generators to
reduce their production. Central Agent will also consider the
cost of generation in the dispatching process. For example:
when there are both photovoltaic cells and micro-turbines in
microgrid. Central Agent may not want photovoltaic cells to
reduce their power output, because they are cheap and less
polluted. Instead, it will inform those Generation Agents which
are in charge of micro-turbines to reduce their power output.
The key issue concerned by Central Agent in islanded mode
is to cooperate with Generation Agents and Load Agents
to keep power generated equals to power consumed at any
time within microgrid, thus to maintain the small system
stable. After assignments are determined by Central Agent for
Generation Agents and Load Agents, Central Agent will send
these commands back to corresponding agents. Generation
Agents receive the assignments and follow the instructions of
Central Agent to regulate their real and reactive power output;
Meanwhile, Load Agents receive assignments and cut off loads
depending on the load significance weight.

The flow chart for microgrid’s islanded operation under
multi-agent system is shown in Fig. 3.

C. Black start procedure

In conventional power systems, power restoration and black
start are conducted by system operators manually based on
the pre-specific sequences. However, in microgrid, because
of its small size and large quantities emerging in the future,
system operators are not expected to hire to carry out black
start procedures. Multi-agent system appears to be an effective
way to organize and restore microgrid in this situation. Power
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Fig. 3. Flow chart for microgrid islanded operation

restoration is much simpler in microgrid than in conventional
power system, because of its less units; however, distinct
characteristics, such as large integration of power electronic
interfaces and fewer conventional generators, primary energy
source response constants, require particular identification of
restoration procedures for microgrid [20].

When microgrid fails to smoothly transit from grid-
connected mode to islanded mode, or a large disturbance
ocurrs in islanded mode causing microgrid breaking down,
black start of microgrid is conducted by multi-agent system
in the following specific steps and sequences for restoration:

1) Generation Agents renew corresponding distributed gen-
erators’ information to Central Agent. The informations
used for updating include: type of the generator, whether
it is a conventional generator or a power electronic inter-
faced generation; capacity of the generator; generator’s
control mode and black start capability.

2) Load Agents update load demands and significance
weights to Central Agent.

3) Central Agent selects a black start capable power elec-
tronic interfaced microsource with the largest capacity
and an energy storage device connected to its dc-link or
a conventional generator with largest capacity first. Send
commands to corresponding Generation Agent to start it
in voltage control mode with required voltage amplitude
and unchanged voltage angle at its terminal; meanwhile,
send commands to appropriate Breaker Agents to close
breakers and Load Agents which are in the same feeder
to increase appropriate amount of loads into microgrid.
Voltage angle reference can be given as the same as



voltage angle of the grid when it fails. Energy conserved
in the energy storage device or kinetic energy stored
in the conventional generator can contribute to smooth
transition when connecting to new sources and loads.

4) Central Agent selects another microsource with black
start capability. Send commands to corresponding Gen-
eration Agent to run it in voltage control first and
choose appropriate amount of loads near it to form
another microgrid. Synchronize voltage phase with that
of microgrid already established in step 1. When it is
stable, connect these two microgris, and switch the new
added microsource’s control mode to real and reactive
control.

5) Repeat step 4 until all microsources with black start
capacity are connected to the microgrid.

6) Connect microsources that without black start capability
to the microgrid one by one with proper amount of loads
increasing at meantime.

The distributed generators’ output and their corresponding
proper loads selected in steps (3)-(6) are strictly subjected to
the constraints in equation (1).
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where w; and L; are, respectively, the significance weight and
demand of load i. Sg, is the apparent power generation of
distributed generator 7. S;; is apparent power flowing from
bus i to bus j. Sj,ss is the total apparent power loss in the
microgrid.

The proposed flow chart of the microgrid’s black start
conducted by multi-agent system is shown in Fig. 4.
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IV. DYNAMIC MODELS FOR DGs

In this section, the dynamic models implemented to simulate
a black-start microgrid are described. Models for distributed
sources are built according to the models in [21]-[23]. As
mentioned in section II, each distributed resource is connected
to the microgrid through power electronic interfaces, which
are controlled either in voltage control mode or in PQ control
mode. For dc micro-sources, such as PV panels or fuel cells,
power electronic interfaces can be single-stage DC/AC shown
in Fig. 5(a) or double-stage DC/DC/AC shown in Fig. 5(b)
[7]. For non-utility-grade ac, power electronic interfaces can
be two-stage AC/DC/AC converter shown in Fig. 6(a) or multi-
stage AC/DC/DC/AC converter shown in Fig. 6(b).

Control blocks for voltage control mode are shown in Fig.
7. The purpose of this control is to produce the desired output
terminal voltage, which will be used to either set up voltage
levels within the microgrid or help DG units smoothly connect
to the existing microgrid. Controls are implemented in the dq
reference frame so as to emulate the controls of three-phase
power converters by creating a virtual Q axis as described in
[24], [25].
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A PI controller is utilized to correct the error between the
set-points and the real values measured at the sending point
of power electronic interface. Products of PI controller will
be inversely transformed to the stationary frame and treated
as reference for the PWM generator for the switches in the
bridge.

The PQ control block diagram implementedd is shown in
Fig. 8. The aim of this control is to provide specific real and
reactive power into microgrid. Since voltage is certain and
maintained by voltage sources, in order to output required real
and reactive power from multi-agent system, DG units can
adjust their current output to regulate power output.

The input of Block A is the voltage measured at the sending
point of power electronic interface. It is operated as a low-pass
filter and phase locked loop and produces the amplitude value
V and phase 0, of V(t). P*, Q* are given from generation
agents. Block B uses value of V, 6,, P*, Q* to calculate
instantaneous value of reference current iy (t), 4;(t) by means
of equations (2), (3):

. P+ Q"
* — 2
ip(t) = Re (Vcos@v +jVsin€v> )
" P +5Q°
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V. SIMULATION RESULT

In order to validate the performance of multi-agent system
in conducting microgrid’s black start, a system shown in
Fig. 1 is simulated under MATLAB/Simulink environment to
study the dynamic behaviour of microgrid. It was assumed
that an outage has already happened in microgrid, distributed
generators are all shut down, loads are shed and breakers are
opened.

DG 4 is started at ¢t 0 s and selected as the first
distributed generator to establish microgrid, since it has the
largest capacity and a storage device connected to its DC link
which could provide transient power for integrating new units.
Breaker 9, 10, 17, 18, 19 are closed, so that Load 4 and Load
5 can be fed by DG 4.

At the same time, DG 2 and DG 3 are started in voltage
control mode as DG4; however, they are running indepen-
dently without connecting to DG4’s microgrid with breaker

14, 16 open. Breakers 5, 6, 13 and 7, 8, 15 are closed; so that
comparable local loads, Load 2 and Load 3, can be supplied
by DG2 and DG3. At this time, there are three independent
microgrids in the system with sources DG 2, DG3 and DG4
respectively. DG 1 has only real and reactive power control, so
it is not black-start capable and cannot start in voltage mode
at t = 0 s. After starting, DG 2 and DG 3 are trying to
synchronize themselves with DG4’s microgrid, which is the
dominant microgrid in the system. At { = 0.3 s, when the
DG4’s microgrid is stable and DG3 has already synchronized
with DG4, Central Agent sends signals to Breaker Agent 16
to close breaker 16 to connect DG4 and DG3. At ¢t = 0.41 s,
when DG2 has already synchronized with DG4 and DG3s’
microgrid, Central Agent sends signals to Breaker 14 to
connect DG2 to DG4 and DG 3s’ microgrid.
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Fig. 9. Real power output of DGs
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Fig. 10. Reactive power output of DGs

At t = 0.5 s, when the microgrid containing DG2, DG3
and DG4 is stable, connect DG1 and Load 1 to the microgrid.

Real power output of DGs is shown in Fig. 9. It can be seen
from the figure that at time ¢ = 0.3s and 0.41s, the connection
transients of DG2 and DG3 are very small with pre-start
and synchronizing process. Reactive power overshoot shown
in Fig. 10 is also tuned by adopting pre-start, synchronizing
process.

Total real and reactive power generation in microgrid is
shown in Fig. 11. Compared with Fig. 12, it shows that mi-
crogrid with pre-start and synchronization process has smaller
ripples when connecting new units; therefore, transients is
more smooth and microgrid is more stable in black start
procedure.

Voltage profile at bus 5 is shown in Fig. 13. At ¢t = 0.3
s and 0.41 s, there are small ripples when connecting new
units. These ripples can be reduced by improving performance
of Phase Lock Loop (PLL). At ¢ 0.5 s, although DG
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1 is connected to microgrid without pre-started process, the
system’s capacity and tolerance of disturbance has been greatly
enhanced by adding DG 2 and DG 3. As seen from the Fig.
13, the voltage is still able to maintain at ¢ = 0.5 s with some
small ripples. If DG 1 has voltage control mode and could
pre-start and synchronize with microgrid, the ripples could be
further tuned.

VI. CONCLUSION

Microgrid has complex operations resulting from its distinct
characteristics from conventional large power system. This pa-
per presents the feasibility of adopting a hierarchical architec-
ture of multi-agent system in microgrid operation. Multi-agent
system is chosen as an operator providing both intelligence to
optimize algorithm and implementation capability to execute
complicated tasks. Control strategies by multi-agent system for
grid-connected operation and islanded operation of microgrid
are discussed. A set of actions and procedures are identified
in this paper for multi-agent system to conduct black start of
microgrid. The results obtained in simulation prove that multi-
agent system is effective to implement microgrid restoration.

Pre-start and synchronization process of distributed genera-
tions before connecting to a restoring microgrid could reduce
the disturbance introduced by the connection and be prone to
maintain the stability of microgrid.
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