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Abstract—Microgrid concept has been widely adopted by power
and energy community to boost the resilience and enhance the economics of the energy system. Stability control and economic control
are two main factors to enable the reliable and efficient operation of
microgrids. This paper presents two different control approaches for
microgrids. The first control method adopts hierarchical structure.
Each controllable resource is complied with a local controller and
the microgrid is managed and optimized by a central supervisor controller. The second control method adopts the distributed structure.
Distributed controller of each energy resource can communicate with
each other to achieve global goals. This paper discusses the main features of these two methods and provides recommendations on how to
choose appropriate control for different types of microgrids. A case
study illustrates the performance difference of the two methods from
economic point of view.
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INTRODUCTION

The US Department of Energy defines microgrid as a group of
interconnected loads and distributed energy resources within
clearly defined electrical boundaries that acts as a single controllable entity with respect to the grid. A microgrid can connect and disconnect from the grid to enable it to operate in
grid-connected or island mode [1]. From utility perspective, a
microgrid is treated as a single controllable entity in the distribution system. Microgrid has the potential to facilitate renewable penetration in the distribution system, improve energy
efficiency, enhance power quality and reliability, and reduce
environmental impact of the power system. During the past
decade, microgrids have been gradually deployed for different
applications in US and worldwide, such as institutional campuses [2], military bases [3], communities [4], and remote offgrid microgrids [5].
Some previous research work [6] suggested that three different types of control approaches are used to manage microgrid operation including centralized or hierarchical control
[7], decentralized control, and distributed control [8]. Both
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hierarchical control and distributed control require communication to achieve coordination between different energy
resources. These two control approaches are most widely used
control methods in industry to ensure stable and economical
operation of microgrids [8–10]. This paper mainly focuses on
the comparison of these two control approaches to help microgrid owners to choose appropriate control approach for different types of microgrids.
Hierarchical control for the microgrid operation can be
classified into primary, secondary, and tertiary control. The
primary controller has the smallest decision time step to
regulate the voltage and the frequency based on local measurements. On the other hand, tertiary controller collects state
information of the energy system through the communication
infrastructure and makes decisions to improve the overall
performances of microgrids, which has a longer decision time
step.
Hierarchical control manages the overall system operation using a dedicated central computer to achieve objectives such as minimizing operation cost, minimizing the CO2
emission, and maximizing the system reliability on the tertiary level. The central energy management system (EMS)
in the hierarchical structure could easily integrate objectives as well as operational constraints in a central optimization problem [9, 10]. The central EMS system can easily integrate various types of distributed energy resources
(DERs), real-time electricity price signals, thermal system
(combined heat and power and district heating system), etc.
The load and renewable forecasts can be used to further
improve the system economics. The central EMS system usually requires a dedicated powerful computer to solve the optimization problem in real time. Communication and control
system redundancy is required to maintain a high reliability of the Information and Communication Technology (ICT)
system.
In the hierarchical control structure, the secondary control is mainly responsible for the system-level stability of
microgrids. The secondary control includes automatic generation control (AGC), secondary load-frequency control
[11, 12], secondary voltage control [13–15], real-time load
management, etc. In this level, the secondary controller is
used to dynamically determine set-points for local controllers
to achieve the overall objectives of microgrids. For example,
one objective of AGC is to maintain the system frequency
at the nominal value. The AGC can adjust set-points of
dispatchable generators to regulate the power outputs of these
generators when the system frequency deviates from the
nominal value. The power set-point signals are sent from
the central controller to local controllers of dispatchable
generators through the local area network in the microgrid.

For the secondary voltage control problem, the prespecified
voltage signals are sent to the dispatchable generation units
to maintain bus voltages at desired values [13]. The control
interval of the secondary control is usually from tens of
milliseconds to half a second.
On the other hand, distributed control can make decision
based on local measurements and the communication with
its peers. It is very flexible, making it easy to add additional
DERs in the system without impacting the normal operation
of the rest of the system. Distributed control integrates tertiary and secondary control functions and makes control decision on the order of 100 msec. Any single point failure in
the control system would not cause a cascading failure in the
microgrid. The plug-and-play feature and the robustness of
distributed control make this control mechanism suitable for
small and remote microgrids such as remote mining facilities,
small islands, and remote villages. Due to the limited calculation capability, distributed controller usually does not conduct predictive control locally, so the limited forecast capabilities may limit the performance of the control system. In
addition, the control decision is usually made based on heuristic laws which may be designed based on the most conservative assumptions. Thus, distributed control usually provides a
suboptimal solution. It should be noted, however, that as technology advances make low-cost, low-power, high-speed computational capability more available, this situation could well
evolve.
In distributed control area, the consensus and cooperative
control [16, 17] has attracted more attention in microgrid
control community [18–20]. The multi-agent cooperative
control method is inspired by biological phenomena [21, 22],
which aim to achieve system objectives cooperatively that are
difficult to reach by a single agent or centralized controller. In
the microgrid control, one of the stability control objectives
is to achieve voltage or frequency consensus across the power
network, which is a good application area for consensus control. On the tertiary control level, one objective is to achieve
incremental cost consensus for generation units across the
network [18].
To better understand these two control approaches, this
paper presents a comparison study from various perspectives
including economics, reliability, design complexity, scalability, and computational complexity. The outline of this paper is
given as follows. In the next section, hierarchical control and
distributed control are described and compared. In Section 3,
the controls in AC and DC microgrids are discussed. Section 4
presents the fault management for AC and DC microgrids. In
Section 5, a case study is presented to compare the economic
performance of the two control approaches. Finally, the conclusion is discussed in Section 6.
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2.

MICROGRID CONTROL

Hierarchical control and distributed control are two main control structures used in microgrids. Stability control is used to
maintain the stable operation in island mode and mode transitions. Economic control is used to reduce fuel costs and emissions. Both controls are critical to enable the reliable and efficient operation for microgrids.
2.1.

Hierarchical Control

As discussed, in a hierarchical control structure, the operation
of microgrids can be classified as primary control, secondary
control, and tertiary control [7, 13, 23]. A diagram of the operation of microgrids is shown in Figure 1 [7]. The system state
information flows from primary level to tertiary level, and the
decision signals flow from tertiary level to primary level to
achieve overall operation objectives. The primary controller
has the smallest decision time step to regulate the voltage and
frequency to desired values. On the other hand, tertiary controller collects system state information using the communication infrastructure and makes decisions to improve the overall
performances of microgrids and has a longer decision time
step. This hierarchical control structure follows the control
structure of legacy grid which has been successfully used for
a few decades.
The diagram of a microgrid with hierarchical control structure is shown in Figure 2. The central controller implements
tertiary control functions such as EMS, state estimation, and
voltage-var control. The central controller can communicate
with local controllers of energy resources in the microgrid
to send dispatch signals and obtain status and measurement
of local units. The stability control function is implemented
in local controllers to achieve real-time power balancing and
power sharing.

FIGURE 1. Diagram of microgrid control operations based
on the concept proposed in J. M. Guerreo et al., IEEE Trans.
Ind Electron, pp. 158-172, 2011.
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The economic control or EMS system is on the level
of tertiary control. This type of control decision is usually
updated on the order of seconds to minutes. The main objective of microgrid EMS is to dispatch controllable resources
including distributed generators, energy storage systems, and
controllable loads to minimize operation costs and emissions
while satisfying power balance constraint, security constraint,
and operational constraints (voltage, current, or frequency
constraint). In addition, microgrid EMS may include the
capability to isolate the microgrid from the main grid for
planned events. In the hierarchical control structure, the
microgrid EMS could be implemented on a central computer
which behaves as a central controller of a microgrid. The
central controller oversees the overall system operation and
optimally dispatches controllable units in the system. The
energy optimization problem is usually formulated as a mixed
integer linear programming (MILP) problem. The model
predictive control approach is usually adopted to optimize the
microgrid energy utilization over a predefined time horizon
[9, 10]. Other applications including voltage-var control,
state estimation, and thermal system management can also be
implemented in the microgrid central controller.
The stability control is on the level of secondary control.
The decision interval of stability control is approximately
100 msec to achieve dynamic balancing of generation and
load especially when the microgrid is operating in island mode
[24]. For AC microgrids, the stability control is used to balance the active power and reactive power to maintain the frequency and voltage in normal ranges. For the DC microgrids,
the stability control is used to maintain the system voltage profile in the normal range through the fast dynamic control. The
stability control function is implemented on local controllers
of distributed generators, energy storage systems (ESSs), controllable loads, and point of common coupling (PCC) breakers. This type of control is based on local measurements and
makes control decisions on the order of 100 msec. This control
decision interval is critical when the microgrid is operating in
island mode or the system is experiencing large disturbances
such as short-circuit faults and generation unit tripping, leading to an unplanned outage. In the steady-state operation, the
local controller also regulates the energy resources to follow the set-points communicated by the central controller to
achieve the power sharing.
In the hierarchical control structure, the AGC signal for
generators is updated every half second to a few seconds to
maintain the system frequency and voltage at nominal values
[25]. The load and renewable fluctuations could be compensated by AGC. ESSs or fast controllable resources may be
required to dynamically balance the generation and the load
in operational real time. The economic dispatch signal is sent
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FIGURE 2. Diagram of a microgrid with hierarchical control structure.

to each controllable unit on the order of minute. Hierarchical control only requires vertical communication and does not
require any peer-to-peer communication which reduces the
requirements on the communication system.

2.2.

Distributed Control

Distributed control is another control structure for microgrids.
Due to the distributed feature of microgrids and the simple

DER configurations in small microgrids, the distributed control structure is an attractive solution, particularly for small
and remote microgrids. Figure 3 illustrates the main feature
and structure of a distributed control system. The system does
not have a central controller, but the system has a central
monitoring computer to oversee the operation of the whole
system. The central computer can perform off-line analysis
or download configuration settings to distributed controllers
during system commissioning and maintenance stages. All

FIGURE 3. Diagram of a microgrid with distributed control structure.
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control functions are implemented on distributed controllers.
In addition to the vertical communication for monitoring,
diagnostic, and visualization, the peer-to-peer (horizontal)
communication plays a dominant role in the coordination of
various distributed resources to achieve a global operation
goal.
Each distributed controller broadcasts the on/off status and
loading condition of its associated distributed unit on the
order of 100 msec. Other units receive the message and make
local decisions correspondingly. The stability and economic
control functions are both implemented on the distributed
controller. The droop control and power sharing strategy are
implemented in the distributed controller to enable each unit
to dynamically achieve power sharing and power balancing.
In addition, heuristic laws are implemented in the distributed
controller to achieve certain system-level objectives such as
maximizing the use of renewable energy and minimizing the
fossil fuel consumption. Look-ahead control strategy may be
difficult to be implemented in the distributed controller. Since
the heuristic control usually only makes suboptimal decision,
the economic performance of the distributed control system
is generally not as good as a system with central EMS control. On the other hand, distributed control is very flexible,
permitting the integration of additional energy resources in
the existing microgrid without negative impact on the system.
This feature enables the plug-and-play function which is very
attractive for portable and remote microgrids.

2.3.

Comparison

The two control approaches are compared from various perspectives including economics, reliability, design complexity,
scalability, and computational complexity.
Hierarchical control can integrate a comprehensive centralized EMS to minimize energy cost and maximize the
reliability and security of microgrids. The central EMS could
be formulated as a look-ahead optimization problem to obtain
a global optimal solution. The central controller plans and
optimizes the microgrid operation for as long as the supply
and demand could be reasonably predicted, typically the next
12–24 hr, and updates the control solution on a shorter time
scale, such as every 15 min, in response to the most recent
near-term load and renewable energy availability forecasts.
The look-ahead EMS is usually formulated as a MILP
problem. To complete the optimization task in operational
real time, a dedicated high performance computer is usually
needed to perform the calculation. This may add cost and
complexity of the control system. Once the optimization in
the current decision time interval is completed, the control
commands are transmitted to local controllers to regulate
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the set-points of controllable resources in microgrids. Only
vertical communication is needed to accomplish the control
function. Another advantage of hierarchical control is that the
microgrid network model can be integrated into the central
controller to improve the performance of the central control.
The central controller usually uses the network model in the
EMS to optimally regulate the power flow in the network
while satisfying current and voltage constraints in operational
real time.
Distributed control usually uses heuristic method to
improve the economic operation of microgrids. The main
heuristic laws may include maximizing the use of renewable
energy, minimizing the fuel consumption, limiting the load
and generation change rates to maintain stability, charging the
energy storage when extra renewable energy or other low-cost
energy is available, discharging the energy storage when
the demand exceeds generation capacity, limiting the state of
charge (SOC) of energy storage, etc. The heuristic method has
two main disadvantages. The first disadvantage is that heuristic method may only achieve suboptimal control for economic
operation due to the limited capabilities for forecasting and
global coordination. To achieve certain level of reliability for
microgrid, the heuristic laws are usually designed based on the
most conservative assumptions which may have suboptimal
effects on the microgrid economic performance. The second
disadvantage is that it is usually very difficult for heuristic
method to anticipate all possible operating scenarios in the
design stage especially for large microgrids with multiple
DERs and complex distribution network. When unexpected
events happen, the heuristic control may result in significant
load interruption or even blackout. Distributed control may
require fast peer-to-peer communication (approximately
100 msec interval) to achieve system-level coordination.
This strategy could improve the stability performance of
the system, but, at the same time, it sets stringent requirements on communication system. Even though distributed
control is more challenging in large microgrids with multiple types of DERs, its flexibility and interoperability make
this method very applicable for small microgrids especially
diesel-solar-storage or diesel-wind-storage microgrids [26].
Communication system is equally important for both hierarchical control and distributed control. In the hierarchical
control structure, communication infrastructure is used to
transmit economic control and AGC signals from the central
controller to local controllers. The system state measurements
are transmitted back to the central controller for monitoring
and visualization. The vertical communication dominates the
bandwidth of the communication network. If the communication system fails, local controllers will lose the economic
control signals. The AGC signals are also blocked. The

1048

Electric Power Components and Systems, Vol. 45 (2017), No. 10

microgrid will lose the ability for economic operation and
system-level frequency/voltage regulation. The system frequency and voltage would be locally maintained by primary
droop controls. The system may operate with steady-state
frequency and voltage deviations from nominal values [24].
In the distributed control structure, a distributed controller
exchanges information with its peers to maintain the system
stability and certain level of reliability and economics. In case
of communication failure, the coordination between ESSs and
renewable energy resources would be lost and the distributed
controllers would not be able to respond system disturbances
as desired without peer-to-peer communication. Only droop
controls actively maintain the basic system stability and power
sharing.
Even though the communication network is critical for
both control approaches, the distributed structure does have
a unique feature that makes it robust subject to communication link failure or cyber/physical attacks. Any single point
failure in the communication or control system in the distributed structure would not have significant impact on the
rest of the system’s normal operation, but that is not the case
for the hierarchical system. If the communication link connecting the central controller is failed or the central controller
is attacked, the whole system would immediately lose the
system-level coordination and the economic operation capability. To achieve the same level reliability, redundancy needs
to be added to existing control and communication infrastructure which may increase the microgrid installation cost.
The comparison of hierarchical control and distributed
control is summarized in Table 1. Hierarchical control is

Features

Hierarchical control

Economics
Control system
reliability

Optimal
Central controller failure
results in microgrid
losing coordination
and optimal operation
Design complexity Complex
Can integrate any type
Scalability
of DERs and any type
of utility electricity
price profile
High
Computational
complexity
Hardware Platform Powerful computer
Communication
bandwidth

Low

Distributed control
Suboptimal
Reliable

Simple
It is difficult to
scale up to more
than three types
of DERs
Low
Embedded
controller
High

TABLE 1. Comparison of hierarchical control and distributed control for microgrids

usually more suitable for large microgrids with multiple types
of DERs and a time-varying utility electric price signal. In
addition, the communication requirement is usually lower than
distributed control. On the other hand, the distributed control system has a more reliable control system, simple control
algorithm, and less expensive control hardware.
3.

CONTROLS IN DC AND AC MICROGRIDS

In AC microgrids, stability controller is usually responsible for frequency and voltage regulations with approximately
100 msec decision interval to maintain generation and load
balancing. In case of a high-penetration renewable island
microgrid, the intermittent renewable energy sources may generate significant power fluctuations across the system which
may cause negative impacts on the power quality. In this case,
additional ESSs, such as flywheel energy storage and lithiumion battery [27], may be required to actively smooth out the
fluctuations created by renewable resources. The ESSs could
also compensate the slow responses of fossil fuel generation
units as well as improving the stability margin of the island
microgrid. The ESSs are responsible for smoothing out the
power fluctuations as well as compensating the low ramp rate
and long startup time of conventional AC generators. Once the
sustained power sources are on-line or regulated to the desired
states, the ESSs will be regulated back to the desired SOC for
later use. This type of stability control strategy has been successfully used to control remote island microgrids with fossil
fuel generators, renewable energy resources, and ESSs [27].
In DC microgrids, the stability controller is usually responsible for voltage regulation and power sharing with a smaller
decision time interval compared with AC systems. In DC
microgrids, all the rotating machines are decoupled from
the DC grids by converters, so DC grids have faster transient dynamics than the AC grids which are directly coupled
with rotating machines that provide mechanical energy storage (inertia). The decoupled generation units could be used as
fast energy storages to deliver transient energy to stabilize DC
buses which could potentially reduce the size of the dedicated
energy storages in DC microgrids.
The economic control strategy is also similar for both AC
and DC microgrids. In AC microgrids, AC generation units
need to be synchronized with the main grid. The prime movers
need to be operated at constant speeds to maintain synchronization with the main grid. The only control variable of the
AC generator is the active power set-point. In DC microgrids, the rotational velocity of a generator can be regulated
independently to make the machine operate in its maximal efficiency region [28] which could significantly reduce
the fuel consumption. This concept has been successfully
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FIGURE 4. One-line diagram of the modified IEEE 34-node system.

demonstrated on a low voltage DC ship system for efficiency
improvement up to 20% [29–31]. This is one major advantage
of DC microgrids.
4.

FAULT MANAGEMENT IN DC AND AC
MICROGRIDS

Microgrid protection is different from conventional AC distribution system protection. Microgrids may accommodate highpenetration intermittent energy resources with power electronics interfaces. The high-penetration DERs may cause reverse
power flow; power converters may reduce the fault current
level; the intermittent energy resources may cause more frequent topology changes in the microgrid. In AC microgrids,
existing protection method needs to be revised to accommodate large penetrations of DER which may cause reverse
power flow and low fault current levels [32]. Adaptive or
model-based protection strategy [33–36] may be needed to
compensate the power fluctuation and the frequent system
topology change caused by intermittent renewable energy
resources.
In DC microgrids, new fault detection, location, and isolation approaches need to be developed. It is a challenge
to use existing AC protection solution to isolate DC faults
in a reasonable amount of time. Extensive research studies
have been focused on how to quickly and reliably detect,
locate, and isolate faults in DC microgrids [37–41]. DC
microgrids include various types of energy sources, such as

converter-based AC sources, ESSs, capacitors, and active
loads. When a fault happens, the behavior of fault currents
from different energy sources could be significantly different. Previous research work [40, 42, 43] provides a good
overview of typical fault current contributions from these
energy sources. International Electrotechnical Commission
(IEC) standard 61660 [42] and the work in [43] present a general method to estimate the fault currents using main DC circuit parameters without detailed time-domain simulation.
Main DC protection methods for microgrids include
over-current protection [44], differential protection [45],
impedance protection [46–48], transient energy-based protection [49], current derivative protection [50], and converter
fault current limiting method [51–53]. A combination of multiple protection methods is usually required to achieve the
most reliable fault detection, location, and isolation for a DC
distribution system.
The protection control in microgrids could also be classified as central/hierarchical control or distributed control. The fault detection algorithm is usually implemented
locally on the control unit of each protective device. The
protection coordination mechanism could be implemented
on a central supervisory controller. The supervisory controller could communicate with each protective device
to update the relay settings. The coordination algorithm
could also be implemented locally on each distributed controller. The coordination is achieved through the peer-to-peer
communication.
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CASE STUDIES

ESS name

To compare the performance of hierarchical control and distributed control for microgrid economic operation, this section presents a simple case study to illustrate the differences
of these two control approaches. Assume that the microgrid
includes one medium voltage distribution feeder with DERs.
The PCC is at the feeder head of a substation. The one-line
diagram of a modified IEEE 34-node system is shown in
Figure 4. Three fossil fuel distributed generators, two ESSs,
one wind generator, and one PV/solar unit are added in the
original IEEE 34-node system [54]. Some of DERs are placed
close to feeder or lateral end to provide voltage support if
required. Other DERs are placed on the main feeder to provide
power for upstream or downstream loads. The length of all the
long lines in the original IEEE 34-node system is reduced to
6000 ft. All the other parameters were kept the same as the
original system. The line-to-line AC voltage is 24.9 kV. The
total generation capacity of rotating machines in the microgrid is 1080 kW. The maximum load demand of the system
is 1800 kW, which is higher than the generation capacity of
rotating machines. In the island mode, some non-critical loads
may need to be interrupted to ensure that the generation can
always cover the load demand. The energy storage and renewable energy resources are also used to provide extra power to
minimize load interruption.
The parameters of distributed generators (DGs) are shown
in Table 2. The DG parameters are chosen based on the data
in the literature [55–57]. The price of fuel for the microturbine (MT) was less than that of fuel for the diesel generator.
The minimum active power output limit of each generator was
chosen as 20% of its power capacity. The parameters for ESSs
are shown in Table 3. The charging and discharging efficiency
of ESS are also considered. The minimum energy capacity of
each ESS is chosen to be 40% of its maximum energy capacity. The maximum charging rate of each ESS is 20% of its

DG name
Bus number
No-load cost ($/hr)
Fuel cost ($/kWh)
Startup cost ($)
Shut-down cost ($)
Pmax (kW)
Pmin (kW)
Qmax (kvar)
Qmin (kvar)
Ramp rate (%/min)

DG 1
(diesel)

DG 2
(MT1)

DG3
(MT2)

824
4
0.22
10
10
360
72
174
0
40

840
3
0.085
10
10
270
54
130
0
30

854
5
0.085
10
10
450
90
217
0
30

TABLE 2. DG parameters for the modified IEEE 34 node system

Bus number
Max charging rate
Max discharging rate
Max energy capacity
Minimum energy capacity
Charging efficiency
Discharging efficiency

ESS1

ESS2

850
−20 kW
100 kW
200 kWh
80 kWh
80%
85%

858
−40 kW
200 kW
600 kWh
210 kWh
85%
90%

TABLE 3. ESS parameters for the modified IEEE 34-node system

discharging rate. The parameters for renewable resources are
shown in Table 4. The renewable resources can be continuously or discretely controlled. In the continuous control mode,
the power set-point is given to control the power output of the
renewable resource continuously. In discrete control mode, the
renewable resource can only be on or off.
The central microgrid energy optimization formulation has
been presented in [9]. The problem is formulated as a MILP
problem. The model predictive control (MPC) approach is
adopted to optimize the microgrid economic operation over
a prespecified time horizon. The up-to-date load and renewable forecasts are used in each operational planning period
which executes every half an hour. The on/off status of each
distributed generator and charging/discharging status of each
energy storage device from the planning results would be used
in real-time economic dispatch which executes once every few
minutes.
The decision time interval of the look-ahead energy optimization is chosen as 30 min. The planning horizon is chosen as 24 hr. The decision variables include on/off status of
each distributed generator, charging/discharging status of each
energy storage device, and on/off status of controllable loads.
The planning optimization is executed and applied once each
hour. Once the planning result is available, the real-time economic dispatch is used to decide the actual power set-point
of each DER. The decision time step of economic dispatch
is chosen as 5 min. A microgrid planned outage function is
also implemented in the central EMS system. The load shedding decision during the outage period is made right before
the outage happens using the most recent forecast information. In the planned outage control algorithm, load shedding
Name
Bus number
Capacity (kW)
Control type

Wind

Solar PV

808
400
Continuous or discrete

848
200
Continuous or discrete

TABLE 4. Renewable resource parameters for the modified IEEE
34 node system
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FIGURE 5. The energy optimization results using central look-ahead optimization method. (a) Utility electricity price rate, (b) power
output of each generator, (c) power output of wind generator, (d) power output of PV/solar unit, (e) load demand curve, (f) power input
from utility grid, (g) power output of ESS 1, and (h) power output of ESS 2.

list is generated for each hour during the outage period. When
the load demand is high, more loads would be interrupted to
keep generation and load balanced. If load demand is low, no
load would be interrupted.
It was assumed that the microgrid was operating in gridconnected mode at the beginning of the simulation. It was
also assumed that a planned utility grid outage happened from
4 to 8 hr. The microgrid was returned to grid-connected mode
at hour 8. The test results over a 24-hr window are shown in
Figure 5. ESSs were charged from 0 to 4 hr to prepare for the

grid outage. During this period, the utility electricity rate is
lower than fossil fuel generators, so only two micro-turbine
generators were on-line with minimum power to maintain
enough spinning reserve for unplanned emergency. At hour
4, the microgrid was switched from grid-connected mode
to island mode. The two micro-turbine generators were
controlled to full power and the ESSs were discharged to
minimize the load interruption. The diesel generator was
brought up to full power to supply the load demand. Since the
generation capacity is less than the peak load demand, load
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shedding was initiated during the utility outage to maintain
the power balance. As shown in Figure 5(e), the load demand
(bars) is lower than the original demand (curve) without load
interruption. At hour 8, the microgrid was switched back to
grid-connected mode and the utility electricity rate increased
from 5 to 15 cents/kWh. The two micro-turbine generators
were maintained at full power since their generation cost
was lower than utility. The diesel generator was brought
off-line to save the operation cost because of the higher cost
of diesel fuel. When the utility electricity rate was returned
to 5 cents/kWh at hour 20, the micro-turbine generators were
regulated to minimum power levels for economic operation
while maintaining enough spinning reserve for unexpected
events. The charge cycle for the ESSs was initiated so they
would be ready for later use.
ESSs and renewable resources are fully utilized to avoid
using expensive energy resources. During very low load
demand period, renewable resources are fully utilized
to charge energy storages for later discharging. When a
multiple-step utility pricing signal is used, ESSs are fully
charged during low utility price period and discharged during high utility price period to reduce the operational cost.
Planned outage function in the central controller optimally
provides optimal load shedding solutions as well as maintaining enough spinning reserve for the microgrid when needed.
The central economic control fully utilizes the most recent
load and renewable forecasts to improve the performance.
Distributed control is implemented to compare the performance with the central EMS system. The decision time interval of the economic control in distributed controller is chosen

as 5 min since the data resolution is 5 min. This decision
interval can be much smaller in the real applications depending on load and generation variation rate. The main heuristic
laws include maximizing the utilization of renewable energy
from wind and solar, minimizing the fuel cost, limiting the
load and generation change rates for stability, charging the
energy storage when extra renewable energy or when other
low-cost energy is available, discharging the energy storage
when the demand exceeds the generation capacity or when
the utility electricity cost is high, and limiting the SOC of the
ESSs. The same load and renewable generation profiles are
used in this case study.
The simulation results are summarized in Figure 6. When
the outage happens at hour 4, all three DGs are ramped to the
maximum power immediately to avoid load shedding. With
the increase of the load demand, the ESSs are discharged to
provide the power to the increased load until the SOC hits
the minimum limit. The load shedding is initiated after the
ESSs run out of power. Non-critical loads are disconnected
to ensure that the total load demand is always less than the
generation. In this way, the generation and load are balanced
to avoid instabilities.
By using the central EMS, the total operation cost during the 24-hr period is $3232. If distributed control is used,
the total operation cost is $3363. The energy cost using distributed control is little higher than the central EMS system.
In distributed control, the diesel was started right after the outage happens. The diesel generator was started earlier than the
start time in the central EMS. The diesel fuel is more expensive than fuel for the microturbine generator. In addition, the

FIGURE 6. The energy optimization results using distributed control method with 5-min time resolution. (a) Power output of each
generator, (b) power input from utility grid, (c) load demand curve, and (d) Power output of energy storage.
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no-load cost of the diesel generator will also increase the total
operation cost. In the central EMS result, the discharge of
ESSs at hours 4–5 allows the system to avoid using high cost
DG which could help reduce the total operation cost. Actually,
this is an easy case for distributed control. If the utility has a
more complicated rate profile (multiple steps or real-time pricing), distributed control will have difficulties deciding when
to charge or discharge ESSs to minimize operation cost. In
the islanded operation, distributed control also has difficulties
to coordinate various types of DGs and ESSs to reduce the
operation cost.
To assess the computational complexity of the EMS algorithm, a test case was used to perform the calculation on different platforms including a regular PC and an embedded
controller. Since the hourly look-ahead optimization consumes most of the calculation resource, the calculation time
of each look-ahead optimization for the modified IEEE 34
node system (as shown in Figure 5) is used to evaluate the
performance of the algorithm. Assume that the planning horizon was 24 hr. The decision time step in each planning was
30 min. Each look-ahead optimization problem includes 1296
decision variables and 2692 constraints. The calculation times
of look-ahead optimization for both grid-connected and island
operations are summarized in Table 5. The results presented
in Table 5 are the averaged values from 1000 runs. A standard windows machine with Intel(R) Core(TM) i5-4300 M
CPU@2.60 GHz and 8 GB RAM is used to perform the calculation. To compare the performance on different control platforms, an embedded control system with AM335 × 1 GHz
ARM Cortex-A8 and 512 MB DDR3 RAM is used to perform the same calculation task.
The standard PC can finish each look-ahead optimization in a minute, but the embedded controller requires more
than 10 times longer compared with regular PC. Since the
look-ahead optimization results would be used in the realtime economic dispatch with 5 min decision interval, each
optimization needs to be finished in 5 min. Thus, the embedded controller is not a good choice for a central optimization
platform. The real-time economic dispatch is formulated as a
quadratic programming (QP) problem to determine the power
set-point of each DER for the current decision time interval.

®

Control platform
Grid-connected mode
Island mode

Windows machine
(sec)

Embedded control
system (sec)

9.8
8

194
554

TABLE 5. Calculation time of look-ahead optimization for the modified IEEE 34 node system

1053

The computational complexity of the real-time economic dispatch is relatively low. For the modified IEEE 34 node system,
each economic dispatch can be finished in half a second using
the PC.
6.

CONCLUSION

This paper presented a comparison study between hierarchical control and distributed control for microgrids. Hierarchical control is more suitable for large microgrids with
multiple types of DERs and a time-varying utility electric
price signal. In addition, the communication requirement is
lower than it is for distributed control. On the other hand,
the distributed control system has a more reliable control
system, simple control algorithm, and less expensive control
hardware.
A case study illustrates the performance difference of the
two methods from economic point of view. The central EMS
in the hierarchical control system can get better optimization
results compared with heuristic method in distributed control.
The main reason is that the central EMS could optimally plan
the overall microgrid operation over a predefined time horizon using the most recent forecasts. On the other hand, distributed control is a flexible and low-cost solution for small
microgrids. The computational complexity of the central EMS
algorithm is also explored. The results indicated that a dedicated powerful computer is required to perform a look-ahead
energy optimization for a microgrid with over seven DERs
in reasonable amount of time. Embedded control system is
difficult to achieve the computational performance target for
the central EMS. The computational complexity of heuristic
control is relatively low. This type of control could be implemented on an embedded controller or other industrial control
platforms such as programmable logic controllers.
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