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Abstract—Recently, distributed energy resources (DERs) are
becoming more attractive to supply local loads under concept of
microgrids. These new parts of the power system have basically
different dynamics compared with conventional power plants
(CPPs). Some of them do not have any rotating inertia and most
of them are connected to the grid by power electronic inter-
faces. Stability and control of microgrids and the entire power
system containing DERs and CPPs is one of the most impor-
tant challenges of the recent power systems. Interactions between
microgrids in grid-connected mode and CPPs should be coordi-
nated to ensure and improve the stability of power system. In
this paper, the effect of the increased penetration of DERs on
the load frequency problem of power system is studied. Basically,
synchronous generators of CPPs determine the dynamic behav-
ior of power system for frequency control and are responsible to
compensate load changes of the system. With the high penetration
of DERs, these new parts can contribute in the frequency control.
It is shown that with appropriate control of DERs in microgrids,
the frequency deviation of the power system will decrease and
the stability margin can be increased.

Index Terms—Automatic generation control, frequency con-
trol, load frequency control, microgrid, smart grid, voltage source
convertor.

I. INTRODUCTION

FREQUENCY of a power system depends on power sys-
tem active power balance and should remain nearly

constant in different operating conditions. Frequency is a com-
mon parameter throughout the system and a change in active
power generation or demand at one bus affects the whole
system frequency [1].

Considering environmental and technical merits, utilizing
distributed energy resources (DERs) is being more attractive in
the smart grid environment. The most of DERs are interfaced
to the grid via controlled power converters [3]. Increasing the
integration of power electronics interfaced DERs makes them
a flexible and important part of the power system [4].

The microgrids facilitate high depth of penetration of DER
units and relay on information and communication technology
(ICT) and advanced sensors and control/protection strategies
and therefore they can be considered and exploited as the
main building block of smart grid [5]. To enable them as a
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building block of the smart grid, the proposal of control, pro-
tection and power management strategies, based on the use
of communication and monitoring of system components, is
necessary [5].

Different DERs, electric vehicles, smart homes, and con-
trollable loads can be integrated in a microgrid. Utilizing
generation and storage units in a microgrid, can transform
the distribution system from a passive network to active one.
Different operation modes, load, and generation uncertainties
and unpredictable disturbances cause complexities for the con-
trol and management of the microgrid. Such a system needs
different control strategies in comparison with conventional
power systems [6].

Fig. 1 shows a microgrid consisting of energy units, storage
devices, and loads.

Voltage source converters (VSCs) have been proposed for
interfacing some types of distributed generations (DGs) to
distribution grid as shown in Fig. 2. Fast dynamic response,
accurate performance, ease of implementation, and its inher-
ent closed loop control to guarantee the required operating
point are some of their advantages [7]. Each inverter-based DG
system may have an energy source system, a grid-interfacing
VSC, and output LC filters.

The microgrid can operate in grid-connected or islanded
mode. In the grid-connected operation mode, the microgrid is
connected to the grid at the point of common coupling (PCC),
and each DG unit generates proper real and reactive power [8].

The high penetration of DERs mainly changes the dynamic
behavior of the power system. Some of them, connected by
converters to the grid, do not have any rotational inertia.

DERs are synchronized by phase-locked loop (PLL) with
the grid frequency and follow the frequency variations. Their
time constant is less than the mechanical time constant of
conventional power plants. So, an appropriate control strat-
egy can be applied to incorporate DERs in power system
frequency control. Main differences of DERs in comparison
with conventional power plants are as follows.

1) They are installed in distribution network.
2) The capacity of each DER is very small.
3) Their dynamic is very fast.
Storage systems can improve the performance of this sys-

tem to supply required active power determined by the control
system. It means that DERs may also be responsible for fre-
quency control in power system in grid-connected mode and
therefore, a control system should coordinate them with the
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Fig. 1. Sample microgrid system.

Fig. 2. Connection of DG to grid through VSC.

conventional load-frequency control (LFC). The contribution
of electric vehicles (EV) and controllable loads in automatic
generation control (AGC) has been presented in [9] and [10].
Masuta and Yokuyama [11] have focused on the application
of EVs and heat pump water heaters in LFC. In [12]–[15],
a coordinated control has been applied to doubly fed induc-
tion generators (DFIGs) to decrease the frequency deviation
in both transient and steady state conditions. Contribution of
high penetrated variable speed wind turbines in LFC is studied
in [16]–[19]. The application of battery systems and supercon-
ductive magnetic energy storage (SMES) for AGC has been
studied in [20] and [21], respectively. However, the contribu-
tion of highly penetrated DERs in LFC of power systems has
not been studied yet. In this paper, the microgrids are respon-
sible for the injected power exchange in distribution system.
The contributions of this paper are as follows:

1) coordinated control of DERs in microgrids to contribute
in LFC;

2) combination of DERs and loads in LFC; and
3) increasing the load-damping constant (D) of power

system with the proposed control of microgrids.
The brief outline of the paper is as follows: Section II

presents the LFC problem in power system. Section III
describes the control strategy of DERs in microgrid and their
response to frequency deviation. Section IV contains the sim-
ulation results and the conclusion is drawn in the last section.

II. FREQUENCY CONTROL IN POWER SYSTEM

AGC is a common structure for matching the area gen-
eration to the area load and controlling the power system
frequency [2]. A small change in the system load produces pro-
portional changes in the system frequency. Based on the area
control error (ACE) in each area, the supplementary controller
manipulates the turbine settings of steam (gates of hydro) units
to reduce ACE to zero [1].

Fig. 3. Two control modes of VSC.

During the power system normal operation mode, only small
deviations occur in the load and therefore linear models can
be acceptable for representing the system dynamics around the
operating point. In each control area, the generators are merged
to form a coherent group. The load changes affect frequencies
in all areas and tie-line power exchange among areas. The
LFC should reduce the area frequency deviation to zero, and
control the tie-line power exchange, so that the demand and
generation reach to a new stable equilibrium point [22].

The inordinate drop in synchronous speed can cause the
system to cascaded failure. Therefore, for a stable opera-
tion, the grid frequency must be effectively controlled. The
AGC should control the frequency in response to load and
generation changes by opening (closing) the turbine valves.

In this paper, the same idea is used to consider a coherent
DG connected through VSC to the power system. It should
be said that there are some differences between conventional
generators and DGs but for the frequency control, the injected
active power plays the same main role.

It is assumed that in the grid-connected mode, the reactive
power, and voltage are regulated by controllers. Also, some
methods have been proposed to decouple active and reac-
tive powers in microgrids [23]–[25]. The total injected active
power can be controlled in DGs to increase the frequency
stability of the system. Therefore, a coordinated control is
needed to change the injected active power in accordance with
frequency deviations.

A. Modeling of Frequency Droop

As a power plant, the droop characteristic can be imple-
mented for each DG with appropriate control system. It is
assumed that each microgrid has a control system to imple-
ment the droop characteristic [7], [27]–[29]. In steady state
condition, DERs are not responsible for frequency control.
Some of them should follow the maximum power point
tracking (MPPT) strategy adjusted by their local controller.
A decision making system is needed to change the active
power control mode of DERs from MPPT to frequency control
mode as shown in Fig. 3.

After a disturbance, their function is important to decrease
frequency deviations in both primary and secondary con-
trol. As the power change of DERs is based on the power
control by convertors which have electrical time constant,
they can react faster than mechanical systems of conventional
power plants. Flexible alternating current transmission systems
(FACTS) devices are also used in power systems and they can
improve the stability of the system and decrease frequency
deviations by proper control function. For example, thyris-
tor control series capacitor (TCSC) and static compensator
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Fig. 4. Incorporating DERs in frequency droop. (a) Conventional power
system (b) with contribution of microgrids.

(STATCOM) can be used to change the power transfer capa-
bility in transmission lines and control accelerating torque in
synchronous generators [30].

The effect of DERs can be considered as a power source
with the capability of rapid changes in distribution network.
Physically, some limitations might exist to change the injected
active power of DERs. These limitations depend on the type
of the generation unit or the primary energy source. Using
energy storage systems (ESSs), a rapid power change will be
possible for the primary frequency control. It should be noted
that controllable loads can also contribute in frequency control
with appropriate control actions [31], [32]. As the amount of
the power change after a disturbance is unknown, the droop
control is adjusted based on power system frequency deviation.
Power electronic converter based DERs can follow these oscil-
lations with a fast dynamic and change their active power using
the mentioned droop. Also, the conventional AGC is used for
LFC but a coordinator adds a supplementary signal to the unit
setpoints. In this paper, microgrids are considered as building
blocks to contribute in frequency control. A similar concept is
proposed for DERs as virtual power plant (VPP) to contribute
in planning and power management [33], [34]. A central con-
troller can be implemented in microgrid to manage DERs and
loads to have arbitrary dynamic behavior and inject required
active power at PCC. The main difference of this equivalent
power plant with coherent generators in conventional AGC
is its installation place which is in distribution system. High
penetration of these frequency-dependent microgrids can affect
LFC, significantly.

From the HV side of transformer, DERs can be considered
as a variable load, which can be even negative. In conventional
power systems, the frequency dependent loads have been mod-
eled by load-damping constant (D) in electrical load model.
In this paper, microgrids beside loads are both considered as
controllable loads and their dynamics are determined by con-
verters of DERs. The load characteristics are not controllable
but DERs are controllable. So, D is not a constant coeffi-
cient and has a controllable dynamic in the system model. Its
dynamic is determined by the controller of VSCs.

First, it is assumed that all DERs are adjusted to change their
active power with a constant frequency droop and microgrids
have the same constant droop characteristic. It means that a
constant is added to the damping coefficient of loads in each
area. Fig. 4(a) shows the generation and load change after a
frequency deviation (�f).

In this figure, (�PG) is the change in the total genera-
tion of conventional generators due to their governor action.

Fig. 5. Incorporating DERs in frequency droop. (a) Separate model.
(b) Combination with loads.

Fig. 6. Block diagram of system with DER controller.

Also, (�PL) is the increased (or decreased) load and (�PD)

is the frequency-dependent load change. As shown in this fig-
ure, (�PL) causes frequency deviation (�f). This frequency
deviation triggers governor and turbine of conventional gen-
erators to compensate the load change with the slope 1/R.
Also, frequency dependent loads are changed with the slope D,
but in an opposite way. For example, frequency reduction
increases the power generation and decreases the frequency
dependent loads. In Fig. 4(b), microgrids also respond to fre-
quency change considering the droop characteristic, DMG. In
this figure,

(�PMG
)

is the change of the microgrid active
power consumption at PCC or the response of the microgrid
to power system frequency deviations. This response is due to
the complementary control of DERs. In Fig. 5, DERs are con-
sidered as negative loads and their droop is added to damping
ratio of frequency dependent loads. It means that with proper
control of DERs in a microgrid, the load-damping constant
can be increased.

In steady state conditions, the control mode of DERs should
be changed to MPPT and conventional units are responsible
for the elimination of the frequency error.

B. Modeling of DERs Dynamic Controller

In this section, a control system is designed to change
the equivalent damping coefficient to improve the stability of
the system and minimize the frequency deviation. The active
power change in power system (�Pe) is written by

�Pe = �PL + D�ω + �PMG (1)

where,
(�PMG

)
is the change in microgrids power consump-

tion given by

�PMG = GMG(s)Gc(s)�ω (2)

where, (GMG) is the transfer function of the convertor and (Gc)

is the transfer function of the controller. So, the block diagram
of the power system for LFC is modified as shown in Fig. 6.

Closed loop transfer function is shown in Fig. 7.
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Fig. 7. Closed loop transfer function of system with DER controller.

Fig. 8. Transfer function of turbine and governor for reheat steam turbine.

Fig. 9. Frequency response of washout filter.

The transfer function of the turbine and governor is shown
in Fig. 8 [2].

The dynamic of the VSC is very fast (time constant is in
the range of ms [24], [26]), then its dynamic can be neglected
and its transfer function is considered as (GMG = 1). So, the
controller can be designed to improve the system performance
and increase the stability margin. It should be noted that DERs
respond to frequency changes just in transients. So, a washout
filter is an appropriate solution. The frequency response of the
washout filter is shown in Fig. 9.

The proposed method is applied to the power system given
in [2]. Its block diagram is modified based on Fig. 6. The
closed loop transfer function of the system with and without
washout filter is given in (3) and (4), respectively

GCL = − 0.003s2 + 0.025s + 0.05

0.03s3 + 0.253s2 + 0.525s + 1.05
(3)

GCL = − 0.0003s3 + 0.0055s2 + 0.03s + 0.05

0.003s4 + 0.0853s3 + 0.5555s2 + 1.035s + 1.05
.

(4)

The frequency deviation after a step change in load is shown
in Fig. 10. The proposed control of DERs could decrease
frequency deviations significantly.

The root locus (shown in Fig. 11) and bode diagram (pre-
sented in Fig. 12) of the compensated system show the
improved stability margin and performance.

The performance of the system with the integrator (com-
plementary control) is studied in the following section. As
shown in Fig. 13, the frequency deviation is decreased in

Fig. 10. Frequency deviation after a step change in load.

Fig. 11. Root locus of compensated system.

Fig. 12. Bode diagram of compensated system.

Fig. 13. Frequency deviation in step response.

step response with proposed controller. The performance of
the system is similar to uncompensated one in steady state
conditions.

The block diagram of two area power system in [2] is
modified as shown in Fig. 14.

One term is added to the denominator of the system
transfer function. The performance of the controller for two
area system is studied. Equation (5) presents the state space
presentation of the system with controller

ẋ = [A1 A2 A3] x + Bu + Cu̇. (5)

Parameters of (5) are presented in the Appendix.
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Fig. 14. Block diagram of two area power system.

Fig. 15. Frequency deviation in area 1 and 2 after a step power change in
area 1.

Fig. 16. IEEE 34 bus test feeder.

Fig. 15 shows the frequency deviation in area 1 and 2 after
a step load change in area 1.

As it can be seen, the proposed method could improve the
stability of two area system significantly.

III. RESPONSE OF MICROGRID TO FREQUENCY

DEVIATION

To study the microgrid active power response after a distur-
bance, a typical microgrid (IEEE 34 Bus distribution system)
is simulated in PSCAD/MTDC software as shown in Fig. 16.
The load and feeder data are given in [36].

Three DERs are installed at buses 814, 840, and 848. These
are connected to the point of coupling (PC) by VSCs. This
microgrid should follow the active power reference set by
droop characteristic to have the required damping ratio. This
droop is defined based on the total generation capacity of
the microgrid and acceptable frequency deviation range of the
power system.

Fig. 17. Frequency droop of microgrid.

Fig. 18. Power generation of DG 2 after step change in its reference.

Fig. 19. Active power consumption of microgrid after setpoint change.

For example, 4% droop means that 4% change in the system
frequency causes 100% change in the available injected power,
as shown in Fig. 17.

It should be noted that because of uncertainty in generation,
storage, and loads of the microgrid, the available active power
of microgrid is not constant. This uncertainty is due to envi-
ronmental conditions for renewables (PV and wind generation)
and state of charge of battery storage systems. In this section,
four control methods are proposed to control the microgrid.
The effect of the mentioned uncertainty on the performance
of each controller is studied in the next section.

The controller of VSCs is implemented based on Grid
Imposed Frequency method in dq frame [26] to decouple
active and reactive power control. DER controller should fol-
low the references of active power and PC voltage. Fig. 18
shows the injected active power of DERs to the PC in response
to a step change in reference active power (Pref).

Fig. 19 shows the PCC active power after power change
of DERs. As it is shown in Fig. 19, the microgrid power is
changed with a 200 ms time constant. This time constant is
comparable with the mechanical time constant of hydro and
steam turbines. This is because of voltage change in system
buses after active power injection of DERs.

Fig. 20 shows the voltage change of DER buses after active
power change. During transients, injected power of DERs is
dissipated in transmission line resistors. As the X/R of distri-
bution lines is not as large as transmission lines, a change in
injected active power will affect bus voltages.
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Fig. 20. Voltage change of DER buses.

Fig. 21. System with centralized control.

In primary frequency control, rapid response of generation
to the frequency deviation is very important for improving the
stability of the power system. So, a proper controller can be
used to improve the microgrid and power system response.
In the following, four control methods are implemented for
microgrid DERs.

A. Centralized Control

In the centralized control method, a closed loop control
structure is implemented for the microgrid. The control signal
is produced based on the difference between microgrid droop
characteristic and the PCC active power change. The block
diagram is shown in Fig. 21.

In this figure, conventional generators are modeled with
equivalent inertia constant (M) and frequency dependent loads
are modeled with load damping (D). Conventional generators
respond to frequency changes trough their turbine and gover-
nor. This is the common dynamic model of the power system
for the load-frequency studies [2].

The benefit of the centralized control is that the error signal
is based on the injected power at PCC and the implemented
closed loop control can minimize the transient error rapidly. It
means that with this type of control, the microgrid can follow
the droop characteristic with minimum error. The shortcoming
of this control method is communication system delays and
wide area data acquisition system need.

B. Decentralized Control

1) Simple Decentralized Control: In this method, microgrid
is considered as a linear first order system with the transfer
function given in

G(s) = 1

1 + 0.2s
. (6)

Fig. 22. Step response of the microgrid with exact model and reduced first
order model.

Fig. 23. System with decentralized control.

This model is achieved based on the step response of
Fig. 19. To verify this simplified model, linearized dynamic
equations of the microgrid are derived in the form of state
space equations proposed in [44]. In this model, equivalent
balanced three phase microgrid is used [45]. To verify trans-
fer function of (6), step response of this model is shown in
Fig. 22. In this figure, active power reference of DERs is the
input and injected current at PCC is the output.

To decrease the microgrid time constant in following the
droop characteristic, a lag compensator is designed for each
DER as

Gc(s) = 354.7
1 + 0.13s

1 + 10s
. (7)

VSCs of DERs are equipped with the controller of (7). The
output control signal is applied to the VSC active power con-
troller of DERs. The required droop of microgrid is divided
among all DERs in the microgrid and output active power of
DERs is limited to ±20% of the nominal output power. The
block diagram of each control area is shown in Fig. 23.

In the proposed structure, the effect of controlled grid-
connected microgrids is added to the system. Assuming fast
dynamics for the microgrids, a constant will be added to the
load damping in the closed loop form of Fig. 14.

2) Decentralized Control With ANFIS: The centralized
controllers can follow the droop characteristic better than
decentralized ones but considerable data transfer bandwidth,
low reliability, and communication delay are their shortcom-
ings [42]. Decentralized controllers do not need to communi-
cate data, so, after a disturbance, they can act rapidly based on
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Fig. 24. Structure of fuzzy logic controller.

Fig. 25. Structure of ANFIS.

local measurements, but uncertainty of generation in different
conditions may weaken the performance of the system.

In this section, a fuzzy logic controller (FLC) is proposed
to overcome the mentioned shortcoming of the decentral-
ized controllers of DERs. The most important benefit of the
FLC is considering uncertainty of the system in the controller
design [43]. The frequency change and its derivation are inputs
to FLCs as shown in Fig. 24.

These controllers are trained by neural network based on
the centralized controller behavior of the previous part. Using
the derivation of the frequency, the controller can predict the
future behavior of the frequency and adjust the output control
signal properly. Fig. 25 shows a fuzzy neural network called
Adaptive Network Fuzzy Inference System (ANFIS) [37].

Each layer in ANFIS performs a distinct task as follows:
1) computing the matching degree of a variable with fuzzy

states;
2) computing the matching degree of a fuzzy state related

to different variables;
3) computing the normalized matching degree;
4) computing the consequence of a fuzzy rule inference.
In the learning process, which uses hybrid learning

method [38] (combination of back propagation and least
square), the function of each node should be differentiable, so the
Takagi–Sugeno–Kang (TSK) fuzzy model is used [39]. The fre-
quencychangeand thecentralizedcontrolleroutputaremeasured
after a fault occurrence in three different operating conditions
and they are used as training data. Fig. 26 shows training data
and output of trained FLC in three different conditions.

C. Multiagent Control

One of the most important shortcomings of DERs, such as
wind turbines and photovoltaic systems, is uncertainty in their

Fig. 26. Training and testing data.

Fig. 27. System with MAS controller.

power generation capability. Also, the state of installed ESSs
of DERs is usually unpredictable.

In the previous control methods, each DER controller wants
to follow the droop characteristic individually. It means that
after a disturbance, some DERs might reach their generation
limit while some have not used all of their generation capabil-
ity. To overcome this problem, the Multiagent System (MAS)
can be implemented in the microgrid. In the proposed sys-
tem, each DER is an agent with measurement and control
systems. These agents are vertices of a graph with two lay-
ers: 1) power system; and 2) communication layer. In the
power system layer, vertices are connected by transmission
lines and in the communication layer, vertices are data transfer
lines [36]. Each DER is connected to its neighbor agents and
the generation and storage capacity can be transmitted through
the communication system. MAS based control structure is
shown in Fig. 27.

Each DER is equipped with local controller and should
follow the microgrid droop characteristic. After a disturbance,
the PCC agent sends an activation signal to the agents to
change the active output power based on their predefined droop
characteristics. When an agent (agent 1) reaches its limit, a sig-
nal will be sent to the neighbor agents (agents 2 and 3). These
agents decide to change their droop based on the storage and
generation capacity and call back agent 1. Agent 1 selects one
of them based on the call back signal (capability to change
the droop) and sends the activation signal to one of them (for
example, agent 2). Agent 2, changes its droop characteristic
to compensate the deficiency of agent 1 in the active power
supply as shown in Fig. 28.

IV. SIMULATION RESULTS

The control methods proposed in the previous section are
applied to the IEEE 34-Bus microgrid and simulation results
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Fig. 28. Change of agent 2 droop when agent 1 reaches its power limit.

Fig. 29. Microgrid power at PCC and its reference for decentralized control.

Fig. 30. Microgrid power at PCC and its reference for centralized control.

Fig. 31. Microgrid power at PCC and its reference for ANFIS.

are presented in this section. It is assumed that penetration of
DERs in the power system generation capacity is 0.3 pu.

A. Simplified Model of the Power System With
Coherent Generation

Two different operating conditions are considered for
microgrid.

1) DERs With Similar Generation and Storage Capability:
Figs. 29–32 show the microgrid power reference (Pref )

defined by droop characteristic and micrigrid power
change at PCC (PMG) after a step change of 0.1 pu in the
power system load active power. The output power of
DERs is limited to ±0.2 pu based on the microgrid rated

Fig. 32. Microgrid power at PCC and its reference for MAS control.

Fig. 33. Control errors for proposed control methods (similar generation).

TABLE I
GENERATION LIMIT OF DERS

Fig. 34. Control errors for proposed control methods (different generation).

power. The control errors (difference between microgrid
power at PCC and its reference) are shown in Fig. 33.
It is shown that MAS controller could follow the droop
characteristic with minimum error. It should be noted
that communication delays are considered in data trans-
fer of agents based on the smart grid communication
system presented in [46].

2) DERs With Different Generation and Storage
Capability: In this operating condition, the output
power limits of DERs are different as listed in Table I.

The control errors (difference between microgrid power at
PCC and its reference) are shown in Fig. 34. It is shown that
MAS controller could follow the droop characteristic like pre-
vious section and it is not sensitive to the difference of the
generation capability of DERs.
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Fig. 35. IEEE 9-Bus single line diagram.

Fig. 36. System frequency after disturbance (three conditions).

Fig. 37. Speed of generator 1 after disturbance (three conditions).

B. Multimachine Power System

The single line diagram of IEEE 4-machine, 9-bus power
system [46] is shown in Fig. 35. Generators 1 and 4 are
aggregated models of the synchronous generators of areas 1
and 4, respectively. Also, loads of areas 1 and 2 are aggregated
at buses 5 and 9, respectively. Generators 2 and 3 with the
reminding loads and transmission lines and transformers form
area 1. The exact model of the system including synchronous
generators, automatic voltage regulators (AVRs), power sys-
tem stabilizers (PSSs) transformers, transmission lines, and
loads are implemented in the PSCAD software. The frequency
dependent model [2] is used for the power system loads as
presented in

P =
(

V

V0

)Kv (
1 + Kp�f

)
(8)

where V0 is the nominal voltage of the load bus, Kv and Kp are
the dP/dV and dP/df indexes of active power, respectively.

This system is modified to satisfy the assumptions of the
paper. The inertia constant (H) and generation capacity of the
synchronous generators are reduced to 70% of the nominal
values and the inverter based microgrids are installed beside
loads to compensate the reduced capacity. The MAS control
method proposed in Section III is used to control the micro-
grids. To study the performance of the proposed controller, a
disturbance occurs as 2% load interruption.

Fig. 38. Speed of generator 2 after disturbance (three conditions).

Fig. 39. Active power of generator 1 after disturbance (three conditions).

Fig. 40. Reactive power of generator 1 after disturbance (three conditions).

Fig. 41. System frequency after disturbance for three conditions.

Fig. 36 shows the system frequency after the disturbance
for three conditions:

1) conventional system with synchronous generators;
2) increased penetration of microgrids to 30% without

contribution to the frequency control; and
3) increased penetration of microgrids to 30% with contri-

bution to the frequency control.
Active and reactive power of generator 1 is shown in

Figs. 39 and 40, respectively.
As it is shown in Fig. 36, contribution of microgrids to

the frequency control of the power system could improve the
primary frequency control significantly. Without this contribu-
tion, frequency deviation increases due to the reduced inertia
of the system.
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The speeds of generators 1 and 2 are shown in Figs. 37
and 38, respectively. Increased penetration of microgrids
causes unacceptable oscillations of frequency that cannot be
damped considerably by PSSs. It means that stability margin
of the system is decreased due to the decreased inertia con-
stant. Injecting the active power proportional to the frequency
(generators speed) can damp the frequency oscillations, like
the power produced by PSSs.

To show the importance of the proposed method, a larger
disturbance as 4% load interruption is occurred in the sys-
tem and the frequency of the system is shown in Fig. 41.
It can be seen that high penetration of microgrids makes the
system unstable after the disturbance. Also, proper control of
microgrids could improve stability of the system.

V. CONCLUSION

In this paper, the effect of high penetration of DERs on
power system frequency control has been studied. Using the
advantage of the VSC fast dynamic, the injected active power
of DERs can change rapidly. So they can be used to improve
the primary frequency control. Microgrids are responsible to
follow the active power determined by the frequency droop
characteristic of power system. They can be considered as
extra damping in the power system load. Four control meth-
ods have been proposed to control DERs in the microgrid.
These methods have been applied to a sample microgrid
(IEEE-34Bus) and simulation results have been studied. It is
shown that the best method to follow the droop characteristic is

the MAS control system. Also, the proposed control method is
implemented on the 9-bus power system in PSCAD software.
Simulation results show the effectiveness of the proposed
method to improve the power system stability.

REFERENCES

[1] A. Keyhani and A. Chatterjee, “Automatic generation control struc-
ture for smart power grids,” IEEE Trans. Smart Grid, vol. 3, no. 3,
pp. 1310–1316, Sep. 2012.

[2] P. Kundur, “Control of active power and reactive power,” in Power
System Stability and Control. New York, NY, USA: McGraw-Hill, 1994.

[3] A. H. Etemadi, E. J. Davison, and R. Iravani, “A decentralized
robust control strategy for multi-DER microgrids—Part I: Fundamental
concepts,” IEEE Trans. Power Del., vol. 27, no. 4, pp. 1854–1861,
Oct. 2012.

[4] S. S. Acevedo and M. Molinas, “Modeling of switching power interfaces
for smart-grid stability studies,” in Proc. Innov. Smart Grid Technol.
(ISGT Europe), Manchester, U.K., Dec. 2011, pp. 1–6.

[5] A. Mehrizi-Sani and R. Iravani, “Constrained potential function—Based
control of microgrids for improved dynamic performance,” IEEE Trans.
Smart Grid, vol. 3, no. 4, pp. 1885–1892, Dec. 2012.

[6] M. A. Sofla and R. King, “Stability, optimization and smart demand
participation,” in Proc. Innov. Smart Grid Technol. (ISGT), Washington,
DC, USA, 2012, pp. 1–5.

[7] P. Arboleya et al., “An improved control scheme based in droop char-
acteristic for microgrid,” Elect. Power Syst. Res., vol. 80, no. 10,
pp. 1215–1221, 2010.

[8] F. Gao and M. R. Iravani, “A control strategy for a distributed genera-
tion unit in grid-connected and autonomous modes of operation,” IEEE
Trans. Power Del., vol. 23, no. 2, pp. 850–859, Apr. 2008.

[9] P. M. R. Almeida, J. A. P. Lopes, F. J. Soares, and M. H. Vasconcelos,
“Automatic generation control operation with electric vehicles,” in Proc.
iREP Symp. Bulk Power Syst. Dyn. Control (iREP), Rio de Janeiro,
Brazil, Aug. 2010, pp. 1–7.

APPENDIX

x =

⎡

⎢⎢
⎢⎢⎢⎢⎢
⎢⎢⎢⎢⎢⎢
⎢
⎣

�δ1
�δ2
�ω1
�ω2
�Pm1
�Pm2
�Y1
�Y2
x9
x10

⎤

⎥⎥
⎥⎥⎥⎥⎥
⎥⎥⎥⎥⎥⎥
⎥
⎦

u =
[

�PL1
�PL2

]
A1 =

⎡

⎢⎢⎢⎢⎢
⎢⎢⎢⎢⎢
⎣

0 0 1 0
0 0 0 1

0 · · · · · · · · · (2 × 2) · · · · · · · · · 0
0 0 − 1

R1TG1
0

0 0 0 − 1
R2TG2

− T
M1TW1

T
M1TW1

− 1
M1

(
T − D1

TW1

)
T

M1

T
M2TW2

− T
M2TW2

T
M2

− 1
M2

(
T − D2

TW2

)

⎤

⎥⎥⎥⎥⎥
⎥⎥⎥⎥⎥
⎦

A2 =

⎡

⎢⎢⎢
⎢⎢⎢⎢⎢⎢
⎢⎢
⎣

0 · · · · · · · · · · · · · · · · · · (4 × 4) · · · · · · · · · · · · · · · 0
− 1

TCH1
0 − 1

TCH1
0

0 − 1
TCH2

0 − 1
TCH2

0 0 − 1
R1TG1

0

0 0 0 − 1
R2TG2

1
M1

(
1

TW1
− 1

TCH1

)
0 1

M1TCH1
0

0 1
M2

(
1

TW2
− 1

TCH2

)
0 1

M2TCH2

⎤

⎥⎥⎥
⎥⎥⎥⎥⎥⎥
⎥⎥
⎦

B1 =

⎡

⎢⎢⎢⎢⎢
⎢⎢⎢⎢⎢
⎢⎢⎢⎢
⎣

0 0
0 0
0 0
0 0
0 0
0 0
0 0
0 0

− 1
M1TW1

0

0 − 1
M2TW2

⎤

⎥⎥⎥⎥⎥
⎥⎥⎥⎥⎥
⎥⎥⎥⎥
⎦

A3 =

⎡

⎢⎢
⎢⎢⎢⎢⎢
⎣

0 · · · · · · (2 × 2) · · · · · · 0
1 0
0 1

0 · · · · · · (4 × 2) · · · · · · 0
− (KW1+M1+D1TW1)

M1TW1
0

0 − (KW2+M2+D2TW2)
M2TW2

⎤

⎥⎥
⎥⎥⎥⎥⎥
⎦

B2 =
⎡

⎢
⎣

0 · · · (8 × 2) · · · 0
− 1

M1
0

0 − 1
M2

⎤

⎥
⎦.

 
 

 



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

GHAFOURI et al.: COORDINATED CONTROL OF DISTRIBUTED ENERGY RESOURCES AND CONVENTIONAL POWER PLANTS 11

[10] M. D. Galus, S. Koch, and G. Andersson, “Provision of load frequency
control by PHEV, controllable loads, and a cogeneration unit,” IEEE
Trans. Ind. Electron., vol. 58, no. 10, pp. 4586–4582, Oct. 2011.

[11] T. Masuta and A. Yokoyama, “Supplementary load frequency control by
use of a number of both electric vehicles and heat pump water heaters,”
IEEE Trans. Smart Grid, vol. 3, no. 3, pp. 1253–1262, Sep. 2012.

[12] Z.-S. Zhang, Y.-Z. Sun, J. Lin, and G.-J. Li, “Coordinated frequency
regulation by doubly fed induction generator-based wind power plants,”
IET Renew. Power Gener., vol. 6, no. 1, pp. 38–47, 2012.

[13] T. Surinkaew and I. Ngamroo, “Coordinated robust control of DFIG
wind turbine and PSS for stabilization of power oscillations consider-
ing system uncertainties,” IEEE Trans. Sustain. Energy, vol. 5, no. 3,
pp. 823–833, Jul. 2014.

[14] H. Bevrani and P. R. Daneshmand, “Fuzzy logic-based load-frequency
control concerning high penetration of wind turbines,” IEEE Syst. J.,
vol. 6, no. 1, pp. 173–180, Mar. 2010.

[15] G. Ramtharan, J. B. Ekanayake, and N. Jenkins, “Frequency support
from doubly fed induction generator wind turbines,” IET Renew. Power
Gener., vol. 1, no. 1, pp. 3–9, 2007.

[16] R. Pearmine, Y. H. Song, and A. Chebbo, “Influence of wind turbine
behaviour on the primary frequency control of the British transmission
grid,” IET Renew. Power Gener., vol. 1, no. 2, pp. 142–150, 2007.

[17] N. R. Ullah, T. Thiringer, and D. Karlsson, “Temporary primary fre-
quency control support by variable speed wind turbines—Potential and
applications,” IEEE Trans. Power Syst., vol. 23, no. 2, pp. 601–612,
May 2008.

[18] A. Žertek, G. Verbič, and M. Pantoš, “Optimised control approach for
frequency-control contribution of variable speed wind turbines,” IET
Renew. Power Gener., vol. 6, no. 1, pp. 17–23, 2012.

[19] A. B. Attya and T. Hartkopf, “Wind turbine contribution in frequency
drop mitigation—Modified operation and estimating released supportive
energy,” IET Gener. Transmiss. Distrib., vol. 8, no. 5, pp. 862–872, 2014.

[20] T. Goya et al., “Frequency control in isolated island by using paral-
lel operated battery systems applying H∞ control theory,” IET Renew.
Power Gener., vol. 5, no. 2, pp. 160–166, 2011.

[21] M. R. I. Sheikh, S. M. Muyeen, R. Takahashi, T. Murata, and J. Tamura,
“Application of self-tuning FPIC to AGC for load frequency control in
multi-area power system,” in Proc. IEEE Bucharest PowerTech Conf.,
Bucharest, Romania, Jun./Jul. 2009, pp. 1–7.

[22] K. Vrdoljak, N. Perit’c, and I. Petrovit’c, “Fuzzy C-means clustering for
robust decentralized load frequency control of interconnected power sys-
tem with generation rate constraint,” Elect. Power Energy Syst., vol. 37,
no. 1, pp. 58–66, 2012.

[23] I.-Y. Chung, W. Liu, D. A. Cartes, E. G. Collins, Jr., and
S.-I. Moon, “Control methods of inverter-interfaced distributed gener-
ators in a microgrid system,” IEEE Trans. Ind. Appl., vol. 46, no. 3,
pp. 1078–1088, May/Jun. 2010.

[24] A. Ahmed and Y. A. R. I. Mohamed, “Modeling, analysis, and sta-
bilization of converter-fed AC microgrids with high penetration of
converter-interfaced loads,” IEEE Trans. Smart Grid, vol. 3, no. 3,
pp. 1213–1225, Sep. 2012.

[25] R. Majumder et al., “Improvement of stability and load sharing in an
autonomous microgrid using supplementary droop control loop,” IEEE
Trans. Power Syst., vol. 25, no. 2, pp. 796–808. May 2010.

[26] A. Yazdani and R. Iravani, “Grid-imposed frequency VSC system:
Control in dq-frame,” in Voltage-Sourced Converters in Power Systems.
Hoboken, NJ, USA: Wiley, 2010.
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