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Abstract
Frequency stability, as one of the most important issues in the modern power grids, requires more efficient control methods 
due to the increasing complexity of the power system, high penetration of distributed generation sources as well as high 
electrical energy consumption. The challenges become more critical in the case of islanded microgrids (MGs), due to exist-
ing no traditional ancillary services of the upstream electric power network. Thus, the modern power grids, such as MGs, 
need advanced regulation methods to keep the generation-consumption balancing. Demand response (DR) is the recently 
introduced control approach which guarantees continuous contribution of controllable loads in the system frequency control. 
In this paper, a new online droop-based DR, generalized droop control (GDC), is introduced to apply in islanded MGs fre-
quency control. An artificial neural network is used for online tuning of droop coefficients in the presented GDC framework. 
The proposed control approach changes controllable active and reactive loads, using a set of equations based on satisfying 
dynamics. To evaluate the effectiveness of the proposed control method, several scenarios are simulated in which changes 
of the system frequency and voltage are studied. Results show significant damping of power–frequency fluctuation and a 
desirable performance of the closed-loop system.

Keywords Demand response · Droop control · Frequency control · Microgrid · Artificial neural network

1 Introduction

Frequency stability of the power systems is studied in both 
normal/preventive and off-normal/emergency operating 
states over the years. In the normal condition, conventional 
and basic control loops regulate the system frequency, 
while in the emergency operating state, under frequency 
load shedding (UFLS), special protection plans and tem-
porary islanding may be used [1, 2]. Making production-
consumption balance is an essential control task in all con-
ditions to maintain system performance, network security, 
reliability, and system efficiency [2]. A common feature of 

the well-known control methods is a non-continuous con-
tribution of demand side in dynamic regulation. In fact, the 
contribution of demand side is limited to the temporary 
emergency conditions.

On the other hand, due to the increasing rate of power 
consumption, the conventional hierarchical control loops in 
the generation side may not effectively manage the balance 
between electrical power production and consumption [3].

Demand response (DR) is a capability of the system to 
regulate and change consumption of flexible loads based on 
specified conditions to assure power quality, network secu-
rity, dynamic performance, and meeting the assigned techni-
cal and economic constraints given by the system operators 
[4]. The DR, as the ability of demand side, can be effectively 
used to make generation-consumption balance following a 
serious fault [5]. It has many advantages such as reduction 
of energy consumption/emission, less power production, and 
requiring less spinning reserve [6]. Also, domestic vehicles, 
freezers, and refrigerators are considered as dynamic and 
flexible loads for the DR [4, 7].

Demand-side participation is often based on centralized 
and decentralized architectures. In a centralized mode, a 
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central unit processes/monitors the entire system and con-
trols it as well. Network security and inter-communication 
of many light loads and generation units are the main chal-
lenges in the centralized DR process, while in the decentral-
ized method, to meet the mentioned challenges, flexible light 
loads operate based on the local system frequency/voltage. 
Hence, a central control unit is unnecessary but it surely 
needs local smart meters (SMs) which may be very costly. 
Also, it is often suitable to be used in large-scale systems. A 
comprehensive review of the DR contribution and conven-
tional frequency control loops is presented in [6, 8, 9]. Since 
the dynamic of DR is fast, it can impose a quick reaction in 
the control process. Figure 1 shows the timescale of DR in 
comparison with other control/protection actions in power 
systems [10, 11]. In the power network of some countries, 
the DR contribution has been practically evaluated. The DR 
is introduced as an alternative option in the power network 
of Germany, Norway, and Singapore [12–14]. Integration of 
DR and power generating by wind turbines are analyzed in 
Germany’s electricity market. As a pilot study in Norway, 
household consumers are considered as a daily DR contrib-
uting to peak load shaving. In Singapore, smart residential 
buildings are studied to establish a mathematical model rep-
resenting profile models for various types of loads.

Randomized DR for distributed frequency control in 
smart grids is addressed in [15]. The presented strategy is 
needless to the centralized controllers, and complex commu-
nication networks due to the system and loads are flexible/
controllable. The system frequency is exclusively regulated 
by the proposed algorithm without the conventional fre-
quency controllers. In some studies, the frequency thresh-
olds are used for connecting/disconnecting loads contribut-
ing to the DR algorithm [11, 16, 17]. In [13, 18–21], the DR 
contributes in the dynamic regulation of the MG systems 
containing distributed generations (DGs) and renewable 
energy sources (RESs). In these studies, the DR is intro-
duced to the power system as a contributor in the primary 
frequency control loop. Due to the regular availability of 
smart loads in the modern power systems, the DR can be 
considered as a spinning reserve capacity [22–25]. Other 

aspects of the DR such as economic advantages are surveyed 
in [12, 13, 26].

The modern power networks need advanced regulation 
methods to keep the generation-consumption balancing. This 
is going to be more important due to the increasing number 
of MGs, varying structure, environmental concerns, and 
complication of power networks. Besides the MG systems, 
a number of synchronous generators in power systems are 
going to be replaced by RESs and DGs such as microtur-
bines, photovoltaic panels, wind turbines, energy storage 
systems, fuel cells, and reciprocating engines [27]. There-
fore, the inertia of the entire system is significantly reduced 
and this degrades the system stability following different 
disturbances [28, 29]. In many applications, energy storage 
systems are used to preserve the system stability, following 
fault occurrences. However, the capacity of DGs and RESs, 
as main production units in MGs, are limited. These limita-
tions and uncertainties introduce DR as an appropriate solu-
tion choice to provide a dependable, low cost, eco-friendly 
power grid [30].

In the present paper, an adaptive mechanism is proposed 
to use the controllable loads in the regulation process. The 
salient features of the proposed intelligent methodology are 
as follows.

• A mathematical model for a generalized droop control 
(GDC)-based DR is represented.

• To solve the practical problems of GDC-based DR 
approach in a wide range of operating points, an intel-
ligent online GDC-based DR is introduced.

• Artificial neural network (ANN) is employed for online 
tuning of GDC droop coefficients. The method smartly 
uses flexible loads to keep frequency stability, while it 
simultaneously regulates the voltage profile as well.

• The proposed method is applicable for the various scale 
of power grids operating in different conditions.

The rest of this paper is organized as follows. Section 2 
provides an overview of the DR coordination with frequency 
control loops in modern power systems. The proposed con-
trol framework is described in Sect. 3. A MG test system is 
considered to verify the effectiveness of the proposed control 
scheme in Sect. 4. Section 5 concludes the paper.

2  Coordination of DR and conventional 
frequency control loops

In the generation side of power systems, there are primary, 
secondary, and tertiary frequency control loops proceeding 
to regulate system frequency. While, in the demand side, 
the UFLS is only used as frequency control in emergency 
conditions (emergency control loop).
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Fig. 1  The timescale of DR comparing the other control loops
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In the presence of DR, frequency control loops can be 
updated as shown in Fig. 2. In addition to the conventional 
frequency control loops [2, 31], the DR loop can be realized 
in the demand side. The DR-based frequency control loop is 
a continuous control action that supports system regulation, 
operation, and marketing issues. The DR algorithm may 
have various inputs such as system frequency (f ) and volt-
age (V) , changes of system frequency (Δf ) and voltage (ΔV) , 
power deviations (ΔP,ΔQ) . It may receive some commands 
from the upstream units like energy management system/
independent system operator (EMS/ISO). The EMS/ISO can 
specify certain thresholds for operating point of existing fre-
quency control loops. It also sends the necessary information 
to the DR loop including network status, power consump-
tion, quantity of the available controllable loads, and market 
conditions. In fact, EMS/ISO monitors the existing control 
loops in both generation and demand sides.

The DR command signal ( UDR ) after a time delay (about 0.1 
s) due to the computations and communication channels [16, 32] 
is finally applied to the determined controllable loads in demand 
side. The proposed control is implemented in MG central control 
(MGCC) and realized through the secondary control level.

Depending on the conditions, the proposed method may 
partially or fully share the flexible loads in the DR process. 
This contribution, which is based on a regular planning, can 
significantly reduce the UFLS. The removed/changed con-
trollable active/reactive loads (smart loads) will be recon-
nected to the network, later in the normal operating state. 
These control–protection processes must be done in a perfect 
harmony with distribution companies and consumers.

3  Proposed control framework

In this section, an intelligent DR-based control is introduced. 
First, the well-known power equations for the generation 
side and the conventional droop control relationship are 

represented. Then, a generalized form of droop control is 
obtained. Using these equations, a generalized model for DR-
based control is presented.

3.1  Droop characteristic‑based power control

The power equations of a transmission line, as represented in 
Fig. 3, can be written as:

where S,P,Q,V1,V2, Z, � and � are apparent power, active 
power, reactive power, primary side voltage, demand-side 
voltage, line impedance, the angle of impedance and angle 
of load-side voltage, respectively. The active and reactive 
power transmitting through the line are:

Considering ZLej� = RL + jXL , (2) and (3) can be rewrit-
ten as

where RL and XL are resistance and reactance of the line. 
Equations (4) and (5) are based on the basic parameters of 
line and can be stated as

(1)

SL = PL + jQL = V1I
∗ = V1

(
V1 − V2

ZL

)∗

= V1

(
V1 − V2e

j�

ZLe
−j�

)
=

V2
1

ZL
ej� −

V1V2

ZL
ej(�+�)

(2)PL =
V2
1

ZL
cos � −

V1V2

ZL
cos (� + �)

(3)QL =
V2
1

ZL
sin � −

V1V2

ZL
sin (� + �)

(4)PL =
V1

R2
L
+ X2

L

[RL(V1 − V2 cos �) + XLV2 sin �]

(5)QL =
V1

R2
L
+ X2

L

[−RLV2 sin � + XL(V1 − V2 cos �)]

Fig. 2  The updated frequency control loops in modern power systems

Fig. 3  Transmission line between generation side and demand side: a 
power line, b phasor diagram
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For the systems with XL ≫ RL , power angle � is small and 
R is negligible. Thus, (6) and (7) can be simplified as

Above relationships describe that � is mainly depended 
on PL and, V1 − V2 depends on QL . Dynamically, frequency 
regulation controls � and subsequently regulates PL . Also, 
voltage regulation controls QL . Accordingly, the following 
well-known droop characteristic equations are defined where 
kp and kq are droop coefficients of frequency–active power 
and voltage–reactive power, respectively.

In fact, the droop-based system frequency–voltage regu-
lation as a traditional way is reported in many studies [17, 
33–37]. Hence, Eqs. (10) and (11) are the well-known fre-
quency/voltage droop regulation forms, where X >> R.

In the mathematical models of systems such as MGs, both 
XL and RL should be considered to improve accuracy of the 
system modeling. In such networks, a transformation matrix 
T can be used to convert PL and QL in (4) and (5) to modify 
P′
L
 and Q′

L
 , respectively, i.e.,

Applying the transformation matrix T and some sub-
stitutes, a generalized form of droop characteristic can be 
found as follows [37]:

Equations (13) and (14) demonstrate that frequency and 
voltage deviations in MGs systems are depended on both 
active and reactive power changes. In such systems, both 

(6)V2 sin � =
XLPL − RLQL

V1

(7)V1 − V2 cos � =
RLPL + XLQL

V1

(8)� ≅
XLPL

V1V2

(9)V1 − V2 ≅
XLQL

V1

(10)fgrid − f0 = −kP
(
Pgrid − P0

)

(11)Vgrid − V0 = −kq(Qgrid − Q0)

(12)

[
P�
L

Q�
L

]
= T

[
PL

QL

]
=

[
sin � − cos �

cos � sin �

][
PL

QL

]
=

[ XL

ZL
−

RL

ZL
RL

ZL

XL

ZL

][
PL

QL

]

(13)

fgrid − f0 = −kp
(
P�
L
− P�

0

)
= −kp

Xl

ZL

(
PL − P0

)
− kp

RL

ZL

(
QL − Q0

)

(14)

Vgrid − V0 = −kq
(
Q�

L
− Q�

0

)
= −kq

RL

ZL

(
PL − P0

)
− kq

RL

ZL

(
QL − Q0

)

active and reactive power must be monitored/controlled 
simultaneously to regulate system frequency and voltage. 
Instead of high inertia power plants, the DGs and RESs 
are available in MGs, and this causes dynamic oscillations 
in the face of disturbances. It more critically occurs in the 
islanded MGs.

The conventional and generalized droop characteristic 
are found to use in the generation side of the power sys-
tems. In the next step, the generalized droop characteristic 
is adapted to apply in the demand side of an isolated MG.

3.2  Developed GDC‑based DR

In most of published works, the conventional form of 
droop characteristics, i.e., (10) and (11), has been con-
sidered for DR [12, 13, 20, 22]. This seems to be an inap-
propriate methodology for the power electronics-based 
systems like MGs, where no more overhead lines exist. 
This challenge is more critical for islanded MGs. There-
fore, a modified/generalized form of DR is needed for the 
MG systems.

From the GDC equations of the generation side, i.e., 
(13) and (14), one can use them as control laws for fre-
quency and voltage regulation. Therefore, Δf  and ΔV  can 
be written as functions of ΔPL and ΔQL.

Since the DR methods are presented for the demand 
side, Δf  and ΔV  are input signals and ΔPL and ΔQL are 
the target signals. Hence, in this mode, one can find ΔPL 
and ΔQL based on Δf  and ΔV  as given in (16).

To find (16), (13) and (14) are rewritten as

The proposed GDC-based DR algorithm is found based 
on the given formula in (18). It is able to compute the 
amount of smart loads (SLs) contributing in the DR algo-
rithm. The SLs are found in smart homes (SHs) which are 
monitored/controlled via the network in response to the 
dynamic regulation.

(15)
{

ΔF = F(ΔPL,ΔQL)

ΔV = U(ΔPL,ΔQL)

(16)
{

ΔPL = fP(Δf ,ΔV)

ΔQL = fQ(Δf ,ΔV)

(17)

[
−kp

XL

ZL
−kp

RL

ZL

−kq
RL

ZL
−kq

RL

ZL

][
ΔPL

ΔQL

]
=

[
ΔF

ΔV

]

(18)g(Δf ,ΔU) =

⎡⎢⎢⎣
−

Z(ΔV⋅kp⋅R+ΔF⋅kq⋅X)
kp⋅kq(R2+X2)

Z(ΔF⋅kq⋅R−ΔV⋅kp⋅X)
kp⋅kq(R2+X2)

⎤⎥⎥⎦
=

�
ΔPL

ΔQL

�
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Using (18), the GDC-based DR can be applied to any 
system including the MG systems.

3.3  Online GDC‑based DR

The mathematical model of the GDC-based DR is given 
in (18) where its performance is strongly dependent on the 
values of kp and kq . The conventional methods in [17, 35] 
adjust kp and kq for a particular condition. When opera-
tional conditions of the system change or a severe distur-
bance occur, the set values will not be optimal. Thus, an 
online tuning of kp and kq can be a good solution to address 
the mentioned challenge.

The ANN as a powerful tool is an appropriate choice to 
achieve the proposed control goals [38, 39]. General ANN-
based structure for online tuning of kp and kq is shown in 
Fig. 4. As seen, input signals of the ANN-based intelligent 
unit are containing the MG output and a set of basic data. 
The intelligent unit collects initial required data, and sub-
sequently proceeds to generate kp and kq that are used by 
the GDC-based DR unit to compute ΔPL and ΔQL com-
mands. The MG receives the command signals considering 
a time delay caused by the communication network. Detail 
of the proposed method is given in Fig. 5.

The number of neurons for input and hidden layers is 
selected based on the prior knowledge considering sys-
tem conditions. In case of high number of input neurons, 
there is a possibility of divergence, while the best perfor-
mance may not be achieved with a low number. Also, the 
required outputs determine the number of output neurons. 

Therefore, the proposed ANN is considered by 20 input 
neurons, 10 neurons in the hidden layer, and 2 neurons 
for the output layer. X , W1 , and W2 are inputs vector, and 
weight vector of first and second layers, respectively.

Appropriate selection of the initial conditions directly 
affects the ANN performance and, it is set based on the prior 
knowledge of the ANN and the system conditions. Hence, 
the input vectors are initialized as follows:

One of the important advantages of the nonlinear func-
tion-based neurons is smoothly updating the weights. It 
causes no sudden jumps in the weights update. Therefore, 
the sigmoid functions are selected for hidden and output 
layers as shown in Fig. 5. The learning process for online 
tuning of kp and kq is based on minimizing

where yd and ym are desirable/reference value and measured 
output, respectively. The weights are updated by the back-
propagation (BP) method. As a powerful learning method, 
it can be used in a wide range of applications and has sev-
eral outstanding features including the high representation 
power, the wide applicability of BP learning, easy to imple-
ment, and proper generalization power [40, 41].

In the feed-forward process, outputs of the hidden layer 
( Hj ) and the output layer ( netk ) are prepared as shown in 
Fig. 5. Also, the error vector is collected as:

In the feedback process, the weights are updated as 
follows:

where Δw1 and Δw2 are the weights found based on the BP 
learning method [42]. Detail of the proposed control frame-
work is given in the flowchart of Fig. 6.

The proposed online GDC-based DR centrally man-
ages the demand-side contribution. The considered ANN 
is trained by the response for a set of different scenarios 
and based on the system dynamics to online prepare the 
droop coefficients (Kp and Kq). These coefficients as the 
input signals are used by the GDC-based DR algorithm, as 
shown in Fig. 4.

(19)

⎧
⎪⎨⎪⎩

X = ones (20, 1)

W1 = rand (10, 20)

W2 = rand (2, 10)

(20)J =
1

2

n∑
i=1

(ydi − ym
i
)2

(21)Error =

[
ΔF

ΔV

]

(22)

{
w2(k + 1) = w2(k) + Δw2

w1(k + 1) = w1(k) + Δw1

GDC-based 
DR MG Sensor

Intelligent 
ANN Unit

Data

Kp & Kq

Fig. 4  The general schematic for online tuning of droop coefficients

Fig. 5  ANN structure to adjust droop coefficients of the proposed 
GDC
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It should be noted that the proposed online GDC-based 
DR algorithm as a new control loop of the demand side is 
used with the conventional control loops of the generation 
side for the system frequency/voltage regulation, as concep-
tually shown in Fig. 2.

4  Simulation results

To evaluate the effectiveness of the proposed control 
method, an 11-bus distribution system is considered as an 
isolated MG [44]. The single-line diagram of the test sys-
tem is shown in Fig. 7. The MG test system has three zones 
containing DG units, a smart home and local loads. The 
controllable loads located in the smart homes can be used 
by the proposed control method.

The specifications of loads in the zones are listed in 
Table 1. Since, the MG systems are often small scale, the 
behavior of its dynamics is similar in all buses, a centralized 
DR mode has been considered to apply the proposed control 
methodology. Hence, an SM is located on the PCC, shown 
in Fig. 7, to collect/measure ΔF and ΔV  to be processed by 
the online GDC algorithm. Subsequently, it determines the 
amount of required DR following different disturbances [43]. 
The smart homes are capable of interrupting, connecting, 

and changing the controllable loads by data received via the 
network. Typical controllable and non-controllable loads of 
zone 1 are given in Table 2.

Providing the controllable active/reactive loads from typi-
cal domestic loads is the main challenge of the DR approach. 
A domestic vehicle can be contributed to the DR algorithm 
while connecting/disconnecting to/from the network is 
harmless to the consumers. Accordingly, air conditioners, 
dishwashers, washing machines and so on (Table 2) can be 
commanded via the proposed GDC-based DR. To provide 
such controllable loads, the loads must be equipped with 
special controllable equipment.

Several domestic vehicles are considered as contribu-
tors of Zone 1 in DR algorithm, given in Table 2. As an 
example, the active and reactive power consumptions of 
air conditioner are, respectively, 1500 [W] and 600 [Var]. 
Disconnecting this load via the network, and in response 
to the system conditions, creates a controllable capacity 
in size of 1500 [W] and 600 [Var]. In result, each control-
lable load has a certain controllable capacity. Thus, the 
controllable active and reactive capacities of Zone 1 are 
totally 10 [kW] and 4 [kVar], respectively.

The controllable active/reactive loads are distributed 
in the MG system. As described, a centralized DR algo-
rithm is considered due to the MG systems conditions. 
The management of each controllable load needs a costly 
SM and an intelligent decision-making unit. Therefore, 
the MG system is divided into three zones, to the study be 
affordable. In other words, the output signal of the online 
GDC-based DR unit manages the required demand-side 

Fig. 6  Flowchart of the proposed online GDC-based DR
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Fig. 7  The MG test system

Table 1  Specifications of loads in the zones

Zone 1 Controllable loads 10 kW 4 kVar
Non-controllable loads 45 + j5 (kVA)

Zone 2 Controllable loads 15 kW 7 kVar
Non-controllable loads 40 + j20 (kVA)

Zone 3 Controllable loads 5 kW 2 kVar
Non-controllable loads 20 + j10 (kVA)
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contribution following different disturbances. Based on 
the available controllable loads of each zone, given in 
Table 1, the required contribution is shared between the 
zones.

To show the performance of the proposed method, 
several scenarios are studied where the frequency and 
voltage dynamics are compared considering the following 
three control modes.

Case 1 Only conventional controllers (CCs) in the local 
and supplementary levels of generation side are operating.

Case 2 In addition to the CC, the GDC-based DR con-
tributes (GDC-based DR + CC) while the droop coeffi-
cients are set by the conventional method. Convention-
ally, the droop coefficients are designed according to 
the acceptable range of frequency/voltage per maximum 
generated active/reactive powers [17, 35]. This means, 
for a step load of ΔPL + jΔQL , the droop coefficients are 
calculated as

For a step load of 10 + j5 (kVA) , kp and kq are set as 
depicted in Fig. 8.

Case 3 Case 2 is repeated while kp and kq are updated 
online by the proposed ANN (online GDC-based DR).

4.1  Performance assessment under a DG unit 
outage

In the first scenario, a DG unit of 100 [kW] is suddenly 
interrupted at t = 0.3 s. In the presence of three control 
methods, the system frequency and voltage subjected by 
the disturbance are carried out and the results are depicted 
in Fig. 9. Considering the results, it can be seen that ΔF 
and ΔV  are reduced by the proposed control method. Fig-
ure 9c, d shows the proper contribution of the smart active 
and reactive loads of MG, in the presence of online GDC-
based DR. This performance improvement is a result of 
online tuning of kp and kq shown in Fig. 9e, f.

(23)

{
kp = −

ΔF

ΔPL

kq = −
ΔV

ΔQL

4.2  Performance assessment under a step load 
disturbance

In the second scenario, a step load disturbance of 10 + j5 
(kVA) is applied to the test system at t = 0.3 s and results 
are depicted in Fig. 10. In the case of comparing the 
performance of different control modes, the system fre-
quency and voltage are given in Fig. 10a, b. The smart 
loads participate in the proposed DR algorithm as shown 
in Fig. 10c, d representing a continuous contribution of 
DR in dynamic regulation. The online GDC-based DR 
can ensure an appropriate performance: the system fre-
quency and voltage dynamics are well-regulated compar-
ing the other two controllers.

Table 2  Specification of zone 1 Appliances Rated power (VA)

Zone 1 Controllable loads 10 + j4 (kVA) Air conditioner 1500 + j600
Dishwashers 1500 + j600
Washing machine 1500 + j600
Heating coil 2000 + j800
Water heater 2000 + j800
Refrigerator 1500 + j600

Non-controllable loads 45 + j5 (kVA)
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Fig. 8  Finding droop coefficients based on (19): a Kp, and b Kq 
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4.3  Performance assessment under a severe 
disturbance

The proposed controller’s performance is studied under 
severe disturbances. Both step load disturbance and DG 
unit outage have simultaneously occurred at t = 0.3 s. Sub-
jected by this event, frequency and voltage of the MG sys-
tem are carried out and, depicted in Fig. 11. As shown, the 
first and second control methods are unable to stabilize the 
system frequency and voltage. It may lead to activating the 
frequency relays, and even the possibility of blackout exists. 
However, the online GDC-based DR can regulate the system 
frequency and voltage by the continuous and optimal contri-
bution of controllable active and reactive loads.

4.4  General test of the proposed control method

The X∕R as an important index determining the type of 
power systems. In the transmission systems,X ≫ R , while 
in distribution systems like MGs both X and R are influen-
tial variables. As mentioned in Sect. 3, the proposed control 
method can be utilized for power networks with different 
X∕R . Here, as a new scenario, the generality of the online 
GDC-based DR is evaluated by studying the impacts of 
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Fig. 9  Performance of the proposed control approach under a DG 
outage: a system frequency, b system voltage. c Active load change 
based on the third control mode, d reactive load change, e generated 
kp by ANN, and f generated kq by ANN
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X∕R . Therefore, Scenario B is repeated in the state of X = R, 
X = 5R, X = 10R, and R = 5X. The frequency and voltage pro-
files are plotted in Fig. 12a, b. According to the results, the 
proposed control methodology can effectively control the 
frequency and voltage in the all state.

4.5  Quantitative evaluation of the control methods

Proper performance of the proposed control method is quali-
tatively observed using several simulation scenarios. Moreo-
ver, here for quantitative evaluation of the control modes, 
performance indices are defined as given in (24) where T  , 
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Fig. 10  Performance of the proposed control approach under step 
load change: a system frequency, b system voltage, c controllable 
active load change based DR, and d controllable reactive load change 
based DR
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Fig. 11  Impacts of A DG unit outage and step load change simulta-
neously: a system frequency, b system voltage, c controllable active 
load change, and d controllable reactive load change
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ΔF and ΔV  are simulation time, frequency deviation, and 
voltage fluctuations, respectively. The performance indices 
are calculated for described simulation scenarios giving in 
Tables 3 and 4. Numerical results illustrate that the online 
GDC-based DR provides a superior performance.

4.6  The effectiveness evaluation of the control 
method in IEEE 14‑bus distribution system

For a more accurate evaluation and an additional example, 
the effectiveness of the proposed control method is checked 
in an IEEE 14-bus distribution system, as well. The detail 
of this test system is reported in [44]. As shown in Fig. 13, 
three controllable loads are considered to contribute to the 
proposed control method. Subjected by a step load distur-
bance of 10 + j5 (kVA) at t = 0.3 s, and system frequency and 
voltage are depicted in Fig. 14a, b. Also, the contribution of 
controllable active and reactive loads in the proposed control 
approach, is, respectively, shown in Fig. 14c, d. The simula-
tion results illustrate that the proposed control method can 
present a proper performance in this scenario, as well.
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Table 3  Numerical results of ∫ T

0
|ΔF|2dt

Scenarios Controller

Conventional 
controller (CC)

GDC-based DR + CC Online 
GDC-based 
DR + CC

Scenario A 0.0005864 0.0004053 9.271 × 10−5

Scenario B 0.0005202 0.0003486 5.132 × 10−5

Scenario C Instable Instable 0.0007512

Table 4  Numerical results of ∫ T

0
|ΔV|2dt

Scenarios Controller

Conventional 
controller (CC)

GDC-based 
DR + CC

Online 
GDC-based 
DR + CC

Scenario A 1.339 0.9254 0.4798
Scenario B 2.596 1.956 1.047
Scenario C Instable Instable 3.953
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Fig. 13  The IEEE 14-bus distribution system
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5  Conclusion

This paper introduces an intelligent method to contribute the 
demand side in the DR algorithm supporting frequency and 
voltage regulation in islanded MGs. A model is presented 
for DR methodology based on the well-known generalized 

droop control. However, the presented model depends on the 
MG conditions as well as the values of droop coefficients. 
In response to this challenge, an online GDC-based DR is 
introduced. The proposed approach updates the droop coef-
ficients of the GDC-based DR using online ANN. Perfor-
mance of the proposed control approach is evaluated using 
an 11-bus and IEEE 14-bus distribution systems. Several 
scenarios are simulated under different disturbances. The 
results illustrate that the online GDC-based DR provides an 
appropriate performance such that the frequency deviations 
and voltage variations exposed to different faults remain in 
an acceptable range comparing two other control methods. 
The effectiveness of the proposed control methodology is 
evaluated qualitatively and quantitatively.
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