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Abstract—Providing ancillary services for future smart 

microgrid can be a challenging task because of lack of 

conventional automatic generation control (AGC) and spinning 

reserves, and expensive storage devices. In addition, strong 

motivation to increase the penetration of renewable energy in 

power systems, particularly at the distribution level, introduces 

new challenges for frequency and voltage regulation. Thus, 

increased attention has been focused on demand response (DR), 

especially in the smart grid environment, where two-way 

communication and customer participation are part of. This 

paper presents a comprehensive central DR algorithm for 

frequency regulation, while minimizing the amount of 

manipulated load, in a smart microgrid. Simulation studies 

have been carried out on an IEEE 13-bus standard distribution 

system operating as a microgrid with and without variable 

wind generation. Simulation results show that the proposed 

comprehensive DR control strategy provides frequency (and 

consequently voltage) regulation as well as minimizing the 

amount of manipulated responsive loads in the 

absence/presence of wind power generation. 

 
Index Terms—Adaptive hill climbing, ancillary service, 

demand response, microgrid, smart grid, step-by-step control. 

I. INTRODUCTION 

EMAND Response (DR) offers a variety of financial and 

operational benefits for electricity customers, load-

serving entities (whether integrated utilities or 

competitive retail providers) and grid operators [1]. In 

particular, DR can be an effective tool in providing balance 

between supply and demand in real-time. Traditionally, such 

services, known as ancillary services, are provided by utility-

owned operating (spinning and non-spinning) reserves which 

are basically flexible capacity generators, available when 

needed, to maintain secure operation of power systems. From 

an economic perspective, these services and reserve power are 

costly and any method which manages to reduce the magnitude 

of these services, without sacrificing system stability, is of 

significant importance [1], [2]. 

Intermittent renewable power generation, such as wind and 

photovoltaic (PV), are projected to take a considerable share 

of future power generation, as distributed generation (DG) 
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sources, installed at the distribution level. In order to 

compensate for the highly variable generation, more spinning 

and non-spinning reserve are necessary in the future which 

introduces new costs and more pollution, associated with the 

conventional power plants. These problems will increase in 

intensity and occurrence in the case of islanded microgrids, 

where no conventional ancillary services are technically 

available. Thus, more expensive storage devices will be 

necessary to provide reliable electricity to customers with 

acceptable quality. These challenges and uncertainties make 

DR a viable option—DR resources provide a reliable, low 

cost, environmentally-friendly alternative to conventional 

spinning reserves. DR can also provide ancillary services 

which grid operators—independent system operators (ISOs), 

regional transmission organizations (RTOs) or utilities—and 

other entities can use [2]. These entities can control customer 

controllable loads to shift or reduce their load profile or 

respond to excess or insufficient renewable generation.  

Demand resources are specifically defined as a subset of 

non-spinning reserves and must be available within 10 minutes 

or shorter from the time they are called upon [2]. When the 

demand resources are controlled immediately upon the 

occurrence of disturbances, the strategy is often called direct 

load control (DLC). This capability can be technically and 

economically achieved through responsive electric devices 

such as electric water heaters (EWHs) equipped with hot water 

storage tank [3]-[5]. On the average, residential EWHs 

electricity consumption accounts for about 11% of the total 

electricity consumption and increases to over 30% during peak 

demand hours [4], [6]. Therefore, there is a considerable 

potential for EWHs to be effective in DR applications for 

providing ancillary services.  

Although it may seem likely that the individual demand 

resources may have a high failure rate to curtail load on short 

notice, the aggregation of many small resources into one large 

resource makes it more probable that the assigned response 

will be achieved. This characteristic of demand resources 

potentially makes DR resources more reliable than 

conventional generation, where the failure of one generator to 

start can cause the loss of considerable spinning reserve 

capacity [1], [2]. 

Considerable attention has recently been given to DR for 

different purposes. The economic benefits of DR in the power 

market and the development of strategies to achieve such 

benefits are reported in [7]-[11]. DR has also been used for 

off-line planning and day-ahead scheduling, e.g. [12]-[17]. The 

availability of load as DR resource for reserve capacity 

(ancillary services market) has been investigated in [18]-[20]. 

However, these references do not examine the effect of DR on 
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system frequency nor do they model the transmission or 

distribution grid. A limited number of studies also address the 

effectiveness of decentralized dynamic demand control on 

stabilization of grid frequency, mainly at the transmission level 

[18][21]-[24]. This paper presents a central DR strategy for 

primary frequency regulation in a microgrid at the distribution 

level, which is considered as a cornerstone of the future smart 

grid. The details of the proposed DR strategy are given below. 

A comprehensive DR strategy has been designed by the 

authors to continuously balance generation and demand, using 

an adaptive hill climbing (AHC) strategy [25], which results in 

frequency regulation. The AHC control is then replaced with a 

step-by-step (SBS) controller to reduce the amount of 

manipulated load to a minimum at steady-state [26]. In these 

references, the designed strategies were tested on a very small 

(one-bus) system to show the proof of concept. The novelties 

and contributions of this paper (not reported in [25]and [26]) 

are as follows: 

 The DR strategy is applied to a realistic (a standard IEEE 

13-bus) distribution system operating as an independent 

microgrid, which shows the effect of DR on the system 

frequency, [10].  Because of high R/X ratio at the 

distribution level, the frequency regulation also results in 

voltage regulation. 

 A decision tree is presented to accurately determine the 

operation mode of the controller.  

 The effectiveness of the DR strategy is evaluated under 

the presence of variable wind-generated power to show its 

ability for generation following to regulate the system 

frequency. 

 The impact of communication delay (latency) in the 

performance of the DR strategy is evaluated. 

Simulation results show the effectiveness of the DR 

approach in providing frequency (and consequently voltage) 

regulation in the presence and absence of wind power 

generation. The dynamic models of the islanded microgrid are 

developed in MATLAB/Simulink
®
. 

The rest of the paper is organized as follows: Section II 

describes the proposed comprehensive DR strategy comprising 

of AHC and SBS controllers. System of study and simulation 

setup is explained in Section III. Simulation results for 

different scenarios with and without wind power generation 

are shown and discussed in Section IV. Section V presents a 

discussion about the latency and its impact on the results. 

Finally, conclusions of the study are given in Section VI.  

II. THE PROPOSED DR STRATEGY 

In general a DR management involves four main 

participants: 1) the balancing authority, which includes the DR 

initiator and the entity having interest in this service, namely 

the utility. The central controller proposed in this paper is 

assumed to be owned by this balancing authority; 2) a DR 

aggregator (which integrates the individual DR resources); 3) 

the distribution utility (that operates the distribution feeders); 

and finally 4) the customers (energy consumers who 

participate in the DR program) [10]. Any DR scheduling 

process starts from the balancing authority, which determines 

and requests (announces) the volume of DR required at any 

given time [10]. This type of DR lies within the incentive-

based program (IBP) of DR [27]. Although this structure can 

be used for all three frequency regulation services including 

the primary, secondary and tertiary regulations, this paper only 

deals with the primary frequency control. In this process, 

active power of the generating units and the consumption of 

controllable loads are adjusted to quickly balance the load and 

generation and restore the frequency [28]. In this way, every 

balancing authority center needs a calculation center with a 

DR strategy to determine the amount of required DR to 

regulate the frequency based on the system frequency 

deviation. The focus of this paper is to solve this issue by 

introducing a comprehensive DR strategy, which is based on 

feedback of the frequency deviation, to regulate the system 

frequency in real time. This process is shown in Fig. 1 

Fig. 1. The scheduling process of the central DR strategy. 

The proposed DR strategy, referred to as central direct load 

control (CDLC), consists of three operation modes depending 

on the magnitude of the system frequency deviation (∆f), as 

shown in Fig. 2. The figure shows a hypothetical curve of ∆f 

vs. time, where three operation modes (0, 1, and 2) are shown 

as follows: 

 MODE 0: Normal operation-no control needed. 

 MODE 1: In this mode, ∆f goes out of the desired range, and 

load control is applied to bring ∆f within the range with 

maximum effort, as quickly as possible. The AHC control [25] 

is applied in this operation mode. 

 MODE 2: In this mode, the frequency has returned to the 

normal range, and the SBS load manipulation strategy is used 

to minimize the amount of manipulated load [26]. We will call 

the combination of the above three steps “comprehensive 

control”.  
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Fig. 2. Concept of the proposed control strategy. 

The conditions for the three operation modes discussed 

above are given in the decision tree shown in Fig. 3. In this 

figure, ∆f_der is the 1
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deviation with respect to time, abs is the absolute operator, 

and AND/OR are the logical and/or operators, respectively. The 

decision tree gives the required conditions which must be 

satisfied for the three operation modes. Checking the 

derivative of the system frequency deviation at every sample in 

MODEs 1 and 2 (to precisely determine the transition from one 

mode to the other) is required to assure stable operation of the 

system. MODE 1 will begin once the system frequency 

deviation exceeds 0.05 Hz, if the system has previously been 

in MODE 0. MODE 1 will continue as long as ∆f_der≠0. MODE 

2 will take over the control of the system if the following three 

conditions hold true: 1) abs(∆f)<0.005 Hz, 2) ∆f_der=0, 

and 3) the system has been in MODE 1 in the previous 

iteration. This mode of operation will remain active as long as 

∆f_der≠0 and abs(∆f)<0.005 Hz, if the system was in 

MODE 2 in the previous iteration. MODE 0 takes over if 

abs(∆f)>0.005 and the system has been operating in MODE 

2. This mode will continue as long as abs(∆f)<0.05 and the 

system was in MODE 0 in the previous iteration. 

Fig. 3. Decision tree for determining the mode of operation 

The 0.05 and 0.005 frequency deviations used in Fig. 3 are 

based on 60-Hz operation used in North America [27]. The 

AHC and SBS load control strategies used in operation MODEs 

1 and 2, respectively, are explained in subsections II.A and 

II.B.  

In North America, whenever a frequency error persists for a 

certain time (10 seconds for the east, 3 seconds for Texas, and 

2 seconds for the west), a correction of ±0.02 Hz (0.033% of 

60 Hz) is applied [28]. In this study, if frequency deviations 

reach 0.5 Hz, automatic load shedding or other control actions 

are used to restore system frequency. In addition, the time and 

magnitude effect is integrated in a desired dead-band of ±0.05 

Hz (0.083% of 60 Hz) for this study. That is, when frequency 

deviation exceeds ±0.05 Hz under a disturbance (Fig. 2), the 

AHC controller will start operating to regulate the frequency 

by changing the amount of responsive loads. Once the AHC 

controller has brought the frequency within the ±0.005 Hz 

limit, the SBS controller becomes active to minimize the 

amount of manipulated load.  

A. Adaptive Hill Climbing Control 

The flowchart of the AHC controller (operating MODE 1) is 

shown in Fig. 4. The frequency, measured at the point of 

common coupling (PCC) of the microgrid, is the input variable 

to the controller. At each time step k, if the frequency 

deviation falls outside the dead-band (i.e., if abs(∆f)>0.05 

Hz), the percentage of the responsive load (that will turn ON or 

OFF) is computed as follows: 

Load k Load k 1 f M   % ( ) % ( )            (1) 

where %Load(k-1) is the percentage of manipulated load at 

time step k-1, and ∆f×M is a perturbation parameter. M is a 

constant used to scale down the frequency deviation. In this 

study, after several simulation runs under different loading 

conditions, M was set to 0.1, which gave the most satisfactory 

result.  

When the frequency is higher than acceptable (∆f>0.05), a 

percentage of the responsive loads (that are OFF) will turn 

ON, and when it is lower than acceptable (∆f<-0.05), a 

percentage of the responsive loads (that are ON) will turn 

OFF. This procedure is adaptive since the amount of 

manipulated load is a function of the frequency deviation, 

which tends to reduce the deviation with maximum effort. 

More detail on the AHC algorithm is provided in [25].  

The AHC controller acts faster than the speed governor of 

the diesel generator because of the rapid nature of control, 

since the power consumption status of controllable loads (such 

as EWHs and other resistive loads) can be changed 

instantaneously by the ON or OFF command signal they 

receive. This way, more responsive loads will be manipulated 

at the beginning of the disturbances (in an attempt to bring the 

frequency within the desired limit as quickly as possible) than 

required at steady-state. 

Fig. 4. The flowchart of the AHC control [25]. 

As a result, a higher percentage of the responsive loads are 

manipulated at steady-state, which maybe more than needed. 

Because of this, a SBS controller was designed, [26], to reduce 

the amount of manipulated loads to a minimum at steady-state. 

The operation of this controller is explained in the next 

subsection.  
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In order to assure that the minimum required amount of 

responsive load is activated (kept ON or OFF) at steady-state, 

the SBS control (MODE 2), introduced in Fig. 2, is used. Once 

the frequency is stabilized by the AHC controller, the SBS 

controller will start operating to minimize the amount of 
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manipulated responsive loads. In order to assure safe operation 

of the system, the SBS will act in a smaller dead-band 

(abs(∆f)<0.005 Hz), as shown in Fig. 2. Using the SBS 

controller, the manipulated responsive load will be decreased 

by 5% at each one-second time-step according to Eq. (2), until 

the frequency begins to go out of the desired dead-band. 

Load k 0 95 Load k 1  % ( ) . % ( )             (2) 

According to Eq. (2), the responsive load variation depends 

on its previous value.  Therefore, the load control strategy 

begins with large variations in load which decrease with time. 

The SBS control strategy is therefore non-linear with large 

load variations at the beginning and small ones at the end. As a 

result, the proposed control strategy minimizes the amount of 

responsive loads that need to be manipulated at steady-state to 

keep the system frequency within the desired range of ±0.05 

Hz. The advantage of the SBS strategy is that a lower 

percentage of responsive loads is manipulated at steady-state, 

which improves customers’ quality of service (QoS). As a 

result of this improvement, a higher percentage of customer 

loads will be available for future control, if needed.  

III. STUDY SYSTEM 

To verify the effectiveness of the comprehensive controller 

designed, it was applied to an IEEE standard 13-bus 

distribution network, [30] and [31], shown in Fig. 5. This 

feeder is assumed to be the distribution system company in the 

structure introduced in section II, as shown in Fig. 1. However, 

to be able to observe the frequency behavior of the system as a 

microgrid, the utility source of the original model was replaced 

with a 15-MW diesel DG and a variable load which can be 

adjusted to set the DG’s operating point (e.g., to light or heavy 

loading). The DG is equipped with a speed governor and 

excitation system whose parameters are given in the Appendix. 

A 1-MW dump load is also added to the 69-kV bus. This load 

is only enabled in light loading conditions (in the no-control 

case) to prevent the frequency deviation from exceeding 0.5 

Hz.  

A 2-MW wind turbine (about 30% of the system load), 

shown in Fig. 5, is added to the system (at the PCC) in order to 

study the effect of the proposed comprehensive controller on a 

realistic distribution system with high penetration of wind 

power. To observe the system frequency deviation, the 

maximum mechanical torque of the diesel generator has been 

limited to a certain point for each simulation case studied. The 

limit for each case is given in the simulation results.  

The dynamic model for the diesel engine (with speed 

governor, excitation controller and synchronous generator) is 

extracted from MATLAB/Simulink SimPowerSystems toolbox 

[32], which is based on IEEE standard 421.5 [33].  

It is desired to have a model of the load where active power 

(P) would explicitly vary during the simulation. Such a 

variable load has been modeled in the d-q frame in terms of P 

and Q, given by Eqs. (3), (4) and shown in the block-diagram 

of Fig. 6 [34].  

qd
d 2 2 2 2

d q d q

vv2 2
i P Q

3 3v v v v
. . . . 

 
            (3) 

q d
q 2 2 2 2

d q d q

v v2 2
i P Q

3 3v v v v
. . . . 

 
            (4) 

where P and Q are the desired active and reactive power of the 

responsive load, respectively, and vd , vq (id , iq) are the load 
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Fig. 5. Modified IEEE 13-bus standard distribution system schematic diagram. 
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voltage (current) in the d-q frame. To transform the values 

from the abc frame to the d-q frame and vice versa, a phase 

locked-loop (PLL) is applied [34]. The voltage values in the d-

q frame are extracted from the actual voltage across the load 

through the “abc to dq0 transformation” block. The d- and q-

axis currents are then calculated and transformed into the abc 

frame through the “dq0 to abc transformation” block. 

Fig. 6. Schematic of modeling of the active variable load. 

Five aggregated loads (L1-L5) are shown in Fig. 5, where 

each one represents a DR aggregator, as shown in Fig. 1. Each 

aggregated load is divided into three different types: 

responsive, critical, and non-responsive. This categorization of 

the aggregated loads is shown in Fig. 7. The responsive loads 

are variable active loads, the amount of which is determined 

by the DR algorithm. The critical and non-responsive loads are 

modeled as constant impedance loads. In this study, a central 

controller is responsible for frequency regulation. The 

controller can be considered as a utility owned control facility 

which has direct access to the individual responsive loads in 

the utility’s distribution network through two-way 

communication (with a pre-defined latency), i.e. smart grid 

era. 

 
Fig. 7. The technical characteristic of the load in the test system. 

IV. SIMULATION RESULTS 

In order to assess the effectiveness of the comprehensive 

controller (AHC + SBS) vs. the no-control and the AHC 

controller (alone) cases, several simulation experiments have 

been performed on the 13-bus distribution network, discussed 

in subsections A-D below. Each simulation has been carried 

out for the comprehensive controller, the AHC controller 

(alone), and the no-control case. No wind power is considered 

in subsections A and B to examine the impact of variations in 

load demand on the system frequency and voltage. Subsections 

C and D are devoted to assessing the impact of DR in the 

presence of variable wind power; load demand is kept constant 

in these cases.  

A. Scenario I: Light loading– decrease in load (NO WIND) 

In this case, Load 5 (0.9 MW) is disconnected at t=7 sec, 

and as a result, the system frequency increases, resulting in 

∆f>0.05 Hz. The lower setpoint of the diesel generator torque 

is limited to 0.65 p.u. to prevent it from lowering the torque 

further to correct the frequency deviation under light loading. 

The light loading in conventional power system can be viewed 

as a condition where there are only base-load steam power 

plants available with limited capability for ramping up and 

down. In this situation, it is more convenient to add a dump 

load to the system instead of changing the output power of 

those power plants. This prevents mechanical and thermal 

stress on the generation units. In this study, a 1-MW dump 

load has been applied at the 69-kV bus to which the DG is 

connected (Fig. 5), to be activated once the frequency 

deviation exceeds 0.5 Hz, i.e. when the frequency cannot be 

stabilized through DR, or in the no-control case.  
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Fig. 8. Frequency, voltage, and total load demand: Light loading with no wind 

power generation. 

In Fig. 8 the frequency variation, voltage and total power 

demand for the different DR approaches are compared with the 

no-control case. Fig. 8(a) and (b) show that both the DR 

approaches (AHC and comprehensive) bring the frequency to 

the desired range faster than the no-control case. The dump 

load is utilized to regulate the system frequency at around 7.8 

sec in the no-control case. This happens when the frequency 

deviation exceeds 0.5 Hz to stabilize the frequency. When the 

SBS controller is active, frequency fluctuation is more in the 

range of ±0.005 Hz, which is safe for the system’s operation. 
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These variations are shown in the zoomed-in frequency 

variation, Fig. 8(b). This figure also shows the time at which 

the SBS controller lowers the amount of the manipulated load 

to a minimum, which occurs approximately at 19 sec, when 

operation MODE 2 ends and the system will go to normal 

operation (MODE 0). As a result of frequency regulation, the 

system voltage is also stabilized faster, as shown in Fig. 8(c). 

Also, less voltage fluctuation is observed during the transient 

period, when the comprehensive controller and the AHC 

controller (alone) are applied. It is also noticed from this figure 

that the voltage remains in the acceptable range at the end of 

operation of the SBS controller at (t≈19 sec).  

Fig. 8(d) illustrates the total demand on the system for the 

different cases. It can be seen that in the comprehensive 

approach a smaller percentage of responsive load has been 

manipulated at steady-state compared to the AHC approach. 

Under the comprehensive control the total load demand at 

steady-state is 6.142 MW and 77.38% of the responsive load is 

manipulated, whereas for the AHC controller the total load at 

stead-state is 6.238 MW and 91.77% of the responsive load is 

manipulated. This difference between the manipulated loads in 

the two cases corresponds to 14.39% savings when the 

comprehensive controller is used, which of course results in a 

higher customers’ QoS.  

Frequency regulation has been achieved in the no-control 

case with the aid of a 1-MW dump load, which is a waste of 

energy and not desirable. However, when the DR is applied, in 

addition to frequency and voltage regulation, it can also be 

effective in peak load shaving and load shifting. 

B. Scenario II: Heavy loading– increase in load (NO WIND) 

In this case, a 0.6-MW load is added to the 69-kV bus at t=7 

sec, resulting in a negative frequency deviation. The upper 

setpoint of the mechanical torque of the diesel generator is 

limited to 0.96 p.u to prevent it from totally correcting the 

frequency deviation so that the effect of DR can be examined.  

Fig. 9 shows the system frequency and voltage variations, 

and power demand under the different DR approaches and the 

no-control case. In the no-control case, as soon as the 

frequency deviation begins to exceed 0.5 Hz (Fig. 9(a)), it is 

brought back to within limits with unscheduled load shedding, 

which jeopardizes customers’ QoS and is undesirable. 

The frequency variation, given in Fig. 9 (a) and (b), shows 

that both the AHC and comprehensive DR approaches bring 

the frequency to its desired range faster than the no-control 

case. As shown in Fig. 9 (a), Load 5 on bus 3 (Fig. 5) is shed 

at around 8.7 sec because the frequency deviation falls below -

0.5 Hz. For safe operation in the no-control case, Load 4 has 

been considered as backup emergency to be disconnected from 

bus 3 whenever the frequency deviation falls below -0.8 Hz. 

This condition didn’t happen in this study.  

In both the DR approaches, the frequency is stabilized 

through manipulating a small portion of the responsive loads – 

not by shedding the whole feeder, as in the no-control case. As 

shown in the zoomed-in Fig. 9 (b), when the SBS controller is 

in operation, the system frequency fluctuation is more (in the 

range of ±0.005 Hz) than when the AHC controller (alone) is 

operating. However, the fluctuations are small and the system 

is in the safe operation region. At around 33 sec, the SBS 

controller minimizes the amount of responsive loads needed to 

stabilize the frequency. At this time, the system goes to the no-

control mode (MODE 0). As a result of frequency regulation, 

the voltage of the system is also stabilized, as shown in Fig. 9 

(c). No considerable voltage fluctuation is observed at the end 

of MODE 2, when the SBS controller ends. The reason is the 

adaptive nature of the SBS controller, according to Eq. 2, 

which results in smaller step changes in the manipulated load 

at the end of MODE 2.  

Fig. 9 (d) shows the total demand on the system for the no-

control case, the AHC (alone), and the comprehensive control. 

In each case, the amount of system load that remains active at 

steady-state to keep the system frequency at 60 Hz is shown. 

The amount of load that remains active in each case is as 

follows: 6.27 MW under no-control, 6.756 MW with the AHC 

(alone), and 7.002 MW with the comprehensive controller. 

The percentage of manipulated responsive load in the case of 

AHC and comprehensive controller are 52.07% and 20.30%, 

respectively. It is clear that a larger amount of load remains 

active under the comprehensive control approach. The 

difference between the percentages of manipulated load at 

steady-state for the comprehensive approach compared to the 

AHC approach is 31.77%, which again results in improved 

QoS for the customers. 
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C. Scenario III: Excess wind power generation 

In this case, a 2 MW wind turbine is connected to the 

network at the PCC, as shown in Fig. 5. The system frequency, 

voltage, and power demand are shown in Fig. 10. At t=7 sec, 

the wind power suddenly increases from 0.6 MW to 1.3 MW. 

In the no-control case, a 1-MW dump load is activated at the 

PCC (increasing the total system load to almost 7.5 MW) once 

the system frequency reaches 60.5 Hz at approximately t=8.8 

sec (Fig. 10 (a) and (b)). As shown in Fig. 10 (d), the total 

amount of load in the AHC and comprehensive cases at 

steady-state are: 7.037 MW and 6.778 MW, respectively. The 

percentages of manipulated responsive loads are 65.59% for 

the AHC and 33.04% for the comprehensive approach. This 

again shows the effectiveness of the comprehensive controller 

in manipulating (in this case activating) a smaller percentage 

of the responsive loads which translates to improved 

customers’ QoS. In order to keep the system frequency at 60 

Hz at steady-state, 32.55% of the responsive loads have been 

saved when the comprehensive controller is operating 

compared to when the AHC controller is applied.  
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Fig. 10. Frequency, voltage, and total load demand: Excess wind power 

generation. 

Fig. 10 (b) shows the zoomed-in frequency variation. In the 

case of comprehensive controller, the frequency varies within 

the acceptable range of 60±0.005 Hz until around t=29 sec, 

when it tends to go outside the limit. At this time, the SBS 

controller has accomplished the minimization of the 

manipulated responsive loads (i.e., the end of MODE 2). As 

shown in Fig. 10 (c), as a result of frequency stabilization the 

system voltage is also stabilized (in all cases). 

D. Scenario IV: Unexpected shortage in wind power 

generation 

In this scenario, the wind power generation suddenly 

decreases from 1.3 MW to 0.8 MW. In the no-control case, 

partial load shedding in load 5 (a non-critical load in Fig. 5) 

takes place as soon as the frequency falls to 59.5 Hz (Fig. 11 

(a), (d)). Fig. 11 (d) also shows the total system power demand 

when the AHC and comprehensive control are applied. It is 

clear from this figure that at steady-state, more loads are active 

when the comprehensive controller is operating as compared 

to when the AHC (alone) is applied. In each case the 

percentage of manipulated load is 44.63% for the AHC and 

11.35% for the comprehensive approach. The difference 

results in a savings of 33.28% of the responsive loads in the 

comprehensive controller case compared to the AHC 

controller (alone), which again translates to improved 

customers’ QoS.  
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Fig. 11. Frequency, voltage, and total load demand: Unexpected shortage in 

wind power generation. 
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Fig. 11 (b) shows the zoomed-in frequency variation, and 

Fig. 11 (c) shows the system voltage profile. It is clear from 

this figure that voltage stabilizes faster when the AHC and 

comprehensive controller are operating. 

V. DISCUSSION 

In an actual system, there are two possibilities of delay in 

the operation of the system; one is related to the dynamic 

response of the loads and the other related to the delay in 

communication. Both delays should be considered in the DR 

control algorithms to prevent unnecessary switching of the 

responsive loads. Purely resistive loads (such as EWHs), 

considered in our study, respond instantly to the variations in 

their input voltage. Therefore, it can be assumed that there is 

no delay in their response to the changes in the input signal 

[4]. However, communication delay, often referred to as 

latency, should be considered. Latency is the length of time 

from when a request is made by a control entity to when the 

electrical device receives the request and acts on it. With the 

existing internet infrastructure, latencies of around 500 msec 

are achievable [9]. We have evaluated the impact of different 

latencies (between 20 msec and 500 msec) on the performance 

of the comprehensive controller. Fig. 12 shows the frequency 

variation with different latencies under light loading. It is clear 

from this figure that the controller is able to regulate the 

frequency successfully for latencies of up to 300 msec. At the 

latency of 500 msec, the system frequency is unstable.  

In all the simulation studies reported earlier, a wireless 

network with a latency of 20 msec is assumed as the 

communication protocol between the control entities and 

loads. 
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Fig. 12. System frequency with different latencies, light loading with 

comprehensive controller case. 

In addition to the technical feasibility of the DR reported in 

this paper, a detailed cost-benefit analysis of the DR is also 

necessary to truly justify its deployment in the smart grid era. 

We have ongoing work on this topic, which will be reported in 

a follow-on paper. 

VI. CONCLUSIONS  

This paper presents a comprehensive DR strategy for 

frequency regulation in a microgrid with and without wind 

power generation. It has been shown through different 

scenarios that the proposed DR strategy is able to regulate the 

system frequency and voltage in a microgrid by: 

1. The application of the AHC controller to reduce the 

frequency deviation after a sudden disturbance with 

maximum effort. 

2. Minimizing the amount of manipulated responsive loads 

needed to keep the frequency within the desired range at 

steady-state, which improves customers’ QoS.  

The central DR strategy is based on communication between 

the utility control center and the responsive loads and has been 

shown to be stable up to a latency of 300 msec.  

APPENDIX 

The diesel generator specifications are given in Table I [32].  

TABLE I 

DIESEL GENERATOR PARAMETERS  

Synchronous generator parameters 

Nominal power 15 MVA 

Line-to-line voltage 69 kV 

Nominal frequency 60 Hz 

d-axis reactance (Xd, Xd’, Xd’’) 1.305, 0.296, 0.252 p.u. 

q-axis reactance (Xq, Xq’, Xq’’) 0.474, 0.243, 0.18 p.u. 

Inertia coefficient  2.2 sec 

Governor and Diesel Engine parameters 

Regulator gain 40 

Regulator time constants (T1, T2, T3) 0.01, 0.02, 0.2 sec 

Engine time delay 0.14 sec 

Excitation controller parameters 

Regulator gain 200 

Regulator time constants  0.02 sec 

Damping filter gain and time constant 0.001, 0.1 sec 
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