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Abstract 

One of the most important reasons of smart grids (SGs) is renewable energies (REs) increase and demand response (DR). Present 

methods are not practical in the case of high REs presence in SGs and should be revised. The flexibility of production is low in 

SGs with high REs penetration, and loads should follow the production. The increase in the domestic controllable loads (DCLs) 

flexibility compensates the low flexibility in production. As a result, DR is essential in SGs with high share of REs. This study 

presents a new method for DR with high REs penetration. Also, a new formulation for electrical appliances is provided in this 

study, including washing machine, dish washer and heating/cooling system. In the proposed method, the RE resources produced 

power is considered in addition to loads condition. The controllable loads are transferred to the time when the difference between 

load and RE generated power is maximum (considering the consumers' welfare). The results show that applying this method will 

increase the flexibility of consumption and REs penetration in SGs. The study is performed for the Ekbatan residential complex 

that includes three smart microgrids and a 63/20 kV substation in Tehran, Iran. 
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1. Introduction 

In order to solve environmental problems, energy crisis, high penetration of renewable energy (RE) resources and 

improving reliability of power system, demand side partnership is unavoidable and necessary to realize smart microgrids' goals. 

Smart grids provide conditions of bi-directional connection and smart demand response (DR). In non-smart grids, electric 

company usually controls the demand of consumers, and only large consumers can participate in DR programs. In condition that 

smart grids give the opportunity not only to large consumers but also small users, so DR of residential users is essential in smart 

grids. 

One of the smart grids' objectives is reaching more share of RE resources in grids. High RE resources in grids decreases 

the flexibility of generation due to stochastic nature of these resources, so applying novel DR methods is necessary. Present DR 

methods aren't applicable in case of high penetration of RE resources. In this kind of grids, the consumers' welfare and generation 

conditions should be considered simultaneously to make a balance between demand and generation. 

Since the main object of this study is the implementation of DR in a smart microgrid, the behaviour of controllable loads 

should be modelled. Initially, the behaviour of controllable high power domestic loads is modelled, and it is assumed that the 

studied microgrids are smart. After modeling of stochastic behavior of controllable residential load, the novel method will be 

investigated to reach the goal of DR for domestic loads. 

The Ekbatan residential complex is considered as the research case study. Ekbatan has three separate sets of buildings 

called respectively phase A, B and C as smart microgrids (Figure 1). The smart microgrid No.1 consists of photovoltaic panel, 

battery, wind turbine and controllable loads (washing machine, dishwasher, heating/cooling system) and uncontrollable loads. 

The schematic of this microgrid is depicted in Figure 2. Parking of each block is located at that block in the smart microgrids. 

Furthermore, the charge/discharge management of plug-in electric vehicles has effects only on that block. Any block of the 

Ekbatan complex is assumed as a bus in this paper. 

63/20 kV substation

Smart MG1(Phase 1)

Smart MG3(Phase 3)

Smart MG2(Phase 2)

20kV Cable

20kV Cable

20kV Cable

 

Fig. 1.  The diagram of grid 
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Fig. 2. The schematic of microgrid 

 
In [1], a detailed review of demand side management, DR programs, distributed generation considering RE resources as 

the main focus is presented. A stochastic programming model was investigated in order to minimize the operating costs 

considering RE resources by the multi-objective particle swarm optimization method. The uncertainty of solar and wind sources 

was assumed with the participation of different residential, commercial and industrial consumers [2]. In [3], the importance of 

storage, DR, electric vehicles, and transmission expansion was studied in reducing the uncertainty of RE resources. In this study, 

a new scenario-based electricity system model called SILVER was designed as a flexible tool to test different constraints 

including curtailment rates, grid interconnectivity, system cost and emission. In [4] and [5], the effect of domestic loads and 

electric vehicles on smart microgrid was studied.  

A review paper [6] discussed different topics related to storage demand, flexibility requirements, and resource potential 

in case of growing variable RE in future energy systems. The authors of [7] presented an approximate dynamic programming 

(ADP) in order to test real data set related to applying stochastic RE resources and energy storage systems. In [8], a distributed 

DR problem by low-cost wireless network was investigated in a neighbourhood with a large number of load costumers and RE 

resources. The real solar power data was applied in addition to rolling-window-based model-predictive control method and 

simple load and RE system forecasting method in this paper. The solar energy using a hybrid model consisting of neural networks 

and wavelet transform was forecasted, and a pumped hydro storage application and DR program were integrated to analyse the 

performance of photovoltaic system [9].  

In [10], the political and technical necessities toward applying RE system as main sources in power systems were 

introduced. In this paper, the near term and mid-term aim to increase the flexibility of power system while long-term actions 

focus on tackling the fluctuation of RE systems. The role of heating/cooling system using an active controller in SGs with high 

penetration of RE resources was investigated. The objective function in this paper was minimizing the overall cost and the size 

of smart microgrid units. The stochastic modeling of the washing machine was extracted using the multivariable probability 

distribution function, and Monte Carlo technique was applied to generate different load profiles' sample.  
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In [11], home energy management was done considering the dynamic pricing schemes, small RE resources and electric 

vehicles using mixed integer linear programming. In [12] and [13] , the DR effect on load profile and voltage profile and demand 

peaks was studied. In [14], [15] and [16] , the protection methods and barriers in microgrids with RE resources were proposed 

in grid-connected condition. In [17], authors presented a DR scheduling model in order to reduce the cost of user's electricity 

consumption, peak load and peak-valley difference of residential loads. In [18], the factors that help retail consumers for 

participating in DR program and time of use pricing were recognized. In [19], a two-stage robust optimization model was 

suggested to solve the energy cost minimization problem for SGs in a condition that each consumer was equipped with the 

photovoltaic system and a battery. The problem of eliminating overloading in transmission lines, generation and load shedding 

cost minimization and social welfare maximization was addressed in [20] by a multi-objective optimization problem. The genetic 

algorithm and two-point estimate method were applied in order to minimize the adjustment cost in a hybrid system including 

wind, solar, and conventional thermal generators [21].  

In [22], the new DR technique called weighting queuing algorithm was developed to control the thermostatically 

appliances like an air conditioner in order to increase the share of RE resources. In [23], the optimization problem was 

investigated for residential SG DR with RE resources considering the consumers' convenience. In this paper, real-time pricing 

and progressive pricing were solved by convex programming and heuristic algorithm. A practical home energy management 

system with RE, energy storage system and plug-in electric vehicles was introduced in [24]. In the studied paper, the optimization 

problem with goals of minimizing the electricity purchase and maximizing the RE share was solved by the combinations of 

genetic algorithm and multi-constrained integer programming method. In [25], the heating system has been used in order to 

absorb the extra energy of RE resources and reduce the cost of electricity. In [26], the impact of energy storage, RE systems and 

DR program have been studied with two-period stochastic programming method. In these studies, only some types of residential 

appliances have been considered. However, we model the major residential appliances including washing machine, dishwasher 

and heating/cooling system in this study. It is also important to mention that we consider high penetration of RE in our study, 

which increases the uncertainties in power supply.   

In [27], the capacity credit of RE resources considering the DR program was assessed by sequential Monte Carlo method. 

In [28], a two-stage stochastic model was presented for systems with a large share of RE resources and electric vehicles in 

Portugal. In [29], a new dynamic demand control was developed to mitigate the frequency deviations related to intermittent RE 

generation by electric vehicles. The role of ice-thermal storage as a smart load in eliminating the voltage disturbance in case of 

RE resources high penetration was demonstrated in [30]. In [31], the DR program and energy management in presence of RE 

resources, shiftable and nonshiftable loads have been investigated on electricity cost minimization. The multi-objective problem 

for minimizing both total cost and costumers’ inconvenience has been studied in order to reduce the peak to average ratio [32]. 
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Some studies have reviewed the DR management in SG. In [33], the real time DR method has been investigated, and the 

proposed method has been tested on testbed at the Singapore university of technology and design in order to observe the 

consumer’s behavior. In another study [34], the DR management scheme has been proposed for two different types of costumers 

including green savvy and green aware plan. The costumers have been classified into two types of non-green comfort seeking 

behavior and green incentive seeking behavior based on factors that affect the DR management program [35]. In [36], the 

response time and behavior of residential consumers have been studied considering internet of things integration to smart homes. 

Two different methods including constant deviation plans and proportional deviation plans have been applied in order to peak 

load reduction [37].  

According to the previously described literature review, the contribution of the study can be listed as follows: 

- Investigation of a new method to implement DR in the condition that RE resource penetration is high, which 

increases the correlation between generations and loads. 

- Considering the DR of different types of controllable loads (washing machine, dish washer, heating/cooling system) 

at the same time.   

- Developing a new formulation for electrical appliances, including washing machine, dish washer and 

heating/cooling system. 

The rest of the paper is organized as follows. Section 2 provides the details of the modeling of controllable high power 

domestic appliances. Section 3 addresses the cost of smart homes' appliances. Section 4 is devoted to simulation and result 

discussion. Finally, section 5 provides some relevant conclusions. 

2. Modelling of controllable high power domestic appliances in smart microgrids 

In the presented method, load condition and power generation of RE resources are supposed simultaneously, which leads 

to the maximum use of produced power, the balance between generation and consumption, cost reduction, reducing size, and 

improving reliability. In this study, the load is calculated by IEEE standard, which is based on p.u. [38]. The load profile is 

calculated by multiplying peak load to IEEE standard profile.    

2.1. Washing machine 

The washing machine's start time can have 3-hour maximum shift (considering the consumer's welfare extracted of 

questionnaires). The maximum time for load shifting is chosen based on survey from residential consumers. In this questionnaire, 

most of residential consumers (83%) intends to use smart washing machine and shift their use time. The maximum time for load 

shifting is shown in Figure 3. As it is shown in this Figure, most of consumers (46%) choose 3-hour time shift, which is used in 

our study. 
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Fig. 3. Maximum time for load shifting (washing machine) 

Time steps for washing machine shifting are supposed to be 15 minutes. In the 3-hour time interval, the surplus power 

(the difference between produced power by RE resources and load) and peak load of the washing machine are calculated. The 

washing machine's profile is shifted to the hour when the difference is maximum. The surplus power refers to the alternation 

between the generated power of RE resources and microgrid load. 

௦ܲ௨௥௣௟௨௦(ݐ) = ோܲாே(ݐ) − ௕ܲ௔௦௘(ݐ) (1) 

ோܲாே(ݐ) = ௐ்ܲ(ݐ) + ௉ܲ௏ (2) 

∆=  ( ௦ܲ௨௥௣௟௨௦೙ ൬
ݐ
4 + ℎ൰ ௠௔௫ܯܹ− ቚ

ݐ = ௠௔௫ݐ
ݐ = 0  (3) 

∆௠௔௫= ݐ|∆ =  ௡௛ (4)ݐ

0 ≤ ℎ ≤ 8760 (5) 

0 ≤ ݐ ≤  ௠௔௫ (6)ݐ

The objective is determining the maximum amount of ∆. In another word, the goal is determining the best time shifting 

for washing machine n, which should start at h (t୬୦). t is time shift in washing machine's start time, and t୫ୟ୶ is the maximum 

acceptable time for customers. WM୫ୟ୶ refers to maximum consumption of washing machine, and n shows the number of washing 

machines which start at h. After finding the best start time for washing machine, it is shifted to that time. New surplus power is 

calculated based on (7). 

௦ܲ௨௥௣௟௨௦(ೈಾ)భ
(ݐ)  =  ( ௦ܲ௨௥௣௟௨௦(ݐ) − ܲ(ௐெ)ଵି௠௔௡௔௚௘) (7) 

௦ܲ௨௥௣௟௨௦(ೈಾ)೙ೈಾ
(ݐ) 

=  ( ௦ܲ௨௥௣௟௨௦(ೈಾ)೙షభೈಾ
(ݐ) 

− ܲ(ௐெ)௡ೈಾି௠௔௡௔௚௘  (8) ((ݐ) 

2 ≤ ݊ௐெ ≤ ݊ௐெ (௠௔௫)(ݐ) (9) 
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Where P(୛୑)ଵି୫ୟ୬ୟ୥ୣ)(t) is the consumption power related to the first washing machine after DR, which starts at t. 

Pୱ୳୰୮୪୳ୱ(౓౉)భ
 (t) is surplus power after DR implementation for the first washing machine with start time at t. 

P(୛୑)୬౓౉ି୫ୟ୬ୟ୥ୣ(t) and Pୱ୳୰୮୪୳ୱ(౓౉)౤౓౉
 (t) are related to washing machine with the similar definition. n୛୑ (୫ୟ୶) (t) 

determines the maximum number of washing machines which start at t. 

This method is implemented for other washing machines which start at h th hour, respectively. Then, it is applied for 

other hours, and new start time are specified. The new microgrid's load profile is calculated by (10). 

௟ܲ௢௔ௗି௠௔௡௔௚௘ (ௐெ) (ݐ)

= ௕ܲ௔௦௘  (ݐ)

+ ܲ(௖௢௡௡௘௖௧ ௔௧ ௧) (ௐெ)  (ݐ)

− ܲ(ௗ௜௦௖௢௡௡௘௖௧ ௔௧ ௧) (ௐெ)  (ݐ)     (10) 

WhereP୪୭ୟୢି୫ୟ୬ୟ୥ୣ (୛୑) (t)  indicates the new load profile at t after applying the consumption management on the washing 

machine. P(ୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑)  shows the amount of power of washing machine shifted to t while P(ୢ୧ୱୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑)  determines 

the amount of power shifted from t to another time. 

P(ୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑)  consists of two different parts: 

- Start time of considered appliance (washing machine) is shifted to t. 

- Start time of appliance (washing machine) is shifted to previous time from t, which leads to an increase in power 

at t. 

P(ୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑)  is expressed as follows: 

ܲ(௖௢௡௡௘௖௧ ௔௧ ௧)(ௐெ) (ݐ)

=  ෍ ୧ܰ୲

୲ିଵ

௜ୀଵ

× ܲ(1)

+ ෍ ෍ ୧ܰ(୲ି୫)

୐ିଵ

୫ୀଵ

୲ି୫

୧ୀଵ

× ܲ(m + 1)          
(11) 

Where N୧୲ shows the number of washing machine shifted from i to t. P (1) is the amount of power consumption during period 

(1), and P (m + 1) is the quantity of power consumption during period (m+1). L determines the whole time interval related to 

washing machine's consumption.  

P(ୢ୧ୱୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑)   can be calculated by equation  
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ܲ(ௗ௜௦௖௢௡௡௘௖௧ ௔௧ ௧) (ௐெ)  (ݐ)

=  ෍ ௧ܰ௦

௧ା௛ೖ

௦ୀ௧ାଵ

× ܲ(1)

+ ෍ ෍ (ܰ௧ି௠)௦

௅ିଵ

௠ୀଵ

௧ି௠ା௛ೖ

௦ୀ௧ାଵ

× ܲ(݉ + 1) 
(12) 

Where N୲ୱ specifies the number of washing machine shifted from t to s, and N (୲ି୫)ୱ similarly shows the number of washing 

machine shifted from (t-m) to s. hk is the maximum acceptable delay related to washing machine's start time.  

2.2. Dishwasher 

The proposed method for dishwasher DR is similar to the washing machine, only start time can be shifted utmost 6 hours 

(considering consumers' comfort extracted of questionnaires), and there is no limitation related to dishwasher after 10 pm (which 

is limited for washing machine). The maximum time for load shifting is chosen based on questionnaire from residential 

consumers, and most of them (37%) agree to 6-hour time shifting, so 6-hour is chosen for load shifting. The results of 

questionnaire for 7 different load shifting states are shown in Figure 4. 

 

Fig. 4. Maximum time for load shifting (dishwasher) 

Similar to the washing machine, the optimal shift time for the dishwasher is obtained. It should be noted that the dish 

washer's surplus power is determined as follows. 

௦ܲ௨௥௣௟௨௦(ವೈ)భ
(ݐ)  =  ( ௦ܲ௨௥௣௟௨௦(ೈಾ)೙ೈಾ (೘ೌೣ)

(ݐ) 

− ܲ(஽ௐ)ଵି௠௔௡௔௚௘)(ݐ)) (13) 

௦ܲ௨௥௣௟௨௦(ವೈ)೙ವೈ
(ݐ) 

=  ( ௦ܲ௨௥௣௟௨௦(ವೈ)೙షభವೈ
(ݐ) 

− ܲ(஽ௐ)௡ವೈି௠௔௡௔௚௘(ݐ)) (14) 
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2 ≤ ݊஽ௐ ≤  ݊஽ௐ (௠௔௫) (t) (15) 

Where P(ୈ୛)ଵି୫ୟ୬ୟ୥ୣ)(t) and  P(ୈ୛)୬ీ౓ି୫ୟ୬ୟ୥ୣ show the first and the n th dish washer's consumption power after DR 

implementation with start time at t, respectively. Pୱ୳୰୮୪୳ୱ(౓౉)౤౓౉ (ౣ౗౮)
 (t), Pୱ୳୰୮୪୳ୱ(ీ౓)భ

 (t), and Pୱ୳୰୮୪୳ୱ(ీ౓)౤షభీ౓
 (t) indicate 

the surplus power after applying DR method for the last, the first, and the n-1 th washing machine with start time at t, respectively. 

nୈ୛ (୫ୟ୶)(t) determines the maximum number of dishwashers which start at t. 

So the new load profile can be defined as follows. 

௟ܲ௢௔ௗି௠௔௡௔௚௘ (ௐெ,஽ௐ) (ݐ)

= ௕ܲ௔௦௘  (ݐ)

+  ܲ(௖௢௡௡௘௖௧ ௔௧ ௧) (ௐெ,஽ௐ)  (ݐ)

−  ܲ(ௗ௜௦௖௢௡௡௘௖௧ ௔௧ ௧) (ௐெ,஽ௐ)  (ݐ) (16) 

Where P୪୭ୟୢି୫ୟ୬ୟ୥ୣ (୛୑,ୈ୛) (t) represents the new load profile at t after applying consumption management on washing 

machines and dishwashers. P (ୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑,ୈ୛)  is the amount of washing machine and dish washer's  power shifted to t. 

P (ୢ୧ୱୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑,ୈ୛)   represents the amount of power shifted from t to another time. 

P (ୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑,ୈ୛)  (t) contains two parts: 

- Start time related to the supposed appliance (washing machine and dishwasher) is shifted to t. 

- Start time related to the appliance (washing machine and dishwasher) is shifted to time before t, and raises the 

amount of power at t. 

P (ୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑,ୈ୛)  (t) can be calculated by (17). 

 ܲ(௖௢௡௡௘௖௧ ௔௧ ௧) (ௐெ,஽ௐ)  (ݐ)

=  ෍෍ ௞ܰ௜௧

஽

௞ୀଵ

௧ିଵ

௜ୀଵ

× ܲ(1)௞

+ ෍ ෍෍ ௞ܰ௜(௧ି௠)

஽

௞ୀଵ

௅ିଵ

௠ୀଵ

௧ି௠

௜ୀଵ

× ܲ(݉ + 1)௞     (17) 

Where N୩୧୲ is the number of appliance type k (washing machine or dishwasher) shifted from i to t. D is the number of appliances 

which can be shifted, and it equals to two related to the washing machine and dishwasher. P(1)୩ determines the amount of 

consumption power related to an appliance of type k (washing machine or dish washer) during period (m+1). L is the whole time 

interval related to the appliance of type k. 

P (ୢ୧ୱୡ୭୬୬ୣୡ୲ ୟ୲ ୲) (୛୑,ୈ୛)  is utilized as below. 
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 ܲ(ௗ௜௦௖௢௡௡௘௖௧ ௔௧ ௧) (ௐெ,஽ௐ)  (ݐ)

=  ෍ ෍ ௞ܰ௧௦

஽

௞ୀଵ

௧ା௛ೖ

௦ୀ௧ାଵ

× ܲ(1)௞

+ ෍ ෍෍ ௞ܰ(௧ି௠)௦

஽

௞ୀଵ

௅ିଵ

௠ୀଵ

௧ି௠ା௛ೖ

௦ୀ௧ାଵ

× ܲ(݉ + 1)௞    (18) 

Where N୩୲ୱ  and N୩(୲ି୫)ୱ are the number of appliances of type k (washing machine or dishwasher) shifted from t and (t-m) to s, 

respectively. hk is the maximum acceptable delay of the washing machine or dishwasher.  

The total microgrid's load before applying load management on dishwasher and washing machine is defined as follows. 

௟ܲ௢௔ௗି௨௡௠௔௡௔௚௘ (ௐெ,஽ௐ) (ݐ)

=  ௕ܲ௔௦௘(ݐ) + ௐܲெ ௨௡௠௔௡௔௚௘(ݐ)

+ ஽ܲௐ ௨௡௠௔௡௔௚௘  (ݐ) 

(19) 

2.3. Heating/cooling system 

Heating/cooling system plays an important role in energy consumption. As a result, controlling these loads can be suitable 

in case of optimal use of RE resources. In this paper, active controllers are applied for controlling them. To implement the model, 

the presented method in [2] is adopted, and the details of the method are not described in this paper. 

In this method, applying the active controllers, consumers set the desired temperature. Then, active controller considering 

set point and the difference between the generated power of RE resources and consumption power calculates the indoor 

temperature and the amount of power of heating/cooling system. This temperature is called real temperature  

௟ܲ௢௔ௗି௠௔௡௔௚௘ (ௐெ,஽ௐ,ு௏஺஼) (ݐ)

= ௟ܲ௢௔ௗି௠௔௡௔௚௘ (ௐெ,஽ௐ) (ݐ)

+ ுܲ௏஺஼ି௠௔௡௔௚௘  (20) (ݐ) 

Where P୪୭ୟୢି୫ୟ୬ୟ୥ୣ (୛୑,ୈ୛,ୌ୚୅େ) (t) shows the new load profile at t when the load management is applied on the washing 

machine, dishwasher, and heating/cooling system. The surplus power is defined as follows to manage the consumption of 

heating/cooling system. 

௦ܲ௨௥௣௟௨௦(ಹೇಲ಴)భ
(ݐ) 

=  ( ௦ܲ௨௥௣௟௨௦(ವೈ)೙ವೈ (೘ೌೣ)
(ݐ) 

− ܲ(ு௏஺஼)ଵି௠௔௡௔௚௘)) (21) 
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௦ܲ௨௥௣௟௨௦(ಹೇಲ಴)೙ಹೇಲ಴
 (t)

=  ( ௦ܲ௨௥௣௟௨௦(ಹೇಲ಴)೙షభಹೇಲ಴
 (t)

− ܲ(ୌ୚୅େ)௡ಹೇಲ಴ି୫ୟ୬ୟ୥ୣ) (22) 

2 ≤ ݊ு௏஺஼ ≤  ݊ு௏஺஼ (௠௔௫)(ݐ) (23) 

Where P(ୌ୚୅େ)ଵି୫ୟ୬ୟ୥ୣ)(t) and  P(ୌ୚୅େ)୬ౄ౒ఽిି୫ୟ୬ୟ୥ୣ(t) are the consumption load profile of the first and the n th heating/cooling 

system after DR implementation at t, respectively. Pୱ୳୰୮୪୳ୱ(ౄ౒ఽి)భ
 (t), Pୱ୳୰୮୪୳ୱ(ౄ౒ఽి)౤షభౄ౒ఽి

 (t), and Pୱ୳୰୮୪୳ୱ(ౄ౒ఽి)౤ౄ౒ఽి
 (t) 

determine the amount of surplus power of the first,  the (n-1) th, and the n th heating/cooling system after applying DR method, 

which start at t. Pୱ୳୰୮୪୳ୱ(ీ౓)౤ీ౓ (ౣ౗౮)
  shows the amount of surplus power after applying DR method for the n th dishwasher at t. 

nୌ୚୅େ (୫ୟ୶) indicates the maximum number of heating/cooling systems which start at t. 

3. Appliances 

It is assumed that the studied homes in Ekbatan complex and the controllable loads (smart washing machine, smart 

dishwasher, and smart cooling/heating systems) are smart, for which the DR are implemented in the presence of RE resources. 

In order to the application of smart appliances considering DR requirements, two other costs should be supposed compared to 

non-smart ones: 

- The cost of smart appliances 

- The incentives related to participation in DR programs, which are explained as follows. 

3.1. - The cost of smart appliances 

The cost modeling of smart appliances is explained in detail in [39], which is briefly discussed here. The cost for shifting 

smart appliances is seen as incentives in objective function, which is shown in Equation 24 and Equation 25. 

3.1.1. Cost of communication modules 

The smart appliances should be equipped with a communication module to be connected to the smart meters which can 

be implemented either wireless or wired. It is forecasted that the commercialization of smart appliances leads to cost of 4.4 $ for 

each communication module [39]. 

3.1.2. Cost of communication in smart home 

Communication between smart meters and smart appliances plays an important role in the smart home, which can be 

connected by PLC or have direct access to the internet. It doesn't need extra wiring. It is assumed that the smart meters and 

internet are wireless, so communication is free in the smart home. 

3.1.3. Extra cost for appliances for getting ready to start 

Smart appliances should be ready to respond in a condition that there is a signal from smart meters, which increases the 

electricity consumption between 0.1%-2% [39]. It leads to an increase about 1.5 $ per any appliances annually. 
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3.1.4. Cost of consumption management 

Consumption management programs participation isn't free, and it costs about 10.2-21.3 $ for participants [39]. 

3.2. Incentives for smart appliances 

There is no motivation for smart appliances because of their excessive costs, which means that incentives should be put 

to encourage the consumers. It can compensate the extra price of smart appliances because of above factors. The considered 

incentives for encouraging consumers to increase the DR acceptance are as follows: 

3.2.1. Incentives subject to appliance's availability 

In this condition, the smart appliances are encouraged because of their availability in the specific time interval. For 

instance, consumer puts his/her dishes in the dishwasher and sets the maximum acceptable delay, so the dishwasher goes into 

ready to start mode. Participants should be paid in this situation whether start time is shifted or not. 

3.2.2. Incentives subject to execution of DR program 

If smart appliances change their start time based on received signals from smart meters, they should be paid because of 

execution of DR program. In this study, the annual incentives related to smart appliances are calculated as follows: 

݁ݒ݅ݐ݊݁ܿ݊ܫ − ୧݈ݒܽ =
1
5

SAC୧
N (start − ave)୧

× N (avl)୧ 
(24) 

݁ݒ݅ݐ݊݁ܿ݊ܫ − ୧ݐℎ݂݅ݏ =
SAC୧

N (start − ave)୧
× N (shift)୧ 

(25) 

Where SACi is the extra cost should be paid for appliance i, N (start − ave)୧ is the average number of uses of appliance i, and 

N (avl)୧ is the number of being available of appliance i, andN (shift)୧  is the number of shifting of appliance i annually. 

4. Simulation and result discussion 

In this section, the simulation and analysis of the results of DR in smart microgrids are discussed. In this study, the real 

data set is used collected from Ekbatan complex. In Table 1, the maximum power of home appliances is shown. This data is 

recorded by Owl USB CM160 energy monitor, which is shown in Figure 5. 

Table 1. Power consumption of home appliances 

No. Appliance Power (W) 

1 Washing machine 2500 

2 Dishwasher 2000 

3 Heating/cooling system 2400 
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Fig. 5.  The laptop power consumption measurement 

4.1. DR of washing machine 

In order to investigate the application of proposed method "DR of washing machine", the correlation between the surplus 

power of RE resources and the consumption power of washing machine before and after DR in smart microgrid No. 1 is 

determined as below.  

The correlation between Psurplus and PWM unmanage is equal to 0.1 while the correlation between Psurplus and PWM 

manage is 0.317. Where P୛୑ ୳୬୫ୟ୬ୟ୥ୣ and P୛୑ ୫ୟ୬ୟ୥ୣ are the load profile of washing machine's consumption power before and 

after DR implementation, respectively. The correlation between load profile of washing machine and surplus power of RE 

resources rises after applying the DR method. Since the consumers' comfort is assumed in the proposed method, there is no 

possibility for an increase in correlation amount. The maximum allowable shift at washing machines' start time is assumed to be 

3 hours. The start time for the washing machine is forbidden after 10 pm. 

The amount of surplus power and the load profile of washing machine before and after DR are illustrated in Figure 6. 

 

Fig. 6.  The RE resources' surplus power and the load profile of washing machine before and after DR application 
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As it can be seen, the consumption of washing machine becomes zero and is shifted to another time at hours when the 

surplus power is negative (considering the consumers' welfare). Also, the consumption in some hours is shifted to another one 

when more surplus power is available.  

The amount of total consumption power before DR implementation is calculated as below. 

௟ܲ௢௔ௗି௨௡௠௔௡௔௚௘(ௐெ)(ݐ)

=  Pୠୟୱୣ(t) + P୛୑ ୳୬୫ୟ୬ୟ୥ୣ(t) 

(26) 

The correlation between the total load of microgrid before and after DR application and the surplus power can be obtained 

as follows. 

 The amount of correlation between total load and surplus powers increase from 0.318 to 0.324 which proves the validity 

of the proposed method. 

4.2. DR of dishwasher 

In order to show the authenticity of the method like washing machines, the correlation between consumption power of 

washing machine before and after DR application and surplus power is equal to 0.08 and 0.39 respectively. 

The behaviour of dishwasher has become more close to the surplus power of RE resources by applying DR method. It 

means that the method is applied correctly. The increase in correlation in the case of the dishwasher is higher than the washing 

machine. This can be for below reasons. The maximum allowable delay for the dishwasher is 6 hours (3 hours more than washing 

machine), which gives more flexibility to follow the surplus power of RE resources.  

The amount of REs' surplus power and consumption power of washing machine before and after DR application are 

depicted in Figure 7.  

According to Figure 4, if the surplus power is negative, the consumption of washing machine will be shifted to other 

hours (considering consumers' comfort). The consumption is shifted to hours when more surplus power is available, too. It shows 

that controlling dishwashers can improve the flexibility of RE resources. 

 

Fig. 7.  The RE resources' surplus power and the load profile of dishwasher before and after DR application 
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The correlation between total load before and after washing machine and dish washer's consumption management and 

surplus power is equal to 0.327 and 0.344 respectively. 

The correlation between surplus power and total load has risen, which proves the correctness of the proposed method. 

4.3. DR of heating/cooling system 

The object of consumption management in heating/cooling system is reaching to coincidence between consumption and 

the surplus power of RE resources, which is done by changing the indoor temperature in acceptable range.  

In order to test the application of this method, the correlation between the surplus power of RE resources and consumption 

power of cooling system before and after implementation is calculated 0.49 and 0.78 respectively. 

Where Pେ୭୭୪ୣ୰ ୳୬୫ୟ୬ୟ୥ୣୢ and Pେ୭୭୪ୣ୰ ୫ୟ୬ୟ୥ୣୢ are the consumption power of cooling system before and after DR. As it is obvious, 

the correlation between surplus power and cooling system grows notably. Since the consumers' welfare is assumed in this 

method, the correlation can't be higher than this quantity. The limitations related to users' comfort are the minimum and maximum 

acceptable temperature without any disturbance for consumers’ comfort. 

The surplus power of smart microgrid in two hot days in summer and the managed power of cooling system are illustrated 

in Figure 8. When the surplus power is positive, the home temperature is adjusted lower than the set temperature (considering 

the related constraint), so it causes a match between the behaviour of the cooling system and surplus power. 

The correlation between the surplus power of RE resources and the consumption power of the heating system is equal to 

0.0012 and 0.3 respectively. The correlation between load profile of heating system and surplus power increases in a condition 

that the proposed method is applied.  

The surplus power in two cold days and the managed power of the heating system are shown in Figure 9. When the 

surplus power is positive, the home temperature is adjusted higher than the set temperature, which makes a coincidence between 

the behaviors of heating system consumption with surplus power. 

 

Fig. 8.  The surplus power of smart microgrid in two hot days in summer, the managed and unmanaged power of cooling 

system 
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Fig. 9.  The surplus power in two cold days and the managed power of the heating system 

 

The total load of microgrid without load management of washing machine, dishwasher, and heating/cooling system can 

be obtained as below. 

௟ܲ௢௔ௗି௨௡௠௔௡௔௚௘(ௐெ,஽ௐ,ு௏஺஼)(ݐ)

=  ௟ܲ௢௔ௗି௨௡௠௔௡௔௚௘(ௐெ,஽ௐ)

+ Pୌ୚୅େ ୳୬୫ୟ୬ୟ୥ୣ(t) 

(27) 

The correlation between total load before and after DR of washing machine, dishwasher, and heating/cooling system is 

equal to 0.267 and 0.447. 

The validity of proposed method is indicated in above equations with an increase in correlation. 

5. Conclusion 

This paper proposed a novel method for DR for residential controllable loads in the case of high RE penetration. The 

results show that applying this method increases the correlation between load consumption and the surplus RE power, i.e. this 

method provides the optimal use of RE resources. Since the studied microgrid is considered with a high share of RE resources, 

the flexibility is low in power generation, and it can't follow the load pattern. Hence, the suggested DR method can improve the 

flexibility of controlled loads, which compensate the low flexibility in the generation side. In the current paper, the method was 

employed on the smart washing machine, smart dishwasher, smart cooling/heating system, and the results were verified in all 

cases.  
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