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Abstract

Nowadays there is a tendency to consume electricity during the same period of the day
leading to demand peaks. Regular energy consumption habits lead to demand peaks at
specific temporal intervals, because users consume power at the same time. In order to
avoid demand peaks, users’ appliances should consume electricity in a more temporarily
distributed way. A new methodology to schedule the usage of home appliances is
proposed and analyzed in this paper. The main concept behind this approach is the
aggregation of home appliances into priority classes and the definition of a maximum
power consumption limit, which is not allowed to be exceeded during peak hours. The
scenario simulated describes a modern household, where the electrical devices are
classified in low and high priority groups. The high priority devices are always granted
power in order to operate without temporal restrictions. On the contrary, the low priority
devices have to pause their operation, when the algorithm dictates it, and resume it in the
future. This can become beneficial for both energy companies and users. The electricity
suppliers companies will be capable of regulating power generation during demand
peaks periods. Moreover, users can be granted lower electricity bill rates for accepting
delaying the operation of some of their appliances. In order to analyze this scenario,
teletraffic engineering theory, which is used in evaluating the performance of
telecommunication networks, is used. A reversible fair scheduling (RFS) algorithm,
which was originally developed for telecommunication networks, is applied. The
purpose is to analyze how a power consumption limit and priorities for home appliances
will affect the demand peak and the users’ everyday life. Verification of the effectiveness
of the RFS algorithm is done by means of simulation and by using real data for power
consumption and operation hours. The defined maximum power limit of 750 and 1000
Watt was not exceeded during peak demand hours. The trade-off was an average delay
of 36,1 and 12,36 minutes, respectively, for the aggregated low priority class.

1 Introduction

It is undisputable that nowadays the number of electrical appliances in modern
residences has significantly increased compared to the past. The need for immediate and
simultaneous energy consumption has resulted in frequent demand peaks. The problem
arising for utility companies is the fact that they are obliged to deploy expensive
strategies to succeed generating enough energy to meet the demand. If the demand is not
met, this could lead to major black-outs or denial of service. This paper investigates a
method which can result in a more distributed consumption of energy over time, in each
household. The concept is relatively simple and it is based on the idea of spreading
electricity consumption over a finite period of time. The different appliances are
scheduled correspondingly based on their priority type. The overall goal of this method
is to guarantee that a defined electricity consumption limit will not be exceeded taking
into account the specific needs of each household. This technique could result in a more
distributed consumption which will lower the demand peaks. As the system presented
will ease the task of forecasting consumption, a reduction of greenhouse gasses can be
achieved.
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2 Electricity Management System

The aim of the proposed system is to schedule the consumption of appliances in the
users’ residence so that the total consumption does not exceed a certain limit. By limiting
the consumption of each user, electricity demand peaks could be reduced or even
avoided. The purpose of the system is not to reduce the electricity consumption of the
household but to spread the consumption over time and avoid having all the appliances
turned on at the same time.

To evaluate the system, a household with a television set, a computer, a washing
machine, a dryer and a dishwasher is analyzed. In the rest of this paper, these devices
will be referred to as household appliances or appliances. Furthermore, these appliances
have been divided into two sets: high priority appliances (television set, computer) and
low priority appliances (washing machine, dryer and dishwasher). The set of high
priority appliances are the household appliances that consume electricity as soon as they
are turned on, they cannot be denied electricity and cannot be paused or delayed in any
way. On the other hand, for the set of low priority appliances, it is not necessary to
provide electricity immediately; it is possible that these appliances wait before being
turned on (delayed) and also paused. Therefore their task duration could be prolonged.

2.1 System architecture

The system considered in this paper is illustrated in Fig. 1 and consists of the household
appliances and a Control System (CS).
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Figure 1: System Architecture

The CS is capable of communicating with the household appliances and monitoring the
consumption of each appliance. The main function of the CS is to keep the total
electricity consumption under the defined consumption limit. In order to achieve this, the
CS is capable of sending basic commands to the household appliances such as on, off,
pause and resume. The on and off commands are used to turn on and off the household
appliances respectively. The pause command is used to force the appliance into stand-by
mode, where its consumption is negligible compared to its consumption when it is turned
on. On the other hand, the resume command is used to turn on the appliance, when it is
in stand-by mode. As a result the appliance will then continue its task. For instance,
assume that the washing machine has received the pause command after the clothes are
rinsed and is in stand-by mode. Once it receives the resume command, it will continue
the washing program from that point by making the drum rotate, instead of starting the
washing program from the beginning. The CS will decide which appliances can be
paused and when they should continue their task by following the event driven
scheduling algorithm illustrated in Fig. 2. This is explained in detail in the next section.
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3 Event Driven Scheduling Algorithm

In order to keep the total consumption of the household under the determined limit, an
event driven scheduling algorithm is used. The flow of the algorithm is determined by
two events. Arrival event occurs when an appliance is switched on and requests to use
electricity. Departure event occurs when an appliance has finished its task and stops
consuming electricity. The algorithm the CS uses is shown in Fig. 2.
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Figure 2: Event Driven Scheduling Algorithm

In order for the appliance to be able to send the request message to the CS, the appliance
needs to consume some power. However, this consumption is not considered in this
paper as a simplified model is used. In the same way, when an appliance is paused it has
to be able to listen for the resume message from the CS. This consumption is also not
taken into consideration in this simplified model.

When the user turns on an appliance, the CS will receive a request from that appliance to
consume power. The CS will then calculate if there is enough power to turn on that
appliance without exceeding the maximum consumption:

N,
Max_consumption < »" X; +X ey 1)
i=1

where max_consumption is the defined maximum electricity consumption, N; is the
number of appliances turned on, X; is the consumption of the appliance i and Xy, is the
consumption of the appliance the user just switched on. If equation (1) stands then the
appliance requesting to consume electricity is turned on as the total consumption does
not exceed the limit. On the other hand, if equation (1) does not stand, the CS proceeds
to examine the priorities of the appliances. The CS will try to find a set of N, appliances,
which are already turned on (N, < N;), and which have lower priority than the appliance
requesting to consume. So the following equation is fulfilled:

N2 Nl
Xpew < ZXJ- + (max_consumption — ZXi) 2

j=1 i=1

where x; is the consumption of the appliance j and the term in between brackets is the
available consumption before the limit consumption is reached. If the CS can find a set
N, that verifies equation (2), these appliances will be paused and added to the paused
appliances list. The CS will send the command pause to the N, appliances and it will
grant access to the new appliance, as the maximum consumption is not exceeded. On the
contrary if the CS cannot find a set of N, appliances that fulfill equation (2), the
appliances requesting power will be added to the paused appliances list.
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When an appliance is turned off or it has finished its task, the CS will detect this as a
departure event. If the paused appliances list is not empty, the CS will evaluate the
following equation:

N,
max_consumption < in + X paused (3)
i=1

where Xpaused 1S the power consumption of the paused appliance found in the paused
appliances list. If equation (3) stands, this paused appliance will receive a resume
command from the CS and will be removed from the paused appliances list.
Furthermore, if the paused appliances list still contains paused appliances, the CS will
evaluate equation (3) again until there are no more appliances left in the paused
appliances list or the maximum consumption is reached. The CS evaluates the
appliances in the paused appliances list in input order, FIFO (first-in-first-out), as they
will all have the same priority, low priority.

4 Teletraffic Theory Revised

Teletraffic engineering is the application of probability theory and stochastic
mathematical modeling for solving problems concerning network planning, evaluating
network performance and deriving the relationship between grade-of-service and system
capacity [1]. The aim is to dimension the network accordingly and establish the
appropriate traffic controls. In case of different services, traffic classes are used to
aggregate the services according to their grade-of-service requirements. The user flows,
or the data to be transmitted by the users, are divided in classes. This division is used as
the basis for differentiated processing and service.

The Reversible Fair Scheduling (RFS) algorithm presented and used in this paper has its
origin in teletraffic engineering. It is a bandwidth allocation scheduling algorithm and its
aim is to allocate resources dynamically to networks supporting multiple services. The
resources are allocated depending on the type of user request.

Therefore, the service requiring the highest amount of resources will be served, as long
as, the total capacity or defined limit of the system is not exceeded. As shown in Figure
3, a communication link consists of n channels and k buffers. The total number of
supported services classes is N, which occupy the resources of the communication link.
The system will receive requests from these N classes to use some of the n channels in
communication link. When a request is received for one of the classes that requires less
channels than the available number in the link, it can be served immediately [1, 2].

— .
—_—
*
+
-
—_— + |
e [
— » channels
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: [ Communication
— " — " Link
N classes k byffars  Processors

Fig. 1: Resource allocation in a network communication link [3].
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5 Mapping Teletraffic Theory to Energy Efficient
Homes

In this section, the RFS algorithm parameters are mapped to the users’ appliances
consumption and to the users’ consumption habits.

It is assumed that appliances request arrive independently at random times and inter-
arrival times of flows are exponentially distributed which results in a Poisson arrival
process with specific arrival intensity. The RFS model is insensitive to the distribution of
the service time and depends only on the corresponding mean values [2].

5.1 Aggregated Classes

As presented in section 2.1, only some appliances have been taken into consideration:
television set, computer, washing machine, dryer and dishwasher. For simplicity reasons,
the appliances have been aggregated into two traffic classes. Class 1 encloses the high
priority appliances: television set and computer, whereas Class 2 encloses the low
priority appliances: washing machine, dryer and dishwasher.

5.2 RFS Algorithm Parameters

In order to run the RFS algorithm, details about the consumption of appliances and usage
are needed. Table | summarizes consumption of each appliance and average usage. This
data attempts to model the appliances usage of a typical day of a family (4-6 persons)
between 17:00-00:00, when most of electrical consumption takes place.

Appliances Model Power Average Usage
Consumption Usage [4] Duration
- Television: 42LE4900 LG [5] 239 Watt 4,3 hours/day 120 min
Television Set DVD player: DVX550 LG [6]
Home theater: S-HS111US Pioneer [7]
PC: HP Pavilion Slimline s5670t series[8] 242 Watt 3,5 hours/day 100 min
Computer Monitor: BX2340 Samsung [9]
. . WM12S32XEE Siemens[10] 733 Watt 3,1 times/week 131 min
Washing machine
. WTW8658XEE Bosch[11] 609 Watt 4,4 times/week 134 min
Dryer machine
SMS69T25EU Bosch [12] 720 Watt 4,1 times/week 100 min

Dish washer

Table I: Home Appliances Characteristics

As explained in the previous subsection, the different appliances are grouped into two
traffic classes. For each class, the arrival rate, the mean service time, the service rate and
the channels needed have been calculated, by using the data given in Table I. The arrival
rate is defined as the average rate of incoming requests. Those are the parameters needed
as input for the RFS algorithm. The RFS algorithm parameters are summarized in Table
I1. The arrival rate of class 2 has been calculated by adding the average usage for the low
priority appliances. On the other hand, to calculate the arrival rate of class 1, the average
usage and the duration of the usage of high priority appliances have been used. The mean
service time is the approximated average duration of usage of the high priority
appliances for class 1, and of the low priority appliances, for class 2. Each of the n
channels has a capacity of 250 watts. Considering the power consumption of the
appliances in Table I, it has been assumed that class 1 uses 1 channel (250 watts) and
class 2 uses 3 channels (750 watts). The consumption of the appliances used to evaluate
the system are higher than the actual values. For this reason, the results obtained in the
simulation will be higher than what expected if accurate values where used. This is due
to granularity precision within the teletraffic simulator software used.
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Classes Arrival Rate Mean Service Service Rate Occupied Channels

(requests/day) Time (channels/request)
Class 1
High Priority 2,2 1,8 hour 0,5556 1
Class 2
Low Priority 1,7 2 hour 0,1667 3

Table II: RFS Algorithm Parameters

Furthermore, we assume that the resulting blocking probability, after running the RFS
algorithm with the above parameters, has to be negligible. The blocking probability
refers to the probability that a request is rejected and it is not granted power neither put
in queue. This is due to the fact that if the user turns on an appliance, the appliance
should eventually proceed with its task, even though the task is delayed or prolonged. In
the system described, the request comes from an appliance which expects to consume
power. If the request comes from a high priority appliance, the scheduling algorithm will
pause the necessary low priority appliances so that the high priority appliance can
consume power, without exceeding the maximum consumption. On the other hand, if the
request comes from a low priority appliance the request will be granted power if there is
enough available power. If there is no available power, the appliance will be put in
queue. It is assumed that this queue is long enough so that the blocking probability is
negligible. The length of the queue in the RFS algorithm is represented by the number of
buffers which has been chosen to be 50.

5.3 Device and Users’ Assumptions

In order for the system described in this paper to work, it is assumed that home
appliances such as washing machine, dryers and dish washers can be paused at any
moment and resume after some time. On the other hand, high priority appliances are
never paused and power is always granted to them by pausing low priority appliances if
necessary.

As mentioned before, when an appliance sends a request message it needs to consume
power to make this communication possible. However, this consumption is not
considered in this paper as a simplified model is used. In the same way, when an
appliance is paused it has to be able to listen for the resume message from the CS. This
consumption is also not taken into consideration in this simplified model.

Furthermore, it is also assumed that users will accept their low priority appliances to be
paused and therefore it will take longer for them to finish their task. In order to get users
to accept those terms, utilities could offer the users using this type of system a reduction
in their electricity bill. This can be used as a commercial strategy by utilities to face a
more homogeneous consumption by using attractive pricing schemes. It has to be taken
into consideration that electricity bills are increasing along with the number of electrical
appliances and users are interested in reducing their electricity bill. In particular, during
the winter of 2007/08, 20% of Americans could not pay on time their electricity bill and
8.7 million American consumers were disconnected from their electricity utility services
[13].

6 Numerical Analysis
6.1 Methodology

Two different scenarios are simulated both using the parameters presented in section 5.2.
In the first scenario, the maximum power consumption is set to 750 watts. Considering
that each channel is 250 watts the total number of channels is 3. Low priority appliances
need therefore 3 channels and high priority appliances need 1 channel. In the second
scenario, the maximum power consumption is set to 1000 watts or 4 channels.
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6.2 Results and Performance Metrics

The scenarios described in the previous subsection are simulated to obtain the mean
waiting time for each service class. This is presented in Table I11 and IV.

The mean waiting time is the time the appliance has to wait before it is granted power. In
the system described, high priority appliances are always granted power so their mean
waiting time should be zero. However, due to the fact that the RFS algorithm does not
pause class 2 appliances when a class 1 appliances request is received the mean waiting
time for class 1 is not zero. The CS is responsible for discriminating the classes in
priorities, as described in section 3. Nevertheless, after measuring the mean waiting time
for each service class, it can be calculated how much time the low priority classes will be
delayed. This is the sum of the mean waiting time of class 1 and class 2.

Table 1l and Table IV present the simulation results for 750 watts maximum
consumption and 1000 watts maximum consumption, respectively.

Classes Mean Waiting Time Mean Waiting Time
RFS algorithm Scheduling algorithm
Class 1 6,74 min 0 min
High Priority
Class 2 29,36 min 36,1 min
Low Priority

Table I11: RFS Algorithm Results for 750 watts maximum consumption

Classes Mean Waiting Time Mean Waiting Time
RFS algorithm Scheduling algorithm
Class 1 1,08 min 0 min
High Priority
Class 2 11,28 min 12,36 min
Low Priority

Table IV: RFS Algorithm Results for 1000 watts maximum consumption

By setting the maximum consumption to 750 watts the low priority appliances will in
average take 36,1 minutes longer to finish their tasks than if there was no maximum
consumption limit. On the other hand, if the maximum consumption is set to 1000 watts
the delay of low priority appliances is only of 12,36 minutes. As stated before, high
priority appliances will not be affected by setting a consumption limit and will never
have to wait for consuming electricity. Considering that low priority appliances tasks
take around 120 minutes to finish, setting a consumption limit to 750 watts will
increment their task time a 30,1% and 10,3% when the consumption limit is set to 1000
watts.

7 Conclusion

In this paper, an event driven scheduling algorithm for regulating electricity demand
peak for home appliances is presented. The objective of the system is to provide a tool
for scheduling the operation of daily use home devices, guaranteeing that a maximum
limit of power consumption is never exceeded during peak demand hours. The latter can
be beneficial for both users and energy companies, as explained throughout this paper.
To analyze the proposed event scheduling algorithm, Reversible Fair Scheduling (RFS)
is used. RFS is a bandwidth allocation algorithm and originates from teletraffic theory.
The parameters of RFS algorithm have been adjusted to the home appliances
characteristics and users’ appliance usage.

The scenario presented in this paper considers some of the appliances found in a modern
household, where the electrical devices are classified in low and high priority groups.
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The high priority appliances are always granted power and are never paused. On the
contrary, the low priority appliances have to pause their operation, when the scheduling
algorithm dictates it, and resume later on. The effectiveness is verified by the RFS
algorithm with data obtained from real appliances and studies about users’ appliances
usage. Two scenarios with different maximum power limits have been simulated, 750
watts and 1000 watt. For a consumption limit of 750 watts, the low priority appliances
will have a delay of approximately 36 minutes, which supposes a 30% increment in their
task time. However, if the consumption limit is 1000 watts the delay is reduced to
approximately 12 minutes, which supposes only an increment of a 10% in their task
time.
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