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Abstract. The large variability in power consumption in electrical power systems (EPS) influences not only growth balance losses and technical 
losses, but also in some cases reduces energy security. Delayed restoration of power generation, combined with unpredictable weather events 
leading to the loss of generating power can lead to a situation in which to save the stability of the power system there must be introduced in the 
system a load power limit or even disconnection of end-user in a given area, which will significantly reduce the comfort of use of energy. This 
situation can be prevented through either the building of new intervention power units or the aggregated use of new energy technologies, such 
as distributed network resources (DER), which are part of an intelligent Smart Grid network. Such resources bring together virtual power plants 
(VPP) and demand side management (DSM). The article presents an alternative decentralized active demand response (DADR) system, that by 
acting on selected groups of loads reduces peak loads with minimized loss of comfort of energy in use for the end-user. The system operates 
without any communication. The effectiveness of the proposed solution has been confirmed, outlined in test results obtained by the authors 
from a developed analytical model, which also contains stochastic algorithms to decrease the negative impact of such DSM systems on the 
power system (power overshoot and oscillation).
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with respect to the ongoing modernization and renovation of 
power generation in the Polish EPS.

Due to the structure of energy production in the Polish EPS, 
where the vast majority of installed power generators (about 
85% [9]) are thermal power plants, even the construction of 
new power plants would be not able to fully guarantee the safety 
of the EPS, moreover it is an expensive solution, approx. 
780 EUR / MWh [10]. An example illustrating this fact would 
be the situation which occurred in August 2015, when as a result 
of unforeseen prolonged drought there were significantly de-
creased water resources available in Polish rivers which are 
commonly used in technological processes of thermal power 
plants (which exclude the operation of pumped-storage hydro-
electricity and hindered cooling primary power generation 
power plants). This resulted in the need for load power limits 
to a large number of industrial customers for a period of about 
two weeks, causing considerable losses resulting from idle pro-
duction lines. The targeted amount of power reduction was 
estimated at 1 GW, which is approx. 4% of the peak load on 
the Polish EPS.

Given the above, TSO launched commercial DSM service 
elements in the form of several reduction packages. Within each 
package the TSO is entitled to a maximum of 15 four-hour re-
ductions in the period of 24 months service in the respective 
months of the offered package reduction. The TSO request may 
involve no more than one reduction during the day and not more 
than 3 weeks reduction. The program is aimed at bidders (ag-
gregators or industrial) who have a power reduction exceeding 
10 MW, and the execution of the service is billed on the basis 

1.	 Introduction

Due to the increasing standard of living and rapid technological 
advances there is a greatly increased demand for electricity. The 
nature of electricity users depends on the time of year, the type 
of day (working or weekend) and ad hoc responses to the cur-
rent weather. Consequently, the power demand curve in the EPS 
forms valleys and peaks. These problems are the cause of fi-
nancial losses in the EPS, therefore the aim is to equalize the 
power curve [1]. Processes used to regulate the demand-side 
electricity are called demand side management (DSM) / demand 
side response (DSR) and have been an issue described in the 
literature for years [2–7].

In the Polish EPS, where the so-called baseline supply uses 
coal-fired power plants, equalization of the daily load curve 
leads indirectly to increased energy efficiency in the generation 
sector. The greatest relative difference between peak load and 
the minimum load in the Polish EPS occurs in the winter, with 
a value of about 25% and is one of the highest in Europe. 
Taking into account coal-fired and lignite power plants, this 
results in the average efficiency of coal-fired power plants 
reaching 34% during peak hours and falling to approx. 31% 
during the night valleys hours. Reducing peak loads in the EPS 
may lead firstly to a reduction of grid losses, which in the Polish 
EPS amount to approx. 7% [8] and improve the stability of EPS 
by increasing the power reserve. This is particularly important 
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of the volume of energy that as a result of the service has not 
been downloaded from the power system. The offered price 
reduction for services reaches the average value of 
270 EUR / MWh net (on the basis of tenders listed in Table 1). 
The offer is addressed mainly to the demand side Aggregators 
and large energy consumers. The main disadvantage of this 
solution is the significant cost of power reduction service inter-
vention (approx. 270 EUR / MWh) and the limited number of 
reductions which may be required in the framework of the con-
cluded contract. Moreover, any reduction is associated with the 
loss of energy use comfort by the end-user and can be done with 
a much earlier notification. Taking into account the results of 
the analysis of the energy consumption structure – the daily 
load curves in EPS (Fig. 1) and the electricity consumption 
profiles (Fig. 2) – it can be seen that a significant share in eve-
ning peak power is taken by small end-user (G11 tariff) and 
companies (C11 tariff). This leads to the conclusion that the 
effective reduction of peak load power in the evening peak load 
period can be carried out thanks to the commitment to the re-

duction of smaller energy consumers (households). Such action, 
because of the considerable power dissipation intervention 
(a large number of end-user participating in the reduction pro-
gram) must be stimulated, for example, through tariffs or tech-
nically aggregated, which may create legitimate concerns as to 
the effectiveness of the service. The easiest action in energy 
consumption is reduction, but, in addition, reduction of the 
power demands of the small end-users (households) can be 
achieved by reducing the energy consumption through the use 
of devices with a high energy efficiency index (EEI) class [11–
13] (this restriction has been introduced in the EU area) and in 
most cases the required class is higher than A [11]. Such action 
achieves a reduction of up to 60% (due to the difference in 
energy consumption of the EEI class D and EEI class A) espe-
cially in domestic lighting systems which contribute signifi-
cantly to the generation of evening peak power.

Issues associated with controlling the Demand Side Re-
sponse of small end-users are widely described in the literature 
[14, 15]. However, in most cases they relate the impact on the 

Table 1 
Characteristic reduction packages in the TSO program (PGE, PKN, ENSPIRION - Polish companies participating in tenders)

Reduction package Required reduction power 
[MW]

Potential period reduction 
[month]

Price reached in tenders 
[EUR/MWh netto]

IA 10 – 20 X – III 220 (PGE)

IB 10 – 20 IV – IX 220 (PGE) – 1450 (PKN)

IIA 21 – 35 X – III 270 (ENSPIRION)

IIB 21 – 35 IV – IX 270 (ENSPIRION)

IIIA 36 – 55 X – III 250 (PGE)

IIIB 36 – 55 IV – IX 250 (PGE)

IVA 56 – 90 X – III 270 (ENSPIRION)

IVB 56 – 90 IV – IX 270 (ENSPIRION)

Fig. 1. Daily load curve in Polish EPS on a working and a weekend day
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action, because of the considerable power dissipation interven-
tion (a large number of end-user participating in the reduction
program) must be stimulated, for example, through tariffs or
technically aggregated, which may create legitimate concerns
as to the effectiveness of the service. The easiest action in en-
ergy consumption is reduction, but, in addition, reduction of
the power demands of the small end-users (households) can be
achieved by reducing the energy consumption through the use
of devices with a high Energy Efficiency Index (EEI) class [11,
12, 13] (this restriction has been introduced in the EU area) and
in most cases the required class is higher than A [11]. Such ac-
tion achieves a reduction of up to 60% (due to the difference
in energy consumption of the EEI class D and EEI class A)
especially in domestic lighting systems which contribute sig-
nificantly to the generation of evening peak power.

Issues associated with controlling the Demand Side Re-
sponse of small end-users are widely described in the litera-
ture [14, 15]. However, in most cases they relate the impact
on the demand side through tariff programs such as Time of
Use (ToU), Real Time Pricing (RTP) or Critical Peak Pricing
(CPP), where the price of electricity varies during the day and
is associated with energy prices on the balancing market. With
these tariffs the user, under pressure from high energy bills at
peak times, is forced to modify his energy profile, which does
not always achieve the desired effect of reducing peak loads,
but may cause an increase in charges for energy bills and as a
consequence the abandonment of such a program tariff [4, 16].
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Fig. 2. Electricity consumption profile - single-zone tariff (B11, C11,
G11)

The concomitant changes in prices on the balancing market can
also be achieved by using hardware solutions that automate de-
mand control processes:

• centralized systems using additional Information Communi-
cation Technology (ICT) infrastructure, such as Advanced
Metering Infrastructure (AMI) and Home Area Network
(HAN), where on the basis of current or ad-hoc informa-
tion on changes in the energy price the controller performs
scheduling operations for individual devices on the basis of
established algorithms and priorities. This control is often
called the Direct Load Control (DLC [17, 18]);

• distributed systems using Smart Appliance loads with pro-
grammable operating characteristics, where the daily work
schedule of equipment is determined by the internal con-
troller or additional external device – Active Socket placed
between the grid side and the controlled device [19].

The first of the described solutions, for the effective imple-
mentation of power reduction, stimulated by tariff signals, re-
quires the use of an ICT infrastructure consisting of at least one
central controller, several controlled plug-ins (two or three of
the most energy-intensive loads) and a modem for communica-
tion with the AMI meter or provision of external communica-
tion through an alternative channel. The cost of such a system,
based on market data is estimated by the authors to about 700
EUR.
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action, because of the considerable power dissipation interven-
tion (a large number of end-user participating in the reduction
program) must be stimulated, for example, through tariffs or
technically aggregated, which may create legitimate concerns
as to the effectiveness of the service. The easiest action in en-
ergy consumption is reduction, but, in addition, reduction of
the power demands of the small end-users (households) can be
achieved by reducing the energy consumption through the use
of devices with a high Energy Efficiency Index (EEI) class [11,
12, 13] (this restriction has been introduced in the EU area) and
in most cases the required class is higher than A [11]. Such ac-
tion achieves a reduction of up to 60% (due to the difference
in energy consumption of the EEI class D and EEI class A)
especially in domestic lighting systems which contribute sig-
nificantly to the generation of evening peak power.

Issues associated with controlling the Demand Side Re-
sponse of small end-users are widely described in the litera-
ture [14, 15]. However, in most cases they relate the impact
on the demand side through tariff programs such as Time of
Use (ToU), Real Time Pricing (RTP) or Critical Peak Pricing
(CPP), where the price of electricity varies during the day and
is associated with energy prices on the balancing market. With
these tariffs the user, under pressure from high energy bills at
peak times, is forced to modify his energy profile, which does
not always achieve the desired effect of reducing peak loads,
but may cause an increase in charges for energy bills and as a
consequence the abandonment of such a program tariff [4, 16].
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The concomitant changes in prices on the balancing market can
also be achieved by using hardware solutions that automate de-
mand control processes:

• centralized systems using additional Information Communi-
cation Technology (ICT) infrastructure, such as Advanced
Metering Infrastructure (AMI) and Home Area Network
(HAN), where on the basis of current or ad-hoc informa-
tion on changes in the energy price the controller performs
scheduling operations for individual devices on the basis of
established algorithms and priorities. This control is often
called the Direct Load Control (DLC [17, 18]);

• distributed systems using Smart Appliance loads with pro-
grammable operating characteristics, where the daily work
schedule of equipment is determined by the internal con-
troller or additional external device – Active Socket placed
between the grid side and the controlled device [19].

The first of the described solutions, for the effective imple-
mentation of power reduction, stimulated by tariff signals, re-
quires the use of an ICT infrastructure consisting of at least one
central controller, several controlled plug-ins (two or three of
the most energy-intensive loads) and a modem for communica-
tion with the AMI meter or provision of external communica-
tion through an alternative channel. The cost of such a system,
based on market data is estimated by the authors to about 700
EUR.
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demand side through tariff programs such as time of use (ToU), 
real time pricing (RTP) or critical peak pricing (CPP), where 
the price of electricity varies during the day and is associated 
with energy prices on the balancing market. With these tariffs 
the user, under pressure from high energy bills at peak times, 
is forced to modify his energy profile, which does not always 
achieve the desired effect of reducing peak loads, but may cause 
an increase in charges for energy bills and as a consequence the 
abandonment of such a program tariff [4, 16]. The concomitant 
changes in prices on the balancing market can also be achieved 
by using hardware solutions that automate demand control pro-
cesses:
●	 centralized systems using additional information communi-

cation technology (ICT) infrastructure, such as advanced 
metering infrastructure (AMI) and home area network 
(HAN), where on the basis of current or ad-hoc information 
on changes in the energy price the controller performs 
scheduling operations for individual devices on the basis of 
established algorithms and priorities. This control is often 
called the direct load control (DLC [17, 18]);

●	distributed systems using smart appliance loads with pro-
grammable operating characteristics, where the daily work 
schedule of equipment is determined by the internal con-
troller or additional external device – Active Socket placed 
between the grid side and the controlled device [19].
The first of the described solutions, for the effective imple-

mentation of power reduction, stimulated by tariff signals, re-
quires the use of an ICT infrastructure consisting of at least one 
central controller, several controlled plug-ins (two or three of 
the most energy-intensive loads) and a modem for communica-
tion with the AMI meter or provision of external communica-
tion through an alternative channel. The cost of such a system, 
based on market data is estimated by the authors to about 
700 EUR.

For example, in “Real-time price-based home energy man-
agement scheduler” [20] the authors discuss home energy man-
agement, which reduces energy use by means of a price signal. 
In the above mentioned solutions, loads are managed by a con-
troller which uses a stochastic algorithm to select loads at 
a given home to be switched on/off. The disadvantage of this 
solution is the lack of studies on the aggregate impact of such 
action, which may lead to power overshoot and oscillations. 
Similar analyses mainly focused on dwellings are also consid-
ered in [21–24].

In this regard, the proposed DADR system, which is dedi-
cated to small end-users, becomes effectively a response for the 
demand reported by the TSO (achieving peak power reduction 
by 1 GW) and is responsible for the stability of the Polish EPS, 
moreover it may constitute an alternative or supplement to the 
reduction intervention program targeted at demand-side aggre-
gators. The distinguishing feature of the DADR system is the 
lack of a master communication infrastructure and lack of com-
munication between devices. The control algorithm uses prob-
abilistic methods, which in effect eliminate power overshoot 
and oscillations in the EPS during synchronous switching ON 
and OFF of devices at the same time. The proposed solution 
reduces the level of power during peak hours, however, its dis-

advantage is the lack of possibility for power reduction at the 
TSO’s request (e.g., emergency state). Nevertheless, the lack 
of communication and the need for dedicated loads makes this 
solution relatively quick to implement and allows for the pro-
vision of services within the DSM in accordance with TSO 
expectations.

The system proposed in the paper is presented in the context 
of the Polish EPS, but may be applicable to other systems. The 
main contribution is to show its potential and specificity of 
action which stands out by its lack of communication system 
while at the same time not causing power overshoot and oscil-
lation.

2.	 The concept of the decentralized  
DADR system

A characteristic feature of the DADR system shown in 
Fig. 3(a) is the considerable dispersion throughout the EPS 
and the lack of communication between its elements (DADR 
devices). A DADR device (Fig. (b)) has the functional ability 
to improve both the dynamic system stability (load frequency 
control – LFC block) and peak power reduction (DSR block). 

Fig. 3. DADR system as part of a DSM dispersion system: (a) DADR 
system concept, (b) simplified internal structure of a DADR device

(a)

(b)
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In the first case the voltage frequency is measured and, based 
on this measurement, a working stochastic algorithm is estab-
lished. In the DSM case a working algorithm based on the 
current measurement of the load is established -the algorithm 
determines the operating status of the load and time since the 
last ON state.

A single DADR device acting as an active intermediate 
socket, in which the controlled device (fridge-freezers) current, 
and the device’s period of work is measured, allows for the 
provision of services within the DSM thanks to it being 
equipped with a stochastic algorithm (program) which triggers 
the blocking operation of the powered device at certain hours 
of the day (peak hours). At the same time the schedule and 
duration of locks is correlated with the daily load curve. More-
over, the algorithm should also take into account the devices 
specificity of operation as well as weekly and annual variability 
of EPS load profile. The DADR system zone can be linked with 
fluctuations in load by:
●	 fixed schedule peak hours entered into the device memory, 

based on data analysis of the preceding year;
●	peak hours detection based on ongoing analysis of the 
voltage of the EPS (RMS and/or frequency).
The first method is simpler and, as research shows, a sig-

nificant dependency between the location of EPS peak load 
zones and the solar activity gives fairly good results, which are 
used among other things in determining the price zones in the 
impact programs on the demand side (multi-zone tariffs). The 
second option requires an assessment of the two-way correla-
tion between system load and grid voltage parameters 
(RMS / frequency). In further analysis to determine the peak 

load zone of the EPS the method used employed an array of 
zones permanently entered into the DADR device memory.

3.	 Classification of loads

3.1. Operating characteristics of loads. DSR systems perform 
their functions by reducing load power. In end user electric 
installations one rarely meets loads with regulated power, hence 
power limitation processes are implemented mostly by turning 
off selected devices or by temporary blocking of their work 
(time shift). Loads occurring in end user installations on the 
basis of their operating characteristics can be divided into three 
basic types [25]:
1.	Baseline loads (e.g., lighting, computing, network devices);
2.	Burst load (e.g., clothes dryer, dishwasher, washing ma-

chine);
3.	Regular load (thermostatic devices, such as refrigerator, wa-

ter heater etc.).
Baseline loads from the first group serve basic living needs 

(e.g., lighting) so these loads are not particularly suitable for 
performing functions related to the equalization of the daily 
load curve, but they can be part of pro-efficiency action by 
promoting devices with a high EEI class and by blocking 
“Stand-by” mode. For the purposes of demand management the 
two other groups are suitable devices. They differ in their nom-
inal power, their daily work characteristics and dissemination 
in households [26]. A summary of parameter characteristics of 
devices together with an assessment of their predisposition in 
DSR processes is shown in Table 2.

Table 2 
Types of devices in terms of of participation in DSM program

Loads Dissemination [%] 
[26]

Average unit power [kW] 
[26]

Operating 
Characteristics

Mode of 
participation  

in DSM program

The theoretical 
value of the power 

reduction [GW]

R
eg

ul
ar

Refrigerator, 
refrigeratorfreezer, 
freezer

99.50 0.08 Type 3 blockade 01.11

HVAC 00.35 2.0 – 6.0 Type 3 blockade 00.20

Electric water heaters 
or electrical therms 23.00 1.5 – 3.5 Type 3 blockade 08.05

Electric furnaces 05.40 4.0 – 48.0 Type 3 blockade (1) /  
time shift (2) 19.66

Heat pump 00.05 3.5 – 16.0 Type 3 blockade 00.07

B
ur

st

Washing mashine 88.90 2.0 – 2.5 Type 2 time shift 28.00

Dryer 02.00 1.0 – 3.0 Type 2 time shift 00.56

Dishwashers 20.00 2.0 – 2.5 Type 2 time shift 06.30

1-refers convection ovens; 2-refers storage heater
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The literature on activities describing the modification of 
the daily load curve of the EPS presents three basic types of 
control for devices, with time versus power characteristics:

●	 timed reduction of instantaneous power;
●	 shortened work cycle (average power cycle);
●	 intentional time shift in operational cycle of devices.
It should be noted that not all types of controls listed above 

for the reduction of load power equate to a reduction of final 
energy consumption. Possible types of controls for specific 
groups of devices are summarized in Table 2 (the column “The 
theoretical value of the power reduction” shows calculations 
for power values resulting from load power (mid-range value) 
and dissemination. In practice, these values will be lower be-
cause of the lack of simultaneity of use (to a value of approxi-
mately 50%).

3.2. Selection of loads for control via the DADR system in 
DSM mode. A three-level scale of predisposition to DSM pre-
sented in Table 2 takes into account criteria such as:

●	 the accumulated value of the power reduction, which is 
a derivative of the distribution of the group in the EPS 
and a device’s average unit power as one of the group;

●	 the duration and energy of a device’s single cycle oper-
ation;

●	 the availability for DSM action (during the day as well 
as during the year);

●	 the ability to exert influence on the characteristics of 
a device’s operation without interfering with its construc-
tion;

●	 the subjective volume of discomfort felt by the user, 
caused by the participation of the particular type of de-
vice involved in DSM actions.

As can be seen from the results of the evaluation listed in 
the last column of Table 2, sometimes, despite possessing high 

technical predispositions, a low rating for a given group of de-
vices (e.g., heat pumps and HVAC systems) is determined by 
low dissemination in the Polish EPS. On the other hand low 
unit power with high availability and a low rate of loss of com-
fort makes devices such as refrigerators (fridge-freezers or 
freezers) a target group of devices for control by the DADR 
system. Considering the above, further studies will be focused 
on freezers. The main reason for the use of such devices is their 
ubiquity and daily availability from the point of view of the 
provision of DSM services. According to data from the Polish 
Central Statistical Office [26] refrigerators and freezers are used 
in 99.5% of Polish households (Table 2).

3.3. Switching off thermostatically controlled devices to 
serve reduction of peak power load. Controlling thermostatic 
devices, in order to improving the performance of the EPS is 
widely described in the literature [27–34]. However, these solu-
tions often require interference in the structure of the devices 
(e.g., a forced change of temperature range delimits in the ag-
gregate ), which action is possible through communications 
(Smart Grid) [1, 15 35–42]. The advantage of the proposed 
DADR system is that there is no interference in the structure of 
the device and no communication between the elements of the 
system (DADR devices).

Taking into account the above, freezers have been selected 
for further analysis. The use of these devices in the provision 
of DSM services requires the blocking of the operation of their 
aggregates at peak hours (Fig. 4). During off-peak hours the 
DADR system allows the freezer to operate in its normal mode. 
In most cases, due to the inertia of these processes, disabling 
them for a period not exceeding 2 – 3 hours (about 2 – 3 oper-
ating cycles) does not cause a significant loss of their function-
ality, but larger control temperature deviations have to be reck-
oned with.

Fig. 4. The general concept of DADR action. An idealized time characteristic in normal mode and during the operational time period  
of DADR device.
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As shown in the measurements in normal mode the oper-
ating temperature on a freezer’s middle shelf varies from 
¡19.8°C to ¡17.5°C (Fig. 5(a)). In a situation in which the 
freezer is turned off for 3 hours (2 – 3 operation cycles) and 
where the door is not opened, the temperature rises to ¡16.3°C. 
Opening the door every 15 minutes for 20 seconds (which is 
above typically frequency of openings) causes the temperature 
in the freezer to rise to ¡13.3°C (Fig. 5(b)). However, regard-
less of the manner of usage (even when a device is turned off 
for several hours), there is no degradation of the operation that 
would threaten to render the products unusable.

4.	 Stochastic control algorithm

4.1. Normal freezer operation cycle. Assume that each i-th is 
a typical controlled device operation cycle by a DADR device 
and consists of two consecutive steps. The first step OFF (ag-
gregate off) starts after reaching minimum temperature υmin. 

Then the aggregate is switched off for a period of Ti, OFF. After 
reaching the maximum temperature 

blocking of their work (time shift). Loads occurring in end
user installations on the basis of their operating characteristics
can be divided into three basic types [25]:

1. Baseline loads (e.g., lighting, computing, network de-
vices);

2. Burst load (e.g., clothes dryer, dishwasher, washing
machine);

3. Regular load (thermostatic devices, such as refrigera-
tor, water heater etc.).

Baseline loads from the first group serve basic living needs
(e.g., lighting) so these loads are not particularly suitable for
performing functions related to the equalization of the daily
load curve, but they can be part of pro-efficiency action by pro-
moting devices with a high EEI class and by blocking "Stand-
by" mode. For the purposes of demand management the two
other groups are suitable devices. They differ in their nomi-
nal power, their daily work characteristics and dissemination
in households [26]. A summary of parameter characteristics of
devices together with an assessment of their predisposition in
DSR processes is shown in Table 2.
The literature on activities describing the modification of the

daily load curve of the EPS presents three basic types of con-
trol for devices, with time versus power characteristics:

• timed reduction of instantaneous power;
• shortened work cycle (average power cycle);
• intentional time shift in operational cycle of devices.

It should be noted that not all types of controls listed above
for the reduction of load power equate to a reduction of final
energy consumption. Possible types of controls for specific
groups of devices are summarized in Table 2 (the column "The
theoretical value of the power reduction" shows calculations
for power values resulting from load power (mid-range value)
and dissemination. In practice, these values will be lower be-
cause of the lack of simultaneity of use (to a value of approxi-
mately 50%).

3.2. Selection of loads for control via the DADR system in
DSM mode

A three-level scale of predisposition to DSM presented in
Table 2 takes into account criteria such as:

• the accumulated value of the power reduction, which is a
derivative of the distribution of the group in the EPS and a
device’s average unit power as one of the group;

• the duration and energy of a device’s single cycle operation;
• the availability for DSM action (during the day as well as

during the year);
• the ability to exert influence on the characteristics of a de-

vice’s operation without interfering with its construction;
• the subjective volume of discomfort felt by the user, caused

by the participation of the particular type of device involved
in DSM actions.

As can be seen from the results of the evaluation listed in
the last column of Table 2, sometimes, despite possessing high

technical predispositions, a low rating for a given group of
devices (e.g., heat pumps and HVAC systems) is determined
by low dissemination in the Polish EPS. On the other hand
low unit power with high availability and a low rate of loss of
comfort makes devices such as refrigerators (fridge-freezers or
freezers) a target group of devices for control by the DADR
system. Considering the above, further studies will be focused
on freezers. The main reason for the use of such devices is
their ubiquity and daily availability from the point of view of
the provision of DSM services. According to data from the
Polish Central Statistical Office [26] refrigerators and freezers
are used in 99.5% of Polish households (Table 2).

3.3. Switching off thermostatically controlled devices to
serve reduction of peak power load
Controlling thermostatic devices, in order to improving the
performance of the EPS is widely described in the literature
[27, 28, 29, 30, 31, 32, 33, 34]. However, these solutions of-
ten require interference in the structure of the devices (e.g., a
forced change of temperature range delimits in the aggregate ),
which action is possible through communications (Smart Grid)
[1, 15, 35, 36, 37, 38, 39, 40, 41, 42]. The advantage of the
proposed DADR system is that there is no interference in the
structure of the device and no communication between the el-
ements of the system (DADR devices).

Taking into account the above, freezers have been selected
for further analysis. The use of these devices in the provi-
sion of DSM services requires the blocking of the operation of
their aggregates at peak hours (Fig. 4). During off-peak hours
the DADR system allows the freezer to operate in its normal
mode. In most cases, due to the inertia of these processes, dis-
abling them for a period not exceeding 2 - 3 hours (about 2
– 3 operating cycles) does not cause a significant loss of their
functionality, but larger control temperature deviations have to
be reckoned with.

As shown in the measurements in normal mode the operat-
ing temperature on a freezer’s middle shelf varies from -19.8oC
to -17.5oC (Fig. 5(a)). In a situation in which the freezer is
turned off for 3 hours (2 – 3 operation cycles) and where the
door is not opened, the temperature rises to -16.3oC. Open-
ing the door every 15 minutes for 20 seconds (which is above
typically frequency of openings) causes the temperature in the
freezer to rise to -13.3oC (Fig. 5(b)). However, regardless of
the manner of usage (even when a device is turned off for sev-
eral hours), there is no degradation of the operation that would
threaten to render the products unusable.

4. Stochastic control algorithm
4.1. Normal freezer operation cycle
Assume that each i-th is a typical controlled device operation
cycle by a DADR device and consists of two consecutive steps.
The first step OFF (aggregate off) starts after reaching mini-
mum temperature υmin. Then the aggregate is switched off for
a period of Ti,OFF. After reaching the maximum temperature
ϑmax, the device cycle proceeds to the second stage of ON (ag-
gregate on). The device operates for a period Ti,ON, with aver-
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blocking of their work (time shift). Loads occurring in end
user installations on the basis of their operating characteristics
can be divided into three basic types [25]:

1. Baseline loads (e.g., lighting, computing, network de-
vices);

2. Burst load (e.g., clothes dryer, dishwasher, washing
machine);

3. Regular load (thermostatic devices, such as refrigera-
tor, water heater etc.).

Baseline loads from the first group serve basic living needs
(e.g., lighting) so these loads are not particularly suitable for
performing functions related to the equalization of the daily
load curve, but they can be part of pro-efficiency action by pro-
moting devices with a high EEI class and by blocking "Stand-
by" mode. For the purposes of demand management the two
other groups are suitable devices. They differ in their nomi-
nal power, their daily work characteristics and dissemination
in households [26]. A summary of parameter characteristics of
devices together with an assessment of their predisposition in
DSR processes is shown in Table 2.
The literature on activities describing the modification of the

daily load curve of the EPS presents three basic types of con-
trol for devices, with time versus power characteristics:

• timed reduction of instantaneous power;
• shortened work cycle (average power cycle);
• intentional time shift in operational cycle of devices.

It should be noted that not all types of controls listed above
for the reduction of load power equate to a reduction of final
energy consumption. Possible types of controls for specific
groups of devices are summarized in Table 2 (the column "The
theoretical value of the power reduction" shows calculations
for power values resulting from load power (mid-range value)
and dissemination. In practice, these values will be lower be-
cause of the lack of simultaneity of use (to a value of approxi-
mately 50%).

3.2. Selection of loads for control via the DADR system in
DSM mode

A three-level scale of predisposition to DSM presented in
Table 2 takes into account criteria such as:

• the accumulated value of the power reduction, which is a
derivative of the distribution of the group in the EPS and a
device’s average unit power as one of the group;

• the duration and energy of a device’s single cycle operation;
• the availability for DSM action (during the day as well as

during the year);
• the ability to exert influence on the characteristics of a de-

vice’s operation without interfering with its construction;
• the subjective volume of discomfort felt by the user, caused

by the participation of the particular type of device involved
in DSM actions.

As can be seen from the results of the evaluation listed in
the last column of Table 2, sometimes, despite possessing high

technical predispositions, a low rating for a given group of
devices (e.g., heat pumps and HVAC systems) is determined
by low dissemination in the Polish EPS. On the other hand
low unit power with high availability and a low rate of loss of
comfort makes devices such as refrigerators (fridge-freezers or
freezers) a target group of devices for control by the DADR
system. Considering the above, further studies will be focused
on freezers. The main reason for the use of such devices is
their ubiquity and daily availability from the point of view of
the provision of DSM services. According to data from the
Polish Central Statistical Office [26] refrigerators and freezers
are used in 99.5% of Polish households (Table 2).

3.3. Switching off thermostatically controlled devices to
serve reduction of peak power load
Controlling thermostatic devices, in order to improving the
performance of the EPS is widely described in the literature
[27, 28, 29, 30, 31, 32, 33, 34]. However, these solutions of-
ten require interference in the structure of the devices (e.g., a
forced change of temperature range delimits in the aggregate ),
which action is possible through communications (Smart Grid)
[1, 15, 35, 36, 37, 38, 39, 40, 41, 42]. The advantage of the
proposed DADR system is that there is no interference in the
structure of the device and no communication between the el-
ements of the system (DADR devices).

Taking into account the above, freezers have been selected
for further analysis. The use of these devices in the provi-
sion of DSM services requires the blocking of the operation of
their aggregates at peak hours (Fig. 4). During off-peak hours
the DADR system allows the freezer to operate in its normal
mode. In most cases, due to the inertia of these processes, dis-
abling them for a period not exceeding 2 - 3 hours (about 2
– 3 operating cycles) does not cause a significant loss of their
functionality, but larger control temperature deviations have to
be reckoned with.

As shown in the measurements in normal mode the operat-
ing temperature on a freezer’s middle shelf varies from -19.8oC
to -17.5oC (Fig. 5(a)). In a situation in which the freezer is
turned off for 3 hours (2 – 3 operation cycles) and where the
door is not opened, the temperature rises to -16.3oC. Open-
ing the door every 15 minutes for 20 seconds (which is above
typically frequency of openings) causes the temperature in the
freezer to rise to -13.3oC (Fig. 5(b)). However, regardless of
the manner of usage (even when a device is turned off for sev-
eral hours), there is no degradation of the operation that would
threaten to render the products unusable.

4. Stochastic control algorithm
4.1. Normal freezer operation cycle
Assume that each i-th is a typical controlled device operation
cycle by a DADR device and consists of two consecutive steps.
The first step OFF (aggregate off) starts after reaching mini-
mum temperature υmin. Then the aggregate is switched off for
a period of Ti,OFF. After reaching the maximum temperature
ϑmax, the device cycle proceeds to the second stage of ON (ag-
gregate on). The device operates for a period Ti,ON, with aver-
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min. Assume that the operating time 
period of the aggregate Ti, ON to reduce the temperature inside 
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user installations on the basis of their operating characteristics
can be divided into three basic types [25]:

1. Baseline loads (e.g., lighting, computing, network de-
vices);

2. Burst load (e.g., clothes dryer, dishwasher, washing
machine);

3. Regular load (thermostatic devices, such as refrigera-
tor, water heater etc.).

Baseline loads from the first group serve basic living needs
(e.g., lighting) so these loads are not particularly suitable for
performing functions related to the equalization of the daily
load curve, but they can be part of pro-efficiency action by pro-
moting devices with a high EEI class and by blocking "Stand-
by" mode. For the purposes of demand management the two
other groups are suitable devices. They differ in their nomi-
nal power, their daily work characteristics and dissemination
in households [26]. A summary of parameter characteristics of
devices together with an assessment of their predisposition in
DSR processes is shown in Table 2.
The literature on activities describing the modification of the

daily load curve of the EPS presents three basic types of con-
trol for devices, with time versus power characteristics:

• timed reduction of instantaneous power;
• shortened work cycle (average power cycle);
• intentional time shift in operational cycle of devices.

It should be noted that not all types of controls listed above
for the reduction of load power equate to a reduction of final
energy consumption. Possible types of controls for specific
groups of devices are summarized in Table 2 (the column "The
theoretical value of the power reduction" shows calculations
for power values resulting from load power (mid-range value)
and dissemination. In practice, these values will be lower be-
cause of the lack of simultaneity of use (to a value of approxi-
mately 50%).

3.2. Selection of loads for control via the DADR system in
DSM mode

A three-level scale of predisposition to DSM presented in
Table 2 takes into account criteria such as:

• the accumulated value of the power reduction, which is a
derivative of the distribution of the group in the EPS and a
device’s average unit power as one of the group;

• the duration and energy of a device’s single cycle operation;
• the availability for DSM action (during the day as well as

during the year);
• the ability to exert influence on the characteristics of a de-

vice’s operation without interfering with its construction;
• the subjective volume of discomfort felt by the user, caused

by the participation of the particular type of device involved
in DSM actions.

As can be seen from the results of the evaluation listed in
the last column of Table 2, sometimes, despite possessing high

technical predispositions, a low rating for a given group of
devices (e.g., heat pumps and HVAC systems) is determined
by low dissemination in the Polish EPS. On the other hand
low unit power with high availability and a low rate of loss of
comfort makes devices such as refrigerators (fridge-freezers or
freezers) a target group of devices for control by the DADR
system. Considering the above, further studies will be focused
on freezers. The main reason for the use of such devices is
their ubiquity and daily availability from the point of view of
the provision of DSM services. According to data from the
Polish Central Statistical Office [26] refrigerators and freezers
are used in 99.5% of Polish households (Table 2).

3.3. Switching off thermostatically controlled devices to
serve reduction of peak power load
Controlling thermostatic devices, in order to improving the
performance of the EPS is widely described in the literature
[27, 28, 29, 30, 31, 32, 33, 34]. However, these solutions of-
ten require interference in the structure of the devices (e.g., a
forced change of temperature range delimits in the aggregate ),
which action is possible through communications (Smart Grid)
[1, 15, 35, 36, 37, 38, 39, 40, 41, 42]. The advantage of the
proposed DADR system is that there is no interference in the
structure of the device and no communication between the el-
ements of the system (DADR devices).

Taking into account the above, freezers have been selected
for further analysis. The use of these devices in the provi-
sion of DSM services requires the blocking of the operation of
their aggregates at peak hours (Fig. 4). During off-peak hours
the DADR system allows the freezer to operate in its normal
mode. In most cases, due to the inertia of these processes, dis-
abling them for a period not exceeding 2 - 3 hours (about 2
– 3 operating cycles) does not cause a significant loss of their
functionality, but larger control temperature deviations have to
be reckoned with.

As shown in the measurements in normal mode the operat-
ing temperature on a freezer’s middle shelf varies from -19.8oC
to -17.5oC (Fig. 5(a)). In a situation in which the freezer is
turned off for 3 hours (2 – 3 operation cycles) and where the
door is not opened, the temperature rises to -16.3oC. Open-
ing the door every 15 minutes for 20 seconds (which is above
typically frequency of openings) causes the temperature in the
freezer to rise to -13.3oC (Fig. 5(b)). However, regardless of
the manner of usage (even when a device is turned off for sev-
eral hours), there is no degradation of the operation that would
threaten to render the products unusable.

4. Stochastic control algorithm
4.1. Normal freezer operation cycle
Assume that each i-th is a typical controlled device operation
cycle by a DADR device and consists of two consecutive steps.
The first step OFF (aggregate off) starts after reaching mini-
mum temperature υmin. Then the aggregate is switched off for
a period of Ti,OFF. After reaching the maximum temperature
ϑmax, the device cycle proceeds to the second stage of ON (ag-
gregate on). The device operates for a period Ti,ON, with aver-
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switch-off time [30, 32, 33], which can be written as

	

Table 2. Types of devices in terms of of participation in DSM program

Loads Dissemination [%]
[26]

Average unit power
[kW] [26]

Operating Charac-
teristics

Mode of participa-
tion in DSM pro-
gram

The the-
oretical
value of
the power
reduction
[GW]
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Refrigerator,
refrigerator-
freezer, freezer

99.50 0.08 Type 3 blockade 1.11

HVAC 0.35 2.0 - 6.0 Type 3 blockade 0.20
Electric wa-
ter heaters
or electrical
therms

23.00 1.5 - 3.5 Type 3 blockade 8.05

Electric fur-
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5.40 4.0 - 48.0 Type 3 blockade (1)/ time
shift (2)

19.66

Heat pump 0.05 3.5 - 16.0 Type 3 blockade 0.07
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st Washing
mashine

88.90 2.0 - 2.5 Type 2 time shift 28.00

Dryer 2.00 1.0 - 3.0 Type 2 time shift 0.56
Dishwashers 20.00 2.0 - 2.5 Type 2 time shift 6.30

1-refers convection ovens; 2-refers storage heater

1 0

P [W]

t

t
ON OFF

imax

imin

Ti
Ti,OFF

i [°C]

OFFON ON

thermostat

DADR
1 0 1

1 10 0

peak hoursoff peak hours night valley

P

Ti,ON

v

v
v

Fig. 4. The general concept of DADR action. An idealized time char-
acteristic in normal mode and during the operational time period of
DADR device.

age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(

T DADR
min ,T DADR

max
)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(
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)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(
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)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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4.3. Analysis of the stochastic algorithm operation
At any moment t randomly selected device (freezer) can be in

one of two states

S(t) =

{

0, when the aggregate is not working,
1, when the aggregate is working.

(2)

State function S(t) is a two-point random variable, whose
distribution is generally unknown. However, for the assump-
tions described in subsection 4.1, as demonstrated in [27], the
probability state function at any t moment asymptotically con-
verges to

Pr(S(t) = 0) =
1

1+α
, Pr(S(t) = 1) =

α
1+α

, (3)

which means that a randomly selected device (freezer) whose
electrical profile has been modified, at randomly indicated
time, operates with probability α/(1 + α) (this relationship
also determines the fill factor).
In the DADR system, by extending the modified aggregate

on-state, the state function is designated as SDADR(t). We as-
sume that at the time t0 there occurs a peak load and the DADR
device executes the algorithm described in Figure 6. On the ba-
sis of assertions of total probability we can then determine the
probability of the aggregate’s operational mode:

Pr(SDADR(t) = 1) =
= Pr(S(t) = 1|S(t0) = 0)Pr(S(t0) = 0)
+Pr(S(t) = 1|S(t0) = 1)Pr(S(t0) = 1). (4)

Note that the assumptions concerning time periods of
freezer cycle operation are based on normal distributions.
Hence the probability Pr(S(t) = 1|S(t0) = 0) and Pr(S(t) =
1|S(t0) = 1) can be determined using the distributions of ran-
dom variables, which are linear combinations and products of
independent random variables with normal distribution. Using
the auxiliary assertions given in Appendix A it is possible to
prove the correctness of the following formula, by which can
be determined the probability that any thermostatic device con-
nected to a DADR device is in an ON state at a given moment

Pr(SDADR(t) = 1) =

=

(
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, (5)

where: ∆T DADR = T DADR
max −T DADR

min , F and G are defined func-
tions in Appendix A.

An example probability state function curve SDADR(t) is
shown in Figure 7. As can be seen the probability curve out-
side the range t0 ≤ t ≤ t0+(1+α)T DADR

max is on a constant level
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of blocked devices after the peak period, which would result in 
power oscillations in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads 
from the cache the peak hour start time. At the start of the peak 
period, the cooling device operational status is checked (based 
on measurement of the current):
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difference TB with random period based on uniform dis-
tribution and time TA since last ON state;

●	 if device aggregatore is ON, wait until OFF state occurs 
and block ON state for time TB with random period based 
on uniform distribution (in this case the value of TA is close 
to 0).

Considering the above in the analysis it was assumed, that 
the time of the forced break in the freezer aggregate operation 
will be random with uniform distribution 
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age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
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where α > 0 is the coefficient of proportionality.
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4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(

T DADR
min ,T DADR

max
)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.

Bull. Pol. Ac.: Tech. XX(Y) 2016 5

(Tmi
DA

n
DR, Tma

DA
x

DR), 
which means that the unit will be turned off for at least the 
period Tmi

DA
n

DR but not longer than Tma
DA

x
DR. These periods are de-

termined by the duration of the peak hour loading of the day.

4.3. Analysis of the stochastic algorithm operation. At any 
moment t randomly selected device (freezer) can be in one of 
two states

	

Time [h]

P
ow
er
[W
]

0 1 2 3 4 5 6

0

10

20

30

40

50

60

70

-20.0

-19.6

-19.3

-18.9

-18.6

-18.2

-17.9

-17.5

T
em
p
.
[◦
C
]

(a)

Time [h]

P
ow
er
[W
]

0 1 2 3 4

0

10

20

30

40

50

60

70

-20.0

-19.0

-18.0

-17.0

-16.0

-15.0

-14.0

-13.0

T
em
p
.
[◦
C
]

(b)

Fig. 5. Characteristics of power consumption and freezer temperature
over time: (a) normal mode, (b) three hour power off mode (with door
opening at 15 minute intervals for 20 sec.)

START

Is it the start of the peak hour?

Is the device aggregate

in ON state?

(current measurement)

Read the time since

the last ON state: TA

Random time:

TB ∼ U
(

TDADR
min

, TDADRmax

)

Block ON state for time: TB − TA

YesNo

NoYes

Fig. 6. The DADR device operational algorithm in DSM mode
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one of two states

S(t) =
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0, when the aggregate is not working,
1, when the aggregate is working.

(2)

State function S(t) is a two-point random variable, whose
distribution is generally unknown. However, for the assump-
tions described in subsection 4.1, as demonstrated in [27], the
probability state function at any t moment asymptotically con-
verges to

Pr(S(t) = 0) =
1
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, Pr(S(t) = 1) =

α
1+α

, (3)

which means that a randomly selected device (freezer) whose
electrical profile has been modified, at randomly indicated
time, operates with probability α/(1 + α) (this relationship
also determines the fill factor).
In the DADR system, by extending the modified aggregate

on-state, the state function is designated as SDADR(t). We as-
sume that at the time t0 there occurs a peak load and the DADR
device executes the algorithm described in Figure 6. On the ba-
sis of assertions of total probability we can then determine the
probability of the aggregate’s operational mode:

Pr(SDADR(t) = 1) =
= Pr(S(t) = 1|S(t0) = 0)Pr(S(t0) = 0)
+Pr(S(t) = 1|S(t0) = 1)Pr(S(t0) = 1). (4)

Note that the assumptions concerning time periods of
freezer cycle operation are based on normal distributions.
Hence the probability Pr(S(t) = 1|S(t0) = 0) and Pr(S(t) =
1|S(t0) = 1) can be determined using the distributions of ran-
dom variables, which are linear combinations and products of
independent random variables with normal distribution. Using
the auxiliary assertions given in Appendix A it is possible to
prove the correctness of the following formula, by which can
be determined the probability that any thermostatic device con-
nected to a DADR device is in an ON state at a given moment
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where: ∆T DADR = T DADR
max −T DADR

min , F and G are defined func-
tions in Appendix A.

An example probability state function curve SDADR(t) is
shown in Figure 7. As can be seen the probability curve out-
side the range t0 ≤ t ≤ t0+(1+α)T DADR

max is on a constant level

6 Bull. Pol. Ac.: Tech. XX(Y) 2016

� (2)

State function S(t) is a two-point random variable, whose 
distribution is generally unknown. However, for the assump-
tions described in subsection 4.1, as demonstrated in [27], the 
probability state function at any t moment asymptotically con-
verges to

	Time [h]

P
ow
er
[W
]

0 1 2 3 4 5 6

0

10

20

30

40

50

60

70

-20.0

-19.6

-19.3

-18.9

-18.6

-18.2

-17.9

-17.5

T
em
p
.
[◦
C
]

(a)

Time [h]

P
ow
er
[W
]

0 1 2 3 4

0

10

20

30

40

50

60

70

-20.0

-19.0

-18.0

-17.0

-16.0

-15.0

-14.0

-13.0

T
em
p
.
[◦
C
]

(b)

Fig. 5. Characteristics of power consumption and freezer temperature
over time: (a) normal mode, (b) three hour power off mode (with door
opening at 15 minute intervals for 20 sec.)

START

Is it the start of the peak hour?

Is the device aggregate

in ON state?

(current measurement)

Read the time since

the last ON state: TA

Random time:

TB ∼ U
(

TDADR
min

, TDADRmax

)

Block ON state for time: TB − TA

YesNo

NoYes

Fig. 6. The DADR device operational algorithm in DSM mode

4.3. Analysis of the stochastic algorithm operation
At any moment t randomly selected device (freezer) can be in

one of two states

S(t) =

{

0, when the aggregate is not working,
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distribution is generally unknown. However, for the assump-
tions described in subsection 4.1, as demonstrated in [27], the
probability state function at any t moment asymptotically con-
verges to

Pr(S(t) = 0) =
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, Pr(S(t) = 1) =
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, (3)

which means that a randomly selected device (freezer) whose
electrical profile has been modified, at randomly indicated
time, operates with probability α/(1 + α) (this relationship
also determines the fill factor).
In the DADR system, by extending the modified aggregate

on-state, the state function is designated as SDADR(t). We as-
sume that at the time t0 there occurs a peak load and the DADR
device executes the algorithm described in Figure 6. On the ba-
sis of assertions of total probability we can then determine the
probability of the aggregate’s operational mode:

Pr(SDADR(t) = 1) =
= Pr(S(t) = 1|S(t0) = 0)Pr(S(t0) = 0)
+Pr(S(t) = 1|S(t0) = 1)Pr(S(t0) = 1). (4)

Note that the assumptions concerning time periods of
freezer cycle operation are based on normal distributions.
Hence the probability Pr(S(t) = 1|S(t0) = 0) and Pr(S(t) =
1|S(t0) = 1) can be determined using the distributions of ran-
dom variables, which are linear combinations and products of
independent random variables with normal distribution. Using
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prove the correctness of the following formula, by which can
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which means that a randomly selected device (freezer) whose 
electrical profile has been modified, at randomly indicated time, 
operates with probability α/(1 + α) (this relationship also de-
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on-state, the state function is designated as SDADR(t). We as-
sume that at the time t0 there occurs a peak load and the DADR 
device executes the algorithm described in Fig. 6. On the basis 
of assertions of total probability we can then determine the 
probability of the aggregate’s operational mode:
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4.3. Analysis of the stochastic algorithm operation
At any moment t randomly selected device (freezer) can be in

one of two states

S(t) =
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0, when the aggregate is not working,
1, when the aggregate is working.

(2)

State function S(t) is a two-point random variable, whose
distribution is generally unknown. However, for the assump-
tions described in subsection 4.1, as demonstrated in [27], the
probability state function at any t moment asymptotically con-
verges to

Pr(S(t) = 0) =
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, Pr(S(t) = 1) =
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, (3)

which means that a randomly selected device (freezer) whose
electrical profile has been modified, at randomly indicated
time, operates with probability α/(1 + α) (this relationship
also determines the fill factor).
In the DADR system, by extending the modified aggregate

on-state, the state function is designated as SDADR(t). We as-
sume that at the time t0 there occurs a peak load and the DADR
device executes the algorithm described in Figure 6. On the ba-
sis of assertions of total probability we can then determine the
probability of the aggregate’s operational mode:

Pr(SDADR(t) = 1) =
= Pr(S(t) = 1|S(t0) = 0)Pr(S(t0) = 0)
+Pr(S(t) = 1|S(t0) = 1)Pr(S(t0) = 1). (4)

Note that the assumptions concerning time periods of
freezer cycle operation are based on normal distributions.
Hence the probability Pr(S(t) = 1|S(t0) = 0) and Pr(S(t) =
1|S(t0) = 1) can be determined using the distributions of ran-
dom variables, which are linear combinations and products of
independent random variables with normal distribution. Using
the auxiliary assertions given in Appendix A it is possible to
prove the correctness of the following formula, by which can
be determined the probability that any thermostatic device con-
nected to a DADR device is in an ON state at a given moment
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shown in Figure 7. As can be seen the probability curve out-
side the range t0 ≤ t ≤ t0+(1+α)T DADR
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Note that the assumptions concerning time periods of freezer 
cycle operation are based on normal distributions. Hence the 

probability Pr(S(t) = 1jS(t0) = 0) and Pr(S(t) = 1jS(t0) = 1) 
can be determined using the distributions of random variables, 
which are linear combinations and products of independent 
random variables with normal distribution. Using the auxiliary 
assertions given in Appendix A it is possible to prove the cor-
rectness of the following formula, by which can be determined 
the probability that any thermostatic device connected to 
a DADR device is in an ON state at a given moment
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4.3. Analysis of the stochastic algorithm operation
At any moment t randomly selected device (freezer) can be in

one of two states

S(t) =

{

0, when the aggregate is not working,
1, when the aggregate is working.

(2)

State function S(t) is a two-point random variable, whose
distribution is generally unknown. However, for the assump-
tions described in subsection 4.1, as demonstrated in [27], the
probability state function at any t moment asymptotically con-
verges to

Pr(S(t) = 0) =
1

1+α
, Pr(S(t) = 1) =

α
1+α

, (3)

which means that a randomly selected device (freezer) whose
electrical profile has been modified, at randomly indicated
time, operates with probability α/(1 + α) (this relationship
also determines the fill factor).
In the DADR system, by extending the modified aggregate

on-state, the state function is designated as SDADR(t). We as-
sume that at the time t0 there occurs a peak load and the DADR
device executes the algorithm described in Figure 6. On the ba-
sis of assertions of total probability we can then determine the
probability of the aggregate’s operational mode:

Pr(SDADR(t) = 1) =
= Pr(S(t) = 1|S(t0) = 0)Pr(S(t0) = 0)
+Pr(S(t) = 1|S(t0) = 1)Pr(S(t0) = 1). (4)

Note that the assumptions concerning time periods of
freezer cycle operation are based on normal distributions.
Hence the probability Pr(S(t) = 1|S(t0) = 0) and Pr(S(t) =
1|S(t0) = 1) can be determined using the distributions of ran-
dom variables, which are linear combinations and products of
independent random variables with normal distribution. Using
the auxiliary assertions given in Appendix A it is possible to
prove the correctness of the following formula, by which can
be determined the probability that any thermostatic device con-
nected to a DADR device is in an ON state at a given moment

Pr(SDADR(t) = 1) =

=

(
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where: ∆T DADR = T DADR
max −T DADR

min , F and G are defined func-
tions in Appendix A.

An example probability state function curve SDADR(t) is
shown in Figure 7. As can be seen the probability curve out-
side the range t0 ≤ t ≤ t0+(1+α)T DADR

max is on a constant level
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tions in Appendix A.

An example probability state function curve SDADR(t) is 
shown in Fig. 7. As can be seen the probability curve outside 
the range t0 ∙ t ∙ t0 + (1 + α)Tma

DA
x

DR is on a constant level 
α/ (1 + α), which corresponds to the probability that freezers 
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operates decreases to 0. This means that all devices covered by 
the DADR system, after the end of their operation cycle are 
switched OFF. The blocking operation of all devices covered 
by the DADR system remains until Tmi
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Fig. 7. The probability curve for changes in the distribution of freezers 
in power-on mode
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their next ON state will be longer than in typical normal mode 
of operation (according to equation 1, Fig. 4). Moreover, all 
fridges will go to ON state within ΔTDADR. For this reason, in 
the next few hours of operation of 16 mln fridges, they will be 
“more synchronized”, likewise the probability of the devices 
being in operational state rises to well above the level corre-
sponding to the normal mode of operation. After this time (after 
peak hours, in the night valley – Fig. 7) operation of the 16 mln 
devices will naturally revert back to their natural state, before 
the next peak hours start.

Assuming that the DADR system covers a large number of 
N identical thermostatic devices and knowing the probability 
of a single freezer operating at any given time t, then using the 
property of binominal distribution we can determine the average 
number of operating freezers
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α/(1+α), which corresponds to the probability that freezers
are operating in normal mode (Fig. 3). From the moment of
the onset of peak hours (t=0) the probability that the aggregate
operates decreases to 0. This means that all devices covered
by the DADR system, after the end of their operation cycle are
switched OFF. The blocking operation of all devices covered
by the DADR system remains until T DADR

min - Tmax. Due to all
the fridges being in the OFF state for T DADR

min to T DADR
max hours,

their next ON state will be longer than in typical normal mode
of operation (according to equation 1, Fig. 4). Moreover, all
fridges will go to ON state within ∆T DADR. For this reason, in
the next few hours of operation of 16 mln fridges, they will be
“more synchronized”, likewise the probability of the devices
being in operational state rises to well above the level corre-
sponding to the normal mode of operation. After this time (af-
ter peak hours, in the night valley – Fig. 7) operation of the
16 mln devices will naturally revert back to their natural state,
before the next peak hours start.

Assuming that the DADR system covers a large number of
N identical thermostatic devices and knowing the probability
of a single freezer operating at any given time t, then using
the property of binominal distribution we can determine the
average number of operating freezers

Pr(SDADR(t) = 1) ·N, (6)

and here we can determine the average power consumption

Pr(SDADR(t) = 1) ·N ·P. (7)

In off-peak hours, in normal mode, the probability that a
freezer is operating α/(1+α). Hence, the maximum power
that can be reduced in the DADR system is

Preduce,max =
α

1+α
·N ·P. (8)

From the formula (7) we know the average of the instanta-
neous power devices covered by DADR system, hence reduced
average energy consumption is given by

E reduce =
1
2

NP
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max
∫

0

∣

∣

∣
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Pr(SDADR(t) = 1)−
α

1+α

∣
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∣

∣

dt.

(9)
This formula allows for the calculation of energy reduc-

tion for any thermostatic device and various durations of peak
hours.

5. Case study
In order to verify the properties of the proposed solution a sim-
ulation study was conducted, where we checked the aggregate
impact of the DADR system intervention on the real charac-
teristics of the daily load curve for the Polish EPS. For the
simulation an assumed daily load curve from 2015-03-12 was
employed. Also assumed was a 16 million population of con-
trolled devices (the number of fridges and freezers in Polish
households according to the data from CSO [26]). An as-
sumed average device power consumption based on measure-
ment came to P = 80 W. The minimum and maximum delay
time (which is also the minimum and maximum period of op-
eration of the aggregate in a single cycle) was also determined
on the basis of the measurements, ranging from 20 to 40 min-
utes (these times are mostly dependent on the freezer and its
manner of usage). In addition, in order to avoid simultaneous
mass switching ON of devices, the time for which they were
set to activate in DSM mode was randomly set according to
U

(

T DADR
min ,T DADR

max
)

(these times are correlated with the dura-
tion of the peak hours of the day). A DSM mode activation
signal was set for 18:15 for the daily load curve from 2015-03-
12. Given below is a description of the parameters adopted for
the simulation tests:

• population of devices involved in the service of DSM: N =
16 ·106 (thermostatic number of devices based on CSO data
[26]),

• average electrical power of a single device P = 80 W (based
on measurement and [26]),

• the moment of activation of the DSM service t0 = 18:15
(based on an example at the beginning of the peak hours
from 2015-03-12),

• minimum and maximum period of freezer aggregate opera-
tion Tmin = 20 min, Tmax = 40 min (based on measurements
of the tested freezer)

• factor α=0.35 (characteristics of thermostatic devices [27,
28, 29, 30, 31, 32, 33, 34])

• minimum and maximum activation period of devices in
DSM mode: T DADR

min = 120 min, T DADR
min = 180 min (adopted

on the basis of analyses carried out at point 3.3)

5.1. Results of the simulation and evaluation of energy
performance

Considering the above data and the formula determined in
subparagraph 4.3 the impact of the DADR system on the daily
load curve the Polish EPS was calculated, taking into account
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α/(1+α), which corresponds to the probability that freezers
are operating in normal mode (Fig. 3). From the moment of
the onset of peak hours (t=0) the probability that the aggregate
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switched OFF. The blocking operation of all devices covered
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their next ON state will be longer than in typical normal mode
of operation (according to equation 1, Fig. 4). Moreover, all
fridges will go to ON state within ∆T DADR. For this reason, in
the next few hours of operation of 16 mln fridges, they will be
“more synchronized”, likewise the probability of the devices
being in operational state rises to well above the level corre-
sponding to the normal mode of operation. After this time (af-
ter peak hours, in the night valley – Fig. 7) operation of the
16 mln devices will naturally revert back to their natural state,
before the next peak hours start.

Assuming that the DADR system covers a large number of
N identical thermostatic devices and knowing the probability
of a single freezer operating at any given time t, then using
the property of binominal distribution we can determine the
average number of operating freezers

Pr(SDADR(t) = 1) ·N, (6)

and here we can determine the average power consumption

Pr(SDADR(t) = 1) ·N ·P. (7)

In off-peak hours, in normal mode, the probability that a
freezer is operating α/(1+α). Hence, the maximum power
that can be reduced in the DADR system is

Preduce,max =
α

1+α
·N ·P. (8)

From the formula (7) we know the average of the instanta-
neous power devices covered by DADR system, hence reduced
average energy consumption is given by

E reduce =
1
2
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∫
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This formula allows for the calculation of energy reduc-

tion for any thermostatic device and various durations of peak
hours.

5. Case study
In order to verify the properties of the proposed solution a sim-
ulation study was conducted, where we checked the aggregate
impact of the DADR system intervention on the real charac-
teristics of the daily load curve for the Polish EPS. For the
simulation an assumed daily load curve from 2015-03-12 was
employed. Also assumed was a 16 million population of con-
trolled devices (the number of fridges and freezers in Polish
households according to the data from CSO [26]). An as-
sumed average device power consumption based on measure-
ment came to P = 80 W. The minimum and maximum delay
time (which is also the minimum and maximum period of op-
eration of the aggregate in a single cycle) was also determined
on the basis of the measurements, ranging from 20 to 40 min-
utes (these times are mostly dependent on the freezer and its
manner of usage). In addition, in order to avoid simultaneous
mass switching ON of devices, the time for which they were
set to activate in DSM mode was randomly set according to
U
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T DADR
min ,T DADR

max
)

(these times are correlated with the dura-
tion of the peak hours of the day). A DSM mode activation
signal was set for 18:15 for the daily load curve from 2015-03-
12. Given below is a description of the parameters adopted for
the simulation tests:

• population of devices involved in the service of DSM: N =
16 ·106 (thermostatic number of devices based on CSO data
[26]),

• average electrical power of a single device P = 80 W (based
on measurement and [26]),

• the moment of activation of the DSM service t0 = 18:15
(based on an example at the beginning of the peak hours
from 2015-03-12),

• minimum and maximum period of freezer aggregate opera-
tion Tmin = 20 min, Tmax = 40 min (based on measurements
of the tested freezer)

• factor α=0.35 (characteristics of thermostatic devices [27,
28, 29, 30, 31, 32, 33, 34])

• minimum and maximum activation period of devices in
DSM mode: T DADR

min = 120 min, T DADR
min = 180 min (adopted

on the basis of analyses carried out at point 3.3)

5.1. Results of the simulation and evaluation of energy
performance

Considering the above data and the formula determined in
subparagraph 4.3 the impact of the DADR system on the daily
load curve the Polish EPS was calculated, taking into account
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In off-peak hours, in normal mode, the probability that 
a freezer is operating α/(1 + α). Hence, the maximum power 
that can be reduced in the DADR system is
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α/(1+α), which corresponds to the probability that freezers
are operating in normal mode (Fig. 3). From the moment of
the onset of peak hours (t=0) the probability that the aggregate
operates decreases to 0. This means that all devices covered
by the DADR system, after the end of their operation cycle are
switched OFF. The blocking operation of all devices covered
by the DADR system remains until T DADR

min - Tmax. Due to all
the fridges being in the OFF state for T DADR
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their next ON state will be longer than in typical normal mode
of operation (according to equation 1, Fig. 4). Moreover, all
fridges will go to ON state within ∆T DADR. For this reason, in
the next few hours of operation of 16 mln fridges, they will be
“more synchronized”, likewise the probability of the devices
being in operational state rises to well above the level corre-
sponding to the normal mode of operation. After this time (af-
ter peak hours, in the night valley – Fig. 7) operation of the
16 mln devices will naturally revert back to their natural state,
before the next peak hours start.

Assuming that the DADR system covers a large number of
N identical thermostatic devices and knowing the probability
of a single freezer operating at any given time t, then using
the property of binominal distribution we can determine the
average number of operating freezers

Pr(SDADR(t) = 1) ·N, (6)

and here we can determine the average power consumption

Pr(SDADR(t) = 1) ·N ·P. (7)

In off-peak hours, in normal mode, the probability that a
freezer is operating α/(1+α). Hence, the maximum power
that can be reduced in the DADR system is

Preduce,max =
α

1+α
·N ·P. (8)

From the formula (7) we know the average of the instanta-
neous power devices covered by DADR system, hence reduced
average energy consumption is given by

Ereduce =
1
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This formula allows for the calculation of energy reduc-

tion for any thermostatic device and various durations of peak
hours.

5. Case study
In order to verify the properties of the proposed solution a sim-
ulation study was conducted, where we checked the aggregate
impact of the DADR system intervention on the real charac-
teristics of the daily load curve for the Polish EPS. For the
simulation an assumed daily load curve from 2015-03-12 was
employed. Also assumed was a 16 million population of con-
trolled devices (the number of fridges and freezers in Polish
households according to the data from CSO [26]). An as-
sumed average device power consumption based on measure-
ment came to P = 80 W. The minimum and maximum delay
time (which is also the minimum and maximum period of op-
eration of the aggregate in a single cycle) was also determined
on the basis of the measurements, ranging from 20 to 40 min-
utes (these times are mostly dependent on the freezer and its
manner of usage). In addition, in order to avoid simultaneous
mass switching ON of devices, the time for which they were
set to activate in DSM mode was randomly set according to
U

(

T DADR
min ,T DADR

max
)

(these times are correlated with the dura-
tion of the peak hours of the day). A DSM mode activation
signal was set for 18:15 for the daily load curve from 2015-03-
12. Given below is a description of the parameters adopted for
the simulation tests:

• population of devices involved in the service of DSM: N =
16 ·106 (thermostatic number of devices based on CSO data
[26]),

• average electrical power of a single device P = 80 W (based
on measurement and [26]),

• the moment of activation of the DSM service t0 = 18:15
(based on an example at the beginning of the peak hours
from 2015-03-12),

• minimum and maximum period of freezer aggregate opera-
tion Tmin = 20 min, Tmax = 40 min (based on measurements
of the tested freezer)

• factor α=0.35 (characteristics of thermostatic devices [27,
28, 29, 30, 31, 32, 33, 34])

• minimum and maximum activation period of devices in
DSM mode: T DADR

min = 120 min, T DADR
min = 180 min (adopted

on the basis of analyses carried out at point 3.3)

5.1. Results of the simulation and evaluation of energy
performance

Considering the above data and the formula determined in
subparagraph 4.3 the impact of the DADR system on the daily
load curve the Polish EPS was calculated, taking into account
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From the formula (7) we know the average of the instanta-
neous power devices covered by DADR system, hence reduced 
average energy consumption is given by
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α/(1+α), which corresponds to the probability that freezers
are operating in normal mode (Fig. 3). From the moment of
the onset of peak hours (t=0) the probability that the aggregate
operates decreases to 0. This means that all devices covered
by the DADR system, after the end of their operation cycle are
switched OFF. The blocking operation of all devices covered
by the DADR system remains until T DADR
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their next ON state will be longer than in typical normal mode
of operation (according to equation 1, Fig. 4). Moreover, all
fridges will go to ON state within ∆T DADR. For this reason, in
the next few hours of operation of 16 mln fridges, they will be
“more synchronized”, likewise the probability of the devices
being in operational state rises to well above the level corre-
sponding to the normal mode of operation. After this time (af-
ter peak hours, in the night valley – Fig. 7) operation of the
16 mln devices will naturally revert back to their natural state,
before the next peak hours start.

Assuming that the DADR system covers a large number of
N identical thermostatic devices and knowing the probability
of a single freezer operating at any given time t, then using
the property of binominal distribution we can determine the
average number of operating freezers

Pr(SDADR(t) = 1) ·N, (6)

and here we can determine the average power consumption

Pr(SDADR(t) = 1) ·N ·P. (7)

In off-peak hours, in normal mode, the probability that a
freezer is operating α/(1+α). Hence, the maximum power
that can be reduced in the DADR system is

Preduce,max =
α

1+α
·N ·P. (8)

From the formula (7) we know the average of the instanta-
neous power devices covered by DADR system, hence reduced
average energy consumption is given by
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This formula allows for the calculation of energy reduc-

tion for any thermostatic device and various durations of peak
hours.

5. Case study
In order to verify the properties of the proposed solution a sim-
ulation study was conducted, where we checked the aggregate
impact of the DADR system intervention on the real charac-
teristics of the daily load curve for the Polish EPS. For the
simulation an assumed daily load curve from 2015-03-12 was
employed. Also assumed was a 16 million population of con-
trolled devices (the number of fridges and freezers in Polish
households according to the data from CSO [26]). An as-
sumed average device power consumption based on measure-
ment came to P = 80 W. The minimum and maximum delay
time (which is also the minimum and maximum period of op-
eration of the aggregate in a single cycle) was also determined
on the basis of the measurements, ranging from 20 to 40 min-
utes (these times are mostly dependent on the freezer and its
manner of usage). In addition, in order to avoid simultaneous
mass switching ON of devices, the time for which they were
set to activate in DSM mode was randomly set according to
U
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)

(these times are correlated with the dura-
tion of the peak hours of the day). A DSM mode activation
signal was set for 18:15 for the daily load curve from 2015-03-
12. Given below is a description of the parameters adopted for
the simulation tests:

• population of devices involved in the service of DSM: N =
16 ·106 (thermostatic number of devices based on CSO data
[26]),

• average electrical power of a single device P = 80 W (based
on measurement and [26]),

• the moment of activation of the DSM service t0 = 18:15
(based on an example at the beginning of the peak hours
from 2015-03-12),

• minimum and maximum period of freezer aggregate opera-
tion Tmin = 20 min, Tmax = 40 min (based on measurements
of the tested freezer)

• factor α=0.35 (characteristics of thermostatic devices [27,
28, 29, 30, 31, 32, 33, 34])

• minimum and maximum activation period of devices in
DSM mode: T DADR

min = 120 min, T DADR
min = 180 min (adopted

on the basis of analyses carried out at point 3.3)

5.1. Results of the simulation and evaluation of energy
performance

Considering the above data and the formula determined in
subparagraph 4.3 the impact of the DADR system on the daily
load curve the Polish EPS was calculated, taking into account
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α/(1+α), which corresponds to the probability that freezers
are operating in normal mode (Fig. 3). From the moment of
the onset of peak hours (t=0) the probability that the aggregate
operates decreases to 0. This means that all devices covered
by the DADR system, after the end of their operation cycle are
switched OFF. The blocking operation of all devices covered
by the DADR system remains until T DADR
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their next ON state will be longer than in typical normal mode
of operation (according to equation 1, Fig. 4). Moreover, all
fridges will go to ON state within ∆T DADR. For this reason, in
the next few hours of operation of 16 mln fridges, they will be
“more synchronized”, likewise the probability of the devices
being in operational state rises to well above the level corre-
sponding to the normal mode of operation. After this time (af-
ter peak hours, in the night valley – Fig. 7) operation of the
16 mln devices will naturally revert back to their natural state,
before the next peak hours start.

Assuming that the DADR system covers a large number of
N identical thermostatic devices and knowing the probability
of a single freezer operating at any given time t, then using
the property of binominal distribution we can determine the
average number of operating freezers

Pr(SDADR(t) = 1) ·N, (6)

and here we can determine the average power consumption

Pr(SDADR(t) = 1) ·N ·P. (7)

In off-peak hours, in normal mode, the probability that a
freezer is operating α/(1+α). Hence, the maximum power
that can be reduced in the DADR system is

Preduce,max =
α

1+α
·N ·P. (8)

From the formula (7) we know the average of the instanta-
neous power devices covered by DADR system, hence reduced
average energy consumption is given by
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This formula allows for the calculation of energy reduc-

tion for any thermostatic device and various durations of peak
hours.

5. Case study
In order to verify the properties of the proposed solution a sim-
ulation study was conducted, where we checked the aggregate
impact of the DADR system intervention on the real charac-
teristics of the daily load curve for the Polish EPS. For the
simulation an assumed daily load curve from 2015-03-12 was
employed. Also assumed was a 16 million population of con-
trolled devices (the number of fridges and freezers in Polish
households according to the data from CSO [26]). An as-
sumed average device power consumption based on measure-
ment came to P = 80 W. The minimum and maximum delay
time (which is also the minimum and maximum period of op-
eration of the aggregate in a single cycle) was also determined
on the basis of the measurements, ranging from 20 to 40 min-
utes (these times are mostly dependent on the freezer and its
manner of usage). In addition, in order to avoid simultaneous
mass switching ON of devices, the time for which they were
set to activate in DSM mode was randomly set according to
U
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)

(these times are correlated with the dura-
tion of the peak hours of the day). A DSM mode activation
signal was set for 18:15 for the daily load curve from 2015-03-
12. Given below is a description of the parameters adopted for
the simulation tests:

• population of devices involved in the service of DSM: N =
16 ·106 (thermostatic number of devices based on CSO data
[26]),

• average electrical power of a single device P = 80 W (based
on measurement and [26]),

• the moment of activation of the DSM service t0 = 18:15
(based on an example at the beginning of the peak hours
from 2015-03-12),

• minimum and maximum period of freezer aggregate opera-
tion Tmin = 20 min, Tmax = 40 min (based on measurements
of the tested freezer)

• factor α=0.35 (characteristics of thermostatic devices [27,
28, 29, 30, 31, 32, 33, 34])

• minimum and maximum activation period of devices in
DSM mode: T DADR

min = 120 min, T DADR
min = 180 min (adopted

on the basis of analyses carried out at point 3.3)

5.1. Results of the simulation and evaluation of energy
performance

Considering the above data and the formula determined in
subparagraph 4.3 the impact of the DADR system on the daily
load curve the Polish EPS was calculated, taking into account
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This formula allows for the calculation of energy reduction 
for any thermostatic device and various durations of peak hours.

5.	 Case study

In order to verify the properties of the proposed solution a sim-
ulation study was conducted, where we checked the aggregate 
impact of the DADR system intervention on the real character-
istics of the daily load curve for the Polish EPS. For the simu-
lation an assumed daily load curve from 2015‒03‒12 was em-
ployed. Also assumed was a 16 million population of controlled 
devices (the number of fridges and freezers in Polish households 

according to the data from CSO [26]). An assumed average de-
vice power consumption based on measurement came to 
P ̄  = 80 W. The minimum and maximum delay time (which is 
also the minimum and maximum period of operation of the ag-
gregate in a single cycle) was also determined on the basis of 
the measurements, ranging from 20 to 40 minutes (these times 
are mostly dependent on the freezer and its manner of usage). 
In addition, in order to avoid simultaneous mass switching ON 
of devices, the time for which they were set to activate in DSM 
mode was randomly set according to 

Table 2. Types of devices in terms of of participation in DSM program
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Fig. 4. The general concept of DADR action. An idealized time char-
acteristic in normal mode and during the operational time period of
DADR device.

age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(

T DADR
min ,T DADR

max
)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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(Tmi
DA

n
DR, Tma

DA
x

DR) (these 
times are correlated with the duration of the peak hours of the 
day). A DSM mode activation signal was set for 18:15 for the 
daily load curve from 2015‒03‒12. Given below is a descrip-
tion of the parameters adopted for the simulation tests:

●	 population of devices involved in the service of DSM: 
N = 16 ¢ 106 (thermostatic number of devices based on 
CSO data [26]),

●	 average electrical power of a single device P ̄  = 80 W 
(based on measurement and [26]),

●	 the moment of activation of the DSM service t0 = 18:15 
(based on an example at the beginning of the peak hours 
from 2015‒03‒12),

●	 minimum and maximum period of freezer aggregate op-
eration Tmin = 20 min, Tmax = 40 min (based on mea-
surements of the tested freezer)

●	 factor α = 0.35 (characteristics of thermostatic devices 
[27–34])

●	 minimum and maximum activation period of devices in 
DSM mode: Tmi

DA
n

DR = 120 min, Tmi
DA

n
DR = 180 min (ad-

opted on the basis of analyses carried out at point 3.3)

5.1. Results of the simulation and evaluation of energy per-
formance. Considering the above data and the formula deter-
mined in subparagraph 4.3 the impact of the DADR system on 
the daily load curve the Polish EPS was calculated, taking into 
account the proposed stochastic algorithm (Fig. 8(a)) as well as 
the deterministic approach encountered in the literature [27–34] 
(Fig. 8(b).

In Fig. 8(b) and 8(a) t1 is the beginning of power reduction. 
As can be observed in the deterministic algorithm there is power 
overshoot. At the end of power reduction, in point t2, demand for 
energy switch OFF of aggregated devices is greater, but in the 
deterministic approach we have power overshoot again, and after 
that, oscillation due to the simultaneity of operating 16 mln fridges 
(over time simultaneity is “blurred” and oscillations decrease).

The simulation results show that the use of the DADR 
system in a population of 16 million participating devices in the 
DSM program reduces peak power by 0.37 GW (1.6% from 
targeted 4%) and reduces energy consumption at peak hours by 
about 0.65 GWh. Simultaneously, it should be noted that in 
thermostatically controlled devices, in accordance with consid-
erations referred to in point 3.3, after deactivating the DADR 
system this energy is progressively “received” from the EPS 
causing a temporary loading of the EPS and filling in of parts 
of the off-peak zone. Due to the short time zones of DSM and 
the increased power consumption immediately after the DSM 
zone (about 3 hours) both power reduction and increased power 
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demand occur in the EPS load zone at a level above the average 
power demand. This means that the DADR system may lead to 
a reduction of the transmission power loss by reducing peak 
power and peak current values.

Table 3 shows reduced values of energy for different cycle 
times of thermostatic devices, various coefficients for α and 
various durations of peak hours, calculated from the equa-
tion (9). The first case (α = 0.35) is from the illustrated simu-
lation (Fig. 8(a)), but equation (9) allows for the calculation of 
the reduced amount of energy for different parameters. It can 
be seen that devices covered by the DADR system which have 
a longer operating time in comparison to standby time (greater 
factor α) can produce an increase in the amount of possible 
energy reduction. Similarly, in the case of increasing the random 
period for switching off devices – Tmi

DA
n

DR and Tmi
DA

n
DR – there is 

an increase in the amount of energy reduction.

6.	 Summary

The article has presented the basic assumptions on the use of 
the DADR system to reduce peak loads. The advantage of the 
proposed solution is its lack of communication between system 
components and lack of need to interfere in the internal struc-
ture of controlled devices. The outcomes of the study show the 
relationships which allow for the calculation of the amount of 
reduced energy for different devices characterized by cyclical 
operation, for various operating characteristics of these devices 
and various peak hour durations. The simulation research on 
the developed control algorithm has demonstrated the ability 
to eliminate the adverse impacts (power overshoot and oscil-
lations) on the EPS, as is the case with traditional DSM sys-
tems based on unconditional power reduction. Simultaneously 
it can be seen that by using a selected, sufficiently large pop-

Fig. 8. The simulation results of the DADR system in DSM mode: (a) with stochastic algorithm, (b) without stochastic algorithm, where: DADR 
– the reduction potential of devices covered by the DADR system; EPS – daily load curve of Electrical Power System in Poland; EPS + DADR 
– the daily load curve of EPS taking into account the DADR system activity; Ereduce, Eincrease – areas corresponding respectively to reduction 

and greater consumption of electricity upon activation of the DADR system

Table 3 
The reduction in consumption of electrical energy, dependent on the parameter characteristics of thermostatic devices and various time 

durations of peak loads

l.p. Tmin 
[min]

Tmax 
[min]

α Tmi
DA

n
DR

 
[min]

Tma
DA

x
DR

 
[min]

E ̄ reduce 
[GWh]

1 20.00 40.00 0.35 120.00 180.00 0.65

2 25.00 40.00 0.40 120.00 180.00 0.65

3 25.00 40.00 0.60 120.00 180.00 0.88

4 25.00 40.00 0.40 150.00 210.00 0.84

5 20.00 30.00 0.40 120.00 180.00 0.69

6 20.00 30.00 0.60 120.00 180.00 0.93

(a) (b)
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ulation of relatively low powered devices it is possible to bring 
about the desired result of power reduction – approx. 0.37 GW 
– without significantly impairing their functionality. With such 
an operation TSO expectations can be met, with an interme-
diate target of 0.2 GW reduction in power during peak hours, 
and a final goal of 1 GW. As a result of power reduction during 
peak hours, energy is shifted (reduced from peak hours and 
increased in the night valley – see Table 3, Fig. 8). As can be 
seen from Table 3 the value of reduced energy varies from 
0.65 GWh to 0.93 GWh and this depends on the nature of the 
operation of loads (refrigerators) and duration of peak hours. 
This meets TSO expectations, which is, for example, a reduc-
tion of about 0.4 GWh (intermediate targets) over two-hours 
at peak hour periods. Simulations show the high potential of 
such action.

Properties of particular reduction techniques summarized in 
Table 4 show that the DADR system, because of its very simple 
construction, is also characterized by the lowest cost of reduc-
tion service among solutions requiring the involvement of tech-
nical measures. It also provides high reliability in reduction 
performance and it is relatively quick to implement.

Acknowledgements. This work has been financed from scien-
tific research resources, referenced under project GEKON 
no. 213880.

A.	Propositions

The appendix presents propositions from which relationship (5) 
is derived. Proofs are omitted because they can be carried out 
using the elementary theory of probability [43].

Propositions 1. Let X » 

Table 2. Types of devices in terms of of participation in DSM program

Loads Dissemination [%]
[26]

Average unit power
[kW] [26]

Operating Charac-
teristics
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tion in DSM pro-
gram

The the-
oretical
value of
the power
reduction
[GW]
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Fig. 4. The general concept of DADR action. An idealized time char-
acteristic in normal mode and during the operational time period of
DADR device.

age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(

T DADR
min ,T DADR

max
)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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Fig. 4. The general concept of DADR action. An idealized time char-
acteristic in normal mode and during the operational time period of
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age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(

T DADR
min ,T DADR

max
)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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(0, 1) they are 
independent random variables. Then the cumulative distribution 
function (CDF) of random variables Z = XY and Z = X(1 ¡ Y) 
has the form:

	

Table 3. The reduction in consumption of electrical energy, dependent on the parameter characteristics of thermostatic devices and various time
durations of peak loads

l.p. Tmin Tmax α T DADR
min T DADR

max Ereduce

[min] [min] [min] [min] [GWh]
1 20.00 40.00 0.35 120.00 180.00 0.65
2 25.00 40.00 0.40 120.00 180.00 0.65
3 25.00 40.00 0.60 120.00 180.00 0.88
4 25.00 40.00 0.40 150.00 210.00 0.84
5 20.00 30.00 0.40 120.00 180.00 0.69
6 20.00 30.00 0.60 120.00 180.00 0.93

Table 4. Actions for peak power reduction

Type of action
The construction of new
generating power plants

Reduction programs
(tariffs)

HAN DADR

Cost of balance service 780 EUR/MWh 340 EUR/MWh difficult to determine 270 EUR/MWh

Demand side response
effectiveness

high
high (DLC)

/
low (tariff programs)

high high

Comfort reduction none high
low/high

(depends on defined scenario)
low

Ability to "soft start"
and "soft stop" action

possible possible possible possible

A. Propositions

The appendix presents propositions from which relationship
(5) is derived. Proofs are omitted because they can be carried
out using the elementary theory of probability [43].

PROPOSITION 1. Let X ∼ U (A,B) and Y ∼ U (0,1) they
are independent random variables. Then the cumulative dis-
tribution function (CDF) of random variables Z = X Y and
Z = X(1−Y ) has the form:

F(z;A,B) =

= ln
(

B
A

)

z
B−A �0,A)(z)

+

(

1+ ln
(B

z
))

z−A
B−A �A,B)(z)+ �B,+∞)(z). (10)

PROPOSITION 2. Let X be a random variable with CDF
F(x;A,B) and Y ∼ U (0,C). In addition, it is assumed that
X and Y are independent.

Then the random variable Z = X +Y has the CDF:
G(z;A,B,C) =

=
ln
(B

A
)

(B−A)C

(

1
2
(

z2
�0,A+C)(z)− (z−C)2

�C,A+C)(z)

−(z−A)2
�A,A+C)(z)

)

+AC �A+C,+∞)(z)
)

+
1
C

(

(zH1(z)−H2(z)− zH1(A)+H2(A)) �A,B+C)(z)

−(zH1(z)−H2(z)− zH1(B)+H2(B)) �B,B+C)(z)
−((z−C)H1(z−C)−H2(z−C)

−(z−C)H1(A)+H2(A)) �A+C,B+C)(z)

+(CH1(B)−CH1(A)) �B+C,+∞)(z)
)

, (11)

where

H1(z) =
1+ ln

(B
z
)

B−A
z, H2(z) =

1+2ln
(B

z
)

4(B−A)
z2.

The next proposition is a generalization of the proposition 2.
PROPOSITION 3. Let X be a random variable with distri-

bution function F(x;A,B) and Y ∼ U (D,E). In addition, it is
assumed that X i Y are independent. Then the random variables
have the form:

1. Z = X +Y with the CDF
G(z−D;A,B,E −D), (12)

2. Z = Y −X with the CDF
1−G(E − z;A,B,E −D). (13)
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Propositions 2. Let X be a random variable with CDF F(x; A, B) 
and Y » 

Table 2. Types of devices in terms of of participation in DSM program

Loads Dissemination [%]
[26]

Average unit power
[kW] [26]

Operating Charac-
teristics

Mode of participa-
tion in DSM pro-
gram

The the-
oretical
value of
the power
reduction
[GW]

R
eg

ul
ar

Refrigerator,
refrigerator-
freezer, freezer

99.50 0.08 Type 3 blockade 1.11

HVAC 0.35 2.0 - 6.0 Type 3 blockade 0.20
Electric wa-
ter heaters
or electrical
therms

23.00 1.5 - 3.5 Type 3 blockade 8.05

Electric fur-
naces

5.40 4.0 - 48.0 Type 3 blockade (1)/ time
shift (2)

19.66

Heat pump 0.05 3.5 - 16.0 Type 3 blockade 0.07

B
ur

st Washing
mashine

88.90 2.0 - 2.5 Type 2 time shift 28.00

Dryer 2.00 1.0 - 3.0 Type 2 time shift 0.56
Dishwashers 20.00 2.0 - 2.5 Type 2 time shift 6.30

1-refers convection ovens; 2-refers storage heater

1 0

P [W]

t

t
ON OFF

imax

imin

Ti
Ti,OFF

i [°C]

OFFON ON

thermostat

DADR
1 0 1

1 10 0

peak hoursoff peak hours night valley

P

Ti,ON

v

v
v

Fig. 4. The general concept of DADR action. An idealized time char-
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age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(

T DADR
min ,T DADR

max
)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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(0, C). In addition, it is assumed that X and Y are 
independent.
Then the random variable Z = X + Y has the CDF: 

Table 3. The reduction in consumption of electrical energy, dependent on the parameter characteristics of thermostatic devices and various time
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A. Propositions

The appendix presents propositions from which relationship
(5) is derived. Proofs are omitted because they can be carried
out using the elementary theory of probability [43].

PROPOSITION 1. Let X ∼ U (A,B) and Y ∼ U (0,1) they
are independent random variables. Then the cumulative dis-
tribution function (CDF) of random variables Z = X Y and
Z = X(1−Y ) has the form:

F(z;A,B) =

= ln
(

B
A

)

z
B−A �0,A)(z)

+

(

1+ ln
(B

z
))
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PROPOSITION 2. Let X be a random variable with CDF
F(x;A,B) and Y ∼ U (0,C). In addition, it is assumed that
X and Y are independent.

Then the random variable Z = X +Y has the CDF:
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ln
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where
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4(B−A)
z2.

The next proposition is a generalization of the proposition 2.
PROPOSITION 3. Let X be a random variable with distri-

bution function F(x;A,B) and Y ∼ U (D,E). In addition, it is
assumed that X i Y are independent. Then the random variables
have the form:

1. Z = X +Y with the CDF
G(z−D;A,B,E −D), (12)

2. Z = Y −X with the CDF
1−G(E − z;A,B,E −D). (13)
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(tariffs)

HAN DADR

Cost of balance service 780 EUR/MWh 340 EUR/MWh difficult to determine 270 EUR/MWh
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/
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Ability to "soft start"
and "soft stop" action

possible possible possible possible
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(5) is derived. Proofs are omitted because they can be carried
out using the elementary theory of probability [43].
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The next proposition is a generalization of the proposition 2.
PROPOSITION 3. Let X be a random variable with distri-

bution function F(x;A,B) and Y ∼ U (D,E). In addition, it is
assumed that X i Y are independent. Then the random variables
have the form:

1. Z = X +Y with the CDF
G(z−D;A,B,E −D), (12)

2. Z = Y −X with the CDF
1−G(E − z;A,B,E −D). (13)
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.

The next proposition is a generalization of the proposition 2.

Table 4 
Actions for peak power reduction

Type of action The construction of new 
generating power plants

Reduction programs 
(tariffs) HAN DADR

Cost of balance service 780 EUR/MWh 340 EUR/MWh difficult to determine 270 EUR/MWh

Demand side response 
effectiveness high high (DLC) / low  

(tariff programs) high high

Comfort reduction none high low / high  
(depends on defined scenario) low

Ability to “soft start” 
and “soft stop” action possible possible possible possible
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Distributed active demand response system for peak power reduction through load shifting

Propositions 3. Let X be a random variable with distribution 
function F(x; A, B) and Y » 

Table 2. Types of devices in terms of of participation in DSM program

Loads Dissemination [%]
[26]

Average unit power
[kW] [26]

Operating Charac-
teristics

Mode of participa-
tion in DSM pro-
gram

The the-
oretical
value of
the power
reduction
[GW]

R
eg

ul
ar

Refrigerator,
refrigerator-
freezer, freezer

99.50 0.08 Type 3 blockade 1.11

HVAC 0.35 2.0 - 6.0 Type 3 blockade 0.20
Electric wa-
ter heaters
or electrical
therms

23.00 1.5 - 3.5 Type 3 blockade 8.05

Electric fur-
naces

5.40 4.0 - 48.0 Type 3 blockade (1)/ time
shift (2)

19.66

Heat pump 0.05 3.5 - 16.0 Type 3 blockade 0.07

B
ur

st Washing
mashine

88.90 2.0 - 2.5 Type 2 time shift 28.00

Dryer 2.00 1.0 - 3.0 Type 2 time shift 0.56
Dishwashers 20.00 2.0 - 2.5 Type 2 time shift 6.30

1-refers convection ovens; 2-refers storage heater

1 0

P [W]

t

t
ON OFF

imax

imin

Ti
Ti,OFF

i [°C]

OFFON ON

thermostat

DADR
1 0 1

1 10 0

peak hoursoff peak hours night valley

P

Ti,ON

v

v
v

Fig. 4. The general concept of DADR action. An idealized time char-
acteristic in normal mode and during the operational time period of
DADR device.

age power P, to achieve a minimum temperature ϑmin. Assume
that the operating time period of the aggregate Ti,ON to reduce
the temperature inside the freezer to the level of ϑmin is pro-
portional to the aggregate switch-off time [30, 32, 33], which
can be written as

Ti,ON = α Ti,OFF, (1)

where α > 0 is the coefficient of proportionality.
Moreover due to the asynchronous operation of individual

devices it is assumed that the period in which the aggregate
of the i-th device does not work is aleatory with uniform dis-
tribution in the range from Tmin to Tmax, which is denoted
Ti,OFF ∼ U (Tmin,Tmax). This means that the operating period
of the aggregate of the i-th device is also a random variable
with uniform distribution Ti,ON ∼ U (α Tmin,α Tmax).

4.2. Freezer operational cycle during the operational time
period of DADR device
As mentioned earlier the main task of the DADR device is the
interruption of freezer operational states for a specified period
of time during peak load instances. Accordingly, the DADR
devices must have a cache in which is stored the peak hour
schedules for the whole year, as well as a real time clock, a
stopwatch (which measures time elapsed from changes in oper-
ating status) and a pseudo-random number generator module.
Using stochastic techniques for the control algorithm (Fig. 6)
this will prevent the synchronous switch-on of blocked devices
after the peak period, which would result in power oscillations
in the EPS [30].

At the start of the algorithm (Fig. 6) the DADR device reads
from the cache the peak hour start time. At the start of the peak
period, the cooling device operational status is checked (based
on measurement of the current):

• if device aggregator is OFF, block ON state for a time differ-
ence TB with random period based on uniform distribution
and time TA since last ON state;

• if device aggregatore is ON, wait until OFF state occurs and
block ON state for time TB with random period based on
uniform distribution (in this case the value of TA is close to
0).

Considering the above in the analysis it was assumed, that
the time of the forced break in the freezer aggregate operation
will be random with uniform distribution U

(

T DADR
min ,T DADR

max
)

,
which means that the unit will be turned off for at least the
period T DADR

min but not longer than T DADR
max . These periods are

determined by the duration of the peak hour loading of the day.
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(D, E). In addition, it is as-
sumed that X i Y are independent. Then the random variables 
have the form:
1.	 Z = X + Y with the CDF

	

Table 3. The reduction in consumption of electrical energy, dependent on the parameter characteristics of thermostatic devices and various time
durations of peak loads
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max Ereduce

[min] [min] [min] [min] [GWh]
1 20.00 40.00 0.35 120.00 180.00 0.65
2 25.00 40.00 0.40 120.00 180.00 0.65
3 25.00 40.00 0.60 120.00 180.00 0.88
4 25.00 40.00 0.40 150.00 210.00 0.84
5 20.00 30.00 0.40 120.00 180.00 0.69
6 20.00 30.00 0.60 120.00 180.00 0.93

Table 4. Actions for peak power reduction

Type of action
The construction of new
generating power plants

Reduction programs
(tariffs)

HAN DADR

Cost of balance service 780 EUR/MWh 340 EUR/MWh difficult to determine 270 EUR/MWh

Demand side response
effectiveness

high
high (DLC)

/
low (tariff programs)

high high

Comfort reduction none high
low/high

(depends on defined scenario)
low

Ability to "soft start"
and "soft stop" action

possible possible possible possible

A. Propositions

The appendix presents propositions from which relationship
(5) is derived. Proofs are omitted because they can be carried
out using the elementary theory of probability [43].

PROPOSITION 1. Let X ∼ U (A,B) and Y ∼ U (0,1) they
are independent random variables. Then the cumulative dis-
tribution function (CDF) of random variables Z = X Y and
Z = X(1−Y ) has the form:

F(z;A,B) =

= ln
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1+ ln
(B

z
))

z−A
B−A �A,B)(z)+ �B,+∞)(z). (10)

PROPOSITION 2. Let X be a random variable with CDF
F(x;A,B) and Y ∼ U (0,C). In addition, it is assumed that
X and Y are independent.

Then the random variable Z = X +Y has the CDF:
G(z;A,B,C) =

=
ln
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−(zH1(z)−H2(z)− zH1(B)+H2(B)) �B,B+C)(z)
−((z−C)H1(z−C)−H2(z−C)
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, (11)

where

H1(z) =
1+ ln

(B
z
)

B−A
z, H2(z) =

1+2ln
(B

z
)

4(B−A)
z2.

The next proposition is a generalization of the proposition 2.
PROPOSITION 3. Let X be a random variable with distri-

bution function F(x;A,B) and Y ∼ U (D,E). In addition, it is
assumed that X i Y are independent. Then the random variables
have the form:

1. Z = X +Y with the CDF
G(z−D;A,B,E −D), (12)

2. Z = Y −X with the CDF
1−G(E − z;A,B,E −D). (13)
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The appendix presents propositions from which relationship
(5) is derived. Proofs are omitted because they can be carried
out using the elementary theory of probability [43].
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are independent random variables. Then the cumulative dis-
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X and Y are independent.

Then the random variable Z = X +Y has the CDF:
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The next proposition is a generalization of the proposition 2.
PROPOSITION 3. Let X be a random variable with distri-

bution function F(x;A,B) and Y ∼ U (D,E). In addition, it is
assumed that X i Y are independent. Then the random variables
have the form:
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