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Abstract

In order to have a reliable microgrid (MG) system, we need to keep the frequency
within an acceptable range. However, due to disturbances in a MG system (such
as a sudden load change), it can experience major or minor deviations in frequency,
which needs to be reduced within seconds to provide the system stability. In order to
maintain the balance between energy supply and demand, traditionally, generation
side controllers are utilized to stabilize the power system frequency. These systems
add high operational cost, which is not desired for power system operators. With
the introduction of smart grid, more and more renewable energy sources are to be
used in the power system. The intermittent behavior of these energy resources, as
well as high operation cost of conventional controllers, has led to research for new
alternatives. In a smart grid environment, demand response (DR) programs can be
considered as a promising alternative to the conventional controllers, to efficiently
contribute to the frequency regulation by switching responsive loads on or off. DR
programs can reduce the amount of energy reserve required and, hence, are more
cost efficient. Moreover, they can act very fast and can provide a wide range of
operation time from a few seconds to several minutes. Thermostatically controlled
loads (TCLs) are proper candidates to participate in frequency regulation programs.
However, individual TCLs do not have a noticeable impact on frequency due to small
size. They should be aggregated in order to have a considerable effect on frequency.
Nevertheless, there are still many challenges which should be addressed in order
to make use of TCLs for frequency control in smart grid. In this regard, proper
aggregated load models and control algorithms for TCLs contributing to this service
need to be investigated.
In this thesis, we present an aggregation model for TCLs and a control strategy
to coordinate power provided from DR participants with that of generation side of
the MG to keep system frequency within its desired range. For the aggregation
model considered in this study, a state space model is used to take into account the
interdependency of TCLs’ temperature participating in DR programs. The model
groups TCLs into clusters, each controlled by an aggregator. A minimum off/on
period is considered for individual TCLs to avoid frequent switching of these devices.
A control strategy is presented to control frequency by coordinating the generation
and demand side regulation service providers. Computer simulation results show
that the proposed aggregation model and control strategy can effectively control
frequency under various case studies.
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Chapter 1

Introduction

1.1 Microgrid and DR programs

Due to high importance of developing a more efficient, more reliable, and cleaner

electric power grid, the traditional energy sector has moved towards the introduc-

tion of smart grid. Smart grid commonly refers to the utility electricity delivery sys-

tem which improves the efficiency, economics, and sustainability of the production

and distribution of electricity through the two-way digital communication network

and computer processing technology [1]. Within the smart grid, microgrid (MG) is

defined as a low-voltage generation/distribution network including a group of dis-

tributed energy resource (DER) units such as diesel generator (DZ), solar panels and

wind turbine (WT). An MG can operate while connected to the main grid via the

point of common coupling (PCC), and also in an islanded mode where it is totally

disconnected from the main grid [2, 3]. In the latter mode, keeping the frequency

1



stability becomes critical as there is no connection to the main grid and the system

inertia is lower than that in the grid-connected mode. One of these stability concerns

relates to the system frequency. In order to keep the system frequency within a de-

sired range in all conditions, the supply-demand balance must be retained in various

situations. However, due to disturbances happening in a power system (e.g., sudden

load changes), it can experience major or minor deviations in frequency, which need

to be controlled within seconds to provide the power system stability [4]. In order to

maintain the balance between supply and demand in a power system, two main levels

of control are generally used. Primary frequency control is a local automatic control

that adjusts the active power generation and consumption to quickly (within seconds)

restore the balance between load and generation [5, 6]. It is noteworthy to mention

that this type of control cannot return the frequency to its nominal value, but can

arrest the frequency drop and stabilize it. In order to bring the frequency back to its

nominal value, secondary control is implemented. The response time of each control

type is important to be considered. Secondary control acts within thirty seconds up

to a few minutes. The reaction time for primary control is much shorter than that

for the secondary control, so the appliances participating in primary control must

act very fast. However, the ones participating in secondary control do no need to be

fast acting devices [5]. Traditionally, generation side controllers have been utilized

to stabilize the power system frequency. These systems add high operational cost,

which is not suitable for power system operators. With the introduction of smart

grid, more and more renewable energy source (RES)s are used in the power system.

The intermittent behavior of these energy resources, as well as high operation cost of
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conventional controllers, has made researchers seek for new alternatives. In a smart

grid environment, demand response (DR) programs can be considered as a promising

alternative to the conventional controllers, to efficiently contribute to the frequency

regulation [7, 8]. DR programs can reduce the amount of energy reserve required

and, hence, are more cost efficient. Moreover, they can act very fast and can provide

a wide range of operation time from a few seconds to several minutes. The frequency

control in an MG can be handled by a microgrid central controller (MGCC) which

is responsible for ensuring the balance between distributed generation (DG) output

power and load consumption in each time horizon from short term of 1 to 24 hours

to very short term of 60 seconds or less.

1.2 Motivation and Contribution

As mentioned in subsection 1.1, providing frequency control via DR programs can be

a cost efficient alternative for traditional frequency control which is solely performed

by generation side. In this regard, there are existing studies to investigate provision of

frequency control by the thermostatically controlled loads (TCL)s. Since the power

consumption from an individual TCL is not significant, it is imperative to aggre-

gate a large number of these devices in order to have considerable frequency control

service. In this regard, the aggregation model embedded in the local aggregator is

the foundation for DR programs. A well-desired aggregation model should take into

account the low inertia of islanded MG, which means that a fast and comprehensive

control strategy needs to be developed. The model should consider coordination of
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DR with generation side under various frequency conditions, and intermittent be-

havior of RES in the system. Moreover, in order to prevent frequent switching of

TCLs, minimum off-time and on-time should be considered in the model. Most of

the existing works have investigated load following problem in time span of several

hours. However, it is important to study frequency regulation in an islanded MG

considering all the mentioned issues in scale of seconds. Though there already exist

numerous results on controlling TCLs for DR, many problems in aggregation mod-

eling and control remain open. In the islanded MG, load changes and intermittent

behavior of RES cause system frequency to deviate from its nominal value. The fre-

quency control system should keep the MG frequency within its acceptable operating

range. This should be done by properly incorporating the TCLs in the frequency

control, while having coordination with the generation side. Minimizing frequency

deviations due to load perturbations/renewable energy intermittency in the MG can

be achieved by applying DR with the TCL aggregation model. Due to small impact

of an individual TCL on MG control, it is necessary to engage a large number of

TCLs into frequency regulation. The problem becomes complex, because not only

we deal with a large number of devices, but also we need to ensure the customers’

comfort level.

In this thesis, our main objective is to design a TCL aggregation control strategy for

MG frequency regulation purposes. Under this aggregation method, heterogeneous

TCLs are grouped into several classes. thermostatically controlled load aggregator

(TCLA)s are responsible to manage each group of TCLs, and TCLs are prioritized

based on their setting temperature statuses. This helps solving the challenge of fre-
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quency control via a large number of potential participants, and difficulties in dealing

with many small loads rather than a limited number of generating units [4]. When

the number of TCLs increases, their heterogeneity increases as well. Hence, aggregat-

ing a large number of heterogeneous TCLs becomes challenging and an aggregation

model is required to account for their heterogeneity [9–11]. In our study, we apply

the aggregation model proposed in [12] as a basis to take advantage of TCLs for fast

frequency regulation. In order to make our control strategy fast enough for low iner-

tia islanded MGs, a direct relation between TCL temperature and system frequency

is considered to provide fast regulation service.

The contributions of this thesis include prioritizing the TCLAs instead of individual

TCLs, which takes into account the thermal dependency of TCLs within aggregation

model. Existing aggregation models such as the one in [12] have been mainly pro-

posed for load following purposes and the relative case studies are in a time scale of

minutes to several hours. To the best of the our knowledge, this study is one of the

very few studies which deal with fast regulation performed by aggregated TCLs in

islanded MGs in order of seconds. Moreover, we consider the coordination of gener-

ation (renewable-non-renewable) and DR in an islanded MG instead of simply using

the load-supply balancing signal from the power system operator. In addition, we

consider the lockout effect of individual TCLs to make the model more cost efficient

and reliable.
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1.3 Outline

The reminder of this thesis is organized as follows. Chapter 2 provides a literature

review on control strategies and aggregation TCL models. Chapter 3 presents the

system model of our research work. We also present the proposed aggregation model,

the temperature-dependent frequency control strategy, and the complete problem

formulation. The performance evaluation of the proposed scheme is provided in

Chapter 4. We analyze the TCL aggregation control strategy under both over-

frequency and under-frequency modes. We also investigate the lock-out effect of

TCLs in those cases. Moreover, the system performance under intermittent behavior

of the RES is discussed. Finally, Chapter 5 draws the conclusion and identifies the

future work of this research.
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Chapter 2

Literature Survey

2.1 Introduction

With unceasing renewable energy and power consumption of the consumers within

the power system, more stress has been put on the regulating generators to maintain

supply-demand balance of the system. In addition, regulating generators are not

working at their preferred working point which is not desired for the system operator

[13]. On the other had, making the regulating generator change its output frequently

in response to frequency deviation signal, puts a lot of pressure on the mechanical

equipment leading to shortened lifetime of the generators. As discussed in Chapter 1,

DR programs are the most promising alternative for regulating generators to provide

regulation services. For this purpose, TCL is a type load that can be controlled via

its setting temperature to reduce or increase the power consumption for demand-

supply balancing purposes. The capability of aggregate power consumption of TCLs
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to provide load balancing service is confirmed in [13, 14]. A battery model showing

that flexible loads such as TCLs are good candidates for ancillary services. As

discussed in Chapter 1, one of the challenges in implementing regulation service via

TCLs, is to define their aggregate dynamics to have significant impact on the power

supply-demand balance. In this chapter a literature survey on DR via TCLs and the

available control algorithms is provided.

2.2 DR with Aggregated TCLs

Due to limited capacity of individual consumers, they are not suitable to partici-

pate in frequency control service provision. Another problem is that the number of

responsive appliances is so large that it is very difficult for the system operator to

handle all these devices. Hence, aggregation of loads is an alternative for alleviating

the complexity of too many devices participating in DR programs. In an MG, these

aggregators act as an interface between the MGCC and consumers. TCLs are of the

most appropriate candidates for frequency control service. Most common TCLs are

air conditioner (A/C)s, heating ventilation and air conditioning (HVAC) systems,

heat pumps,electric water heater (EWH), and refrigerator. TCLs can be controlled

either by directly switching them on/off or indirectly by changing their tempera-

ture settings. A proper aggregation model for different types of loads can engage

them in frequency regulation service. Due to the fact that TCLs can be properly

controlled while providing acceptable comfort level to the costumers, and their fast

acting properties, they can be considered as promising choices for ancillary services.
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The main trade-off in problem of frequency control via DR programs is to maximize

the comfort-level on the demand side, and minimize the participation of genera-

tion reserves and maximize the aggregated load curtailment duration on the utility

side [4]. With integration of renewable energy resources, it is anticipated that more

fluctuations will be added to the power balance in current power systems. In order to

alleviate these unbalancing conditions, a large number of TCLs must be aggregated

to provide the balance back to the system when any disturbance or intermittency

occurs in the system. How to model these demands and how to control them via a

reliable controller are two main questions which should be addressed. One approach

is to consider smart appliances within every TCLA as individual responsive loads to

the frequency deviation [15]. In this method, when the frequency goes above/below

a threshold, the TCL is eligible to be turned on/off. However, if all the TCLs are

turned on/off simultaneously, the frequency oscilation problem can occur [15]. As a

solution to this problem, the participating TCLs can be chosen randomly. However,

in this method the temperature and comfort level of the consumers are not taken

into consideration. One parameter regarding the comfort level is to consider the min-

imum off(on)-time of the TCLs contributing in frequency control service [4]. If the

frequency goes beyond a certain threshold, the load controller activates the partici-

pating aggregated loads, but these appliances which are turned off (on) must remain

in the status for a specific period. For each single load, a ∆f-τ control characteristic

is desired: every appliance should turn on/off if the frequency deviation (∆f) goes

above/below a controlling region, and its status must stay the same for a certain

amount of time (τ). For simplicity, a common ∆f-τ control characteristic is desired
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for aggregation of a large number of appliances instead. This frequency-time char-

acteristic helps the load controller in decision-making process. However, calculating

the exact time for each appliance to take part in the service and the temperature

dependency of the loads are not considered for most cases in the existing literature.

Moreover, more complex systems which integrate renewable energy can make the

∆f-τ characteristic more difficult to select. TCLs can be aggregated and controlled

via their temperature settings. Hence, more detailed aggregation comes with consid-

eration of temperature and dynamic characteristics of the TCLs [16]. For instance,

in cooling systems, if the temperature setting is increased/decreased by a certain

degree, TCLs can be turned off/on by load controller right away until the frequency

deviation is cleared. The same method is applicable for EWHs. The advantage

of temperature dependent frequency control with TCLs is that they can respond

quickly to the setpoint signals in both primary and secondary control services. The

drawback is that a number of devices will turn on/off simultaneously, which can lead

to the frequency oscillation problem. To overcome the frequency oscillation problem

and to improve the comfort level of the consumers, one approach is to let TCLs

participate in the frequency regulation service via a priority list method [17]. An

aggregation model can be applied by grouping TCLs into several clusters and listing

these groups in a priority order, to provide the frequency control. According to the

preceding discussion, an aggregated model based on the temperature settings, while

accounting for comfort-level of consumers, is required.
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2.3 Demand response control algorithms

In order to implement the DR programs, two main types of algorithms have been

studied so far: centralized and decentralized control algorithms [18–20]. In cen-

tralized control, an upper level control center provides the control signals based on

received data from measurement units distributed all over the system. Using com-

munication links, these control signals are sent to the DR appliances to take part in

the frequency control service. Nevertheless, in decentralized control, control signals

are generated locally through local measuring and decision-making units with less

complicated communication links [21]. These two types of algorithms are reviewed

in more details in the following subsections.

2.3.1 Centralized control algorithms

The centralized approach is utilized for hierarchical models where a central controller

sends proper operating signals from top to the lower level entities. Hence, a reliable

communication link is necessary to connect the devices in different layers of the

system to the central controller. Other important feature of the central controller is

that it has a single point-of-failure. Due to simplicity of applications in DR programs,

centralized algorithms have been investigated in many existing works, to control the

frequency within an acceptable range. A central DR algorithm is proposed in [22]

to stabilize the power system frequency while minimizing the curtailed load. In this

method, when an unbalance occurs, frequency deviation will be brought within the

acceptable range via an adaptive hill climbing (AHP) method. Different from [22]
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where only DR is utilized to compensate for the unbalance of generation and load,

a central control strategy is proposed where the frequency is regulated via both

emergency DR (EDR) and slower generation reserve [23]. The EDR can be divided

into two parts: The first part is to intercept the frequency decline and prevent from

the load shedding; The second part is to bring the declined frequency back to a secure

level, so that the slower responsive reserve can carry on the restoration afterwards

to eliminate frequency steady state errors, and keep the frequency as close to the

nominal as possible. The mentioned algorithms are simple and work well, however,

it is important to take into account the cost of required communication links and

the huge amount of data regarding the responrespectivesive appliances.

2.3.2 Decentralized control algorithms

The decentralized active DR (DADR) system is based on the assurance of power

system unload services by multiple device actions without communication between

individual elements [24]. The signal for load reduction is provided by the proposed

control algorithm on the basis of frequency fluctuation measurements taken at the

connection point of a DADR controlled device. Indeed, decentralized control strate-

gies are based on local measurement and decision-making units. As moving for-

ward in improving measurement technologies, these algorithms can be considered

as promising DR control algorithms due to fast acting behavior and no required

communication links. Numerous recent studies have discussed ferquency control via

decentralized DR algorithms. To prevent the problem of dealing with a large num-

ber of DR appliances, decentralized controllers can take advantage of aggregated DR
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providers. In [4], individual controllers for three types of loads (i.e. space heat-

ing loads, fridge/freezers, and storage water heaters) are considered aggregately to

perform the primary frequency regulation. The aggregation characteristics of the in-

dividual loads determine the profile and global behavior of the demand-side reserve.

Simulation results show a droop characteristic similar to a generator’s primary fre-

quency characteristic, suggests that DR can be potential resource for primary fre-

quency control. In the abscence of two-way communication, the demand can respond

to the frequency error in a manner similar to the generators. Decentralized control

can also be performed by means of multi-agent control. For instance, in [25] a multi-

agent demand control system is presented in which residential demand supports both

primary and secondary frequency regulation. Again, loads are clustered and the ag-

gregator of dynamic demand is able to control the power consumption and loads’

response to frequency changes. The multi-agent control algorithm consists of two

parts: one is to control the cluster of loads in real-time to obtain the planned con-

sumption and the other is to plan the consumption of the cluster of loads over a time

horizon. It is shown that, with the multi-agent control framework, the primary and

secondary frequency control by a conventional generator can be imitated. Another

approach in decentralized control is to let contracted consumers contribute to DR in

a random manner which can be implemented for TCLs [15,26].
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2.3.3 Centralized vs. decentralized demand response control

algorithms

In many cases, centralized control is not appropriate for primary frequency control.

This is because the required reaction time for centralized DR services reaction, is

often more than the frequency drop arresting time (which is normally up to a few

seconds) [27–29]. The main reason for the latency relates to the required time of

transferring information from DR appliances to the central controller and vice versa.

However, decentralized control methods can provide a high dynamic response because

they are capable of decision-making locally without time delay. It is demonstrated

that these decisions can be executed without communication links in control centers,

but based on the frequency measurements taken by each of the DADR devices at the

load connection point [30]. For frequency control in small scale systems such as MGs,

because the links are limitted with respect to large-scale ones, central control system

can be a proper candidate. However, using hierarchial approach can reduce the

communication cost even for these systems. The hybrid hierarchical control method

is a combination of both centralized and decentralized methods, which can overcome

the limitations of both methods [31]. A hybrid algorithm has significant advantages,

e.g., reducing communication cost and delays significantly, and applicability for both

primary and secondary control problems; however it is considered to be very complex

in practical situations.
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2.4 Summary

The problem of frequency control has been thoroughly discussed in literature. One

of the main load types contributing to DR services is TCLs which have a high po-

tential to take part in the frequency control services. Existing research show that

they can participate in both primary and secondary frequency control due to their

fast acting characteristics. However, providing appropriate aggregation models needs

to be investigated in more depth. Current models regarding TCLs need to address

thermal dynamic behaviors of TCLs to keep the comfort level of consumers as high

as possible. The aggregated load models are controlled mainly by centralized and

decentralized control algorithms for frequency control purposes. Centralized control

is a simpler approach but requires to process a high amount of information which

complicates the system, and is time consuming for controlling large scale systems

which makes it suitable for the secondary control of such cases. Decentralized con-

trol is a better option for primary control due to its fast acting characteristics. The

other advantage of decentralized control is no need for a complex and vast communi-

cation infrastructure which is essential for central controller. However, implementing

decentralized approach is much more complex than centralized control. A hybrid hi-

erarchical model which combines both centralized and decentralized models for the

frequency control can be a choice.
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Chapter 3

Aggregation TCL Model and

Frequency Regulation

3.1 System Model

An MG can operate in both islanded and grid-connected mode through the PCC.

MGs are also able to transit between these two operation modes. There exist MGs

which are far from the main grid and cannot run in the grid-connected mode. MGs

in remote communities or industrial sites are an example of this type. The frequency

of the grid-connected MG is controlled by the main grid. However, in the islanded

mode of operation, DERs and controllable loads can fulfill the frequency control of the

MG. Due to their thermal inertia, TCLs can be regarded as one of the main types

of controllable loads which can participate in a frequency regulation program. In

order to investigate the frequency control by TCLs in MGs, we assume that the MG
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Figure 3.1: The system architecture of the MG.

under consideration operates in the islanded mode. The islanded MG is depicted in

Figure 3.1, where the micro-source controllers (MC)s of DERs, load controller (LC)s

of controllable loads, and the MGCC are in charge of controlling the frequency to

maintain the supply-demand balance. On the supply side, the MG is equipped

with synchronous/asynchronous generators such as DZ, WTs, and inverter-based

generators (e.g., solar photo-voltaic (PV) panels).

On the demand side, the electric demand can be classified into controllable and non-

controllable loads. The non-controllable loads such as lighting cannot participate in
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the frequency regulation, while controllable loads such as TCLs can change their

power consumption to control the frequency level. However, an individual TCL

cannot significantly affect the frequency level of the islanded MG, due to its limited

output power. In this regard, TCLs are aggregated to have noticeable impact on

frequency of the system. Moreover, due to limited access of the MGCC to every

contributing TCL in the MG, the approach of load aggregation is considered in our

work [9–11]. In the following, each component of the system under consideration is

further discussed in details.

3.1.1 Supply side model

The supply model includes renewable and non-renewable generation units. Based on

characteristics of renewable energy resources, they usually do not participate in the

frequency regulation. However, the synchronous generators can change their output

power to control the frequency level of islanded MG. In this regard, synchronous gen-

erators are discussed more in detail here [32]. In order to have a good understanding

of synchronous generator behaviours in frequency control, an important function

which is called swing equation and its elements should be discussed. An important

parameter in a synchronous machine is the power or load angle, δ(t), which is the

time-varying angle between the position of the rotor axis and the magnetic field axis.

When a disturbance occurs in the system, an oscillation occurs accordingly in which

the rotor accelerates or decelerates depending on the load angle changes with respect

to the rotating air gap magneto-motive force. This procedure is described by the

following swing equation in the time domain, which is the basis for the frequency
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control action of synchronous generators in power system stability analysis:

2H
d2δ(t)

dt2
= Pm(t)− Pe(t). (3.1)

In (3.1), ωs is the electrical angular velocity, Pm(t) is the driving mechanical power

at time t, Pe(t) is the electrical power output by the generator, and H is per unit

inertia constant. With system frequency ω(t)=
dδ(t)

dt
, during a small perturbation

denoted by ∆, the Laplace transform corresponding to (3.1) can be represented as

∆ω(s) =
1

2Hs
[∆Pm(s) − ∆Pe(s)], where s is Laplace transform operator. There

are two types of loads fed by a synchronous generator, sensitive and non-sensitive

to frequency. Frequency non-sensitive loads such as pure resistive loads are not

dependent on frequency, and ideally any change in frequency has no impact on their

behaviors. However, frequency dependent loads such as induction motors are affected

by changes in frequency. As a result, a general load model can be represented as

∆Pe(s) = ∆PL(s) + D∆ω(s), where ∆PL(s) is the non-sensitive load, D∆ω(s) is

the frequency dependent load, and D is the load damping constant indicating the

percentage of change in the load with respect to 1% of the change in system frequency.

Integrating the load formula with synchronous generator formula yields the block

diagram of Figure 3.2. Two main elements of a synchronous machine are turbine and

governor which produce and control mechanical power of the machine, respectively.
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Figure 3.2: Generator-load model in Laplace transform.

Turbine and governor

A turbine is in charge of providing mechanical power which is a result of changes

in the valve position of turbine. Figure 3.3 shows the model of a non-reheat steam

turbine, where ∆PV (s) represents the Laplace transform of changes in the valve po-

sition, τT is a time constant to model the mechanical delay of the turbine response

to changes in valve position. The valve position is adjusted by the governor, which

consequently results in adjustment of the mechanical output power of the turbine.

)(sPV )(sPm

sT1

1

Figure 3.3: Modeling of a non-reheat steam turbine in Laplace transform.

The governor performs the power adjustment in accordance with changes in system

frequency. In frequency control mode, the synchronous generator changes its genera-

tion using the governor based on the droop theory. Figure 3.4 provides an illustration

of the droop theory. The slope of the droop control shows the characteristics of speed
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Figure 3.4: Droop characteristics of the governor.

regulation or droop R in (Hz/kW ). It denotes the ratio of frequency deviation from

the nominal value to the change in power output. The speed droop for generation

units can be defined as

R% =
∆ω

∆PG
× 100 (3.2)

where ωn/PGn and ω0/PG0 are the rated and full-load frequency/power magnitude

of the synchronous generator in (rad/s)/kW , respectively. According to the droop

theory, decreasing/increasing frequency results in opening/closing the valve of the

governor to increase/decrease the mechanical output of the turbine which is the input

to the generator. Changes in input mechanical power of the generator causes changes

in its output electrical power, which directly affects the system frequency. This can

be shown in Laplace form of ∆Pg(s) = ∆Pref (s) − 1

R
∆ω(s), where ∆Pref (s) is the

reference value of the generator and ∆Pg(s) is the deviation from the reference power

which is a matter of changes in system frequency. The governor then changes the

turbine valve position ∆PV (s) with a specific time delay τg, resulting the modeling
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in Figure 3.5.
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Figure 3.5: Modeling of a speed governor in Laplace transform.

The synchronous machine frequency control system can now be derived as shown

in Figure 3.6, which is a combination of generator-load system, turbine and the

governor block diagrams. Assuming the load change is a step input with magnitude

∆PL, i.e., ∆PL(s) =
∆PL
s

, the frequency deviation for a system of n generators in

steady state can be derived using the Laplace final-value theorem, given by

∆ωss = (−∆PL)
1

D +
1

R1

+
1

R2

+ ...+
1

Rn

=
−∆PL
β

. (3.3)

In (3.3), the steady state frequency deviation of the system (∆ωss) depends on the

governor droop controllers in the system, where β = D +
1

R1

+
1

R2

+ ...+
1

Rn

repre-

sents the system frequency response characteristic. The droop control of governors

is usually considered as the primary control, which acts within seconds to minutes to

arrest the frequency drop as soon as possible. However, as shown in (3.3), implement-

ing only the primary control will result in a steady-state frequency deviation from

the desired value, depending on R′s and D parameters. Hence, secondary control is

needed to bring the frequency back to its nominal value. In this regard, another block
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Figure 3.6: Modeling of a synchronous frequency control system with droop control
in Laplace transform.

is added to the system which represents the secondary control in Laplace form of

KI

s
, with the secondary frequency control integrator gain KI . The secondary control

action basically adjusts the load reference set-point of governor. The modeling of

synchronous machine frequency control system with primary and secondary control

in Laplace transform is illustrated in Figure 3.7, where both control modes are used

to adjust the mechanical power based on changes in system frequency.

3.1.2 Demand side model

Controllable loads participating in frequency control include mainly heating, ventila-

tion, air conditioners, electric water heaters and cooling devices such as refrigerators,

which are called TCLs. All the information regarding these loads is measured us-

ing smart meters in the MG, and is sent to the TCLAs. Aggregators have two-way

communication with the MGCC, and are responsible to allocate power to DR par-
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Figure 3.7: Modeling of a synchronous frequency control system with primary and
secondary control in Laplace transform.

ticipants. TCLAs are prioritized according to their availability and the consumer

level of comfort. Here, the control process of TCL output power in response to fre-

quency deviations is called demand response (DR). The diagram of the aggregating

N TCLAs is provided in Figure 3.8, As can be seen in this figure, power from all

TCLs are aggregated within TCLAs to form the total power from DR (PDR).

DR of TCLs must take into account their dynamic behavior of temperature,

physical limitation in the operating states (on/off), and their nature of distribution.

The thermal dynamics of an individual TCL is the fundamental of developing the

aggregation model and control scheme. TCL modelling is commonly represented in

two forms of first order and second order differential equations. For instance, in an

air-conditioned room, the heat flow between room air and outside air is modeled

by a first-order differential equation, whereas an added consideration of the heat

exchange between room air and room furnishing requires a second-order differential

equation. For simplicity, we consider the popular first-order equivalent thermal pa-

rameter (ETP) model [33]. In this model, the internal dynamics of conditioned mass
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Figure 3.8: Block diagram of aggregating N TCLAs.

of the thermal system (ignoring the impact of the building mass temperature) are

considered to represent individual TCL dynamic operation. This method is suitable

for residential or small commercial buildings to describe the dynamics of individual

loads. In this model, both the ambient temperature and heating flux affect the in-

door temperature. The equivalent electric circuit of the ETP model is illustrated in

Figure 3.9. The dynamics can be described by

θ̇in(t) =
1

CR
(θa(t)− θin(t)−RPr(t)) (3.4)

where θin(t) and θa(t) are the indoor and ambient air temperature at time t respec-

tively, C[kWh/◦C] is the thermal capacitance connected in series with a thermal

resistance R[◦C/kW ], and Pr(t) is the equivalent heat rate at time t. The physical

parameters of individual TCLs include thermal resistance, capacitance, and active

power consumption.

Since we have a large number of different individual TCLs in the MG, it is nec-
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Figure 3.9: First-order ETP model [31].

essary to consider the heterogeneity of TCLs in our model. We group heterogeneous

TCLs into N homogeneous classes according to their physical parameters. Each class

is controlled by an aggregator (i.e., TCLA) which manages the homogeneous cluster

of TCLs. Aggregation of power from all the TCLAs results in PDR. DR performs

similarly to spinning reserve in magnitude and power flow direction. That is, once

frequency deviation is negative (positive), it is required to turn off (on) a portion

of the responsive loads. For small perturbations, the general system equation for

the purpose of MG frequency control analysis including DR and renewable energy

resources is given in Laplace form by [34]

∆PNon−Ren(s) + ∆PRen(s) + ∆PDR(s)−∆PL(s) = 2Hs∆ω(s) +D∆ω(s) (3.5)

where ∆PNon−Ren(s) is the power from non-renewable units such as DZ, ∆PRen(s)

is the power from renewable energy units, ∆PDR(s) is the power from DR, ∆PL(s)

is the load perturbation, ∆PNon−Ren(s) + ∆PRen(s) + ∆PDR(s)−∆PL(S) represents

the power mismatch, and ∆ω(s) is the frequency deviation.
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Figure 3.10: Modeling of supply side including synchronous generator and renewable
energy in presence of responsive demands in Laplace transform.

Integrating the synchronous generator model, together with renewable energy

resources blocks such as PV generation and a wind turbine as well as the feedback

loop for DR, results in Laplace transform model in Figure 3.10. The parameters

of the synchronous generation system block are assumed to be the equivalent of all

generation assets and load damping of the MG.

3.2 Research Problem

The research objective is to aggregate and control TCLs in order to maintain the

frequency level of an islanded MG, and to keep the comfort level of the costumers

in a desired range, subject to renewable energy/load changes in the MG. The TCL
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aggregation model aims to obtain a fast response to load changes or renewable inter-

mittency to regulate the frequency in a specific operating range. Furthermore, this

aggregation process is to maintain comfort level of customers while keeping TCLs’

temperature in a desired range.

In the islanded MG, load changes and intermittent behaviors of renewable energy

resources cause system frequency to deviate from its nominal value. The frequency

control system should keep the frequency of the MG within its acceptable operating

range. This should be done by properly incorporating the TCLs in the frequency

control. Minimizing frequency deviation due to load perturbations/renewable energy

intermittency in the MG is done by applying DR with the TCL aggregation model.

Due to small impact of an individual TCL on MG control, it is necessary to engage

a large number of TCLs into frequency regulation. The problem becomes complex

because not only we deal with a large number of devices, but also we need to ensure

the customers’ comfort level.

Given limitations of existing TCL aggregation models as discussed in Chapter 2, our

objective is to design a TCL aggregation strategy for MG frequency control pur-

poses. Under this aggregation method, heterogeneous TCLs are grouped into several

classes. TCLAs are responsible to manage each group of TCLs, and TCLs are prior-

itized based on their setting temperature statuses. These aggregators have two-way

communication with MGCC, and LCs are in charge of controlling the TCLs locally.

Aggregated TCLs are controlled via changing the temperature settings by TCLAs.

As soon as a noticeable drop/increase in frequency is sensed via meters in the MG,

the MGCC calculates the required power and cooperates with aggregators to switch
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TCLs off/on as needed. In order to have a proper aggregation and control scheme

of TCLs for the frequency regulation, the following research issues are studied:

1. Controlling an individual TCL is less challenging than controlling a large num-

ber of TCLs. The main challenge of frequency control via controlable loads is

the large number of potential participants, and difficulties in dealing with many

small loads rather than a limited number of generating units. In particular, the

cost and complexity associated with two-way communications between many

loads and the MGCC can be overwhelming obstacles [4]. This also leads to the

fact that, when the number of TCLs increases, their heterogeneity increases

as well. Hence, aggregating a large number of heterogeneous TCLs becomes

challenging and an aggregation model is required to account for their hetero-

geneity [9–11]. To address both the large number and heterogeneity of TCLs,

one approach is to group TCLs into several TCL clusters. In this structure,

the MGCC communicates with aggregators of clusters as represented in Figure

3.1 instead of a single aggregator for a large number of TCLs. In our study we

apply the aggregation model proposed in [12] as a basis to take advantage of

TCLs for fast frequency regulation purposes.

2. The frequency oscillation problem, which occurs when smart appliances simul-

taneously respond to the system frequency by varying their power consumption,

is the main barrier to realize DR-enabled frequency control in practice [15]. In

a case of frequency drop, turning off a large number of TCLs can take the

frequency out of its desired range. Moreover, if TCLs are switched on/off with
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no limitation, the life-cycle of these devices will be reduced. Hence, in order

to prevent the frequency oscillation problem, frequent switching actions and

avoiding the chance of running out of the desired range of frequency, minimum

on/off time of TCLs is considered in our model.

3. In conventional frequency control problems, the regulation of frequency is

acheived solely from the generation side. However, by enabling the demand

side (i.e. TCLs contributing into frequency control), a challenge is to deal with

the coordination among the frequency regulation providers. In this regard, it

is required that aggregated TCLs provide frequency control in accordance with

synchronous generation of the system. The problem should be solved by con-

sidering both power system dynamics and thermodynamics of the system. The

MGCC should be responsible to provide this coordination such that changes

in system load and intermittency of the renewable energy resources imposed to

the system are compensated.

The contributions of this study includes prioritizing the TCLAs instead of indi-

vidual TCLs, which takes into account the thermal dependability of TCLs within

aggregation model. Also, aggregation models such as the one in [12] have been

mainly used for load following purposes and the relative case studies are in a time

scale of minutes to several hours. To the best of the our knowledge, this study is

one of the very few studies which deal with fast regulation performed by aggregated

TCLs in islanded MGs in order of seconds. Moreover, we consider the coordination

of generation (renewable-non-renewable) and DR in an islanded MG instead of sim-
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ply using the load-supply balancing signal from the power system operator. We also

consider the lockout effect of individual TCLs to make the model more cost efficient

and reliable.

32



3.3 TCL Aggregation Model for Frequency Regu-

lation

TCLs are potential candidates to support frequency regulation in the MG. In order

to regulate frequency with TCLs, it is important to have proper modeling of both

individual and aggregated TCLs. This is because a large number of heterogeneous

TCLs exist in MGs, and desirable aggregation and control of these loads are crucial to

provide the regulation service. In the aggregation and control of TCLs, the first order

TCL modeling is considered for simplicity. In the following, electric/thermal formula-

tions of individual and aggregated TCLs for frequency regulation is presented [11,35].

3.3.1 Individual TCL Model

A TCL can be modeled as a thermal capacitance, Ci[kWh/◦C], connected in series

with a thermal resistance, Ri[
◦C/kW ], where i is index of the ith TCL [11, 36].

The dynamic behavior of TCL can be modeled by two state variables, the discrete

operation state si(t), and the internal temperature θi(t) of the conditioned mass

(i.e., indoor air temperature) as in (3.6), where si(t) = 1 indicates TCL i is on, and

si(t) = 0 represents TCL i is turned off at time t. The TCL hybrid state model can

be represented by nk first-order ordinary differential equations

θ̇i(t) =
1

CiRi

(θa,i(t)− θi(t)− si(t)RiPr,i), i = 1, 2, ..., nk (3.6)
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where Pr,i[kW ] is the constant electrical consumption, θa,i represents the ambient

temperature (i.e., outdoor air temperature of a building), and NL is the number of

TCLs within an aggregator. In general, a negative sign in Pr,i[kW ] means a heating

TCL and positive sign refers to a cooling TCL. In this study, we consider only

cooling devices, hence Pr,i[kW ] is nonnegative. Similar approach can be used for

heating devices with a negative value for Pr,i[kW ]. In our study, we do not consider

the thermal noise (e.g., effects of opening doors and windows).

In (3.6), the binary dimensionless functions si(t) is the operation state governed

by a thermostatic switching law to keep the temperature of a TCL within a prede-

termined temperature deadband, given by

si(t) =


0, if si(t− τ) = 1 & θi(t) < θ−i

1, if si(t− τ) = 0 & θi(t) > θ+i

si(t− τ), Otherwise

(3.7)

where τ is the sampling period, θ−i and θ+i are the lower and upper limit of the

temperature deadband ∆db,i around the setting temperature θset,i for ith TCL given

by

θ−i = θset,i −∆db,i, θ+i = θset,i + ∆db,i. (3.8)

We consider the setpoint temperature θset,i as the control input for each TCL. Con-

sidering the fact that different consumers have different comfort levels, the control

input should satisfy

θ−set,i < θset,i < θ+set,i (3.9)
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where θ−set,i and θ+set,i are the lower and upper bounds of the ith customer’s acceptable

regulation thresholds.

An illustration of a TCL operation in a cooling scenario is provided in Figure 3.11.

When the TCL is turned on, the temperature of the conditioned mass decreases,

until reaching the lower threshold θ−i . In this case, the TCL will automatically turn

off. By turning off the TCL, the temperature will increase until it reaches the higher

threshold θ+i . At this point, the TCL is turned on, and the cycle continues. This

type of control is designed such that the comfort level of the costumers is respected.

Lockout effect of TCLs: In real applications, in order to protect the appliance from
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Figure 3.11: Dynamics of a TCL (cooling scenario).

continuously switching between on and off statuses, a minimum time is set as switch-
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on/-off threshold. Once TCL starts running, it should not be turned off immediately,

and when it is turned off, there is a minimum time before which it cannot be turned

back on. Thus, in order to meet this constraint, the control process should be done

according to the up-time and down-time of TCL. The lockout constraint of TCL can

be expressed by

(Ton,i(t)− Tup,i)(si(t− τ)− si(t)) ≥ 0 (3.10a)

(Toff,i(t)− Tdown,i)(si(t)− si(t− τ)) ≥ 0 (3.10b)

where Ton,i(t) and Toff,i(t) are the continuous on and off time of TCL i at time t,

respectively; Tup,i and Tdown,i denote the minimum up- and down-time of TCL i,

respectively, stating a TCL unit must stay in the on status for a duration of at least

Tup,i from the time it is switched on, and it must stay in the off status for a duration

of at least Tdown,i from the time it is switched off. When switching TCLs on/off at a

certain time instant t, the constraints of (3.10) should be considered.

3.3.2 TCL Aggregation Model

Due to small impact of an individual TCL on MG control, it is necessary to engage

a large number of TCLs into frequency regulation. In order to aggregate TCLs

in an islanded MG, we cluster the population of heterogeneous TCLs into several

homogeneous clusters which are handled by a number of TCLAs. Heterogeneous

TCLs are clustered based on parameters in Table 3.1.

We partition the set of TCLs into clusters (controlled by aggregators),
⋃nA

k=1 Ψk,
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Table 3.1: Clustering parameters for heterogeneous aggregated TCLs

Description Parameter Unit

Thermal resistance R ◦C/kW
Thermal capacitance C kWh/◦C

where k ∈ {1, ..., nA}, and nA is the number of aggregators, and denote Ψk =

{1, 2, ..., nk} where nk is the number of TCLs in the kth aggregator.

a. Basic TCL aggregation model

Let ik denote the index of TCLs in aggregator k. In order to formulate the aggrega-

tion model of TCL ik ∈ Ψk, the steady state cooling time Ton,ik and the steady state

heating time Toff,ik for the ithk TCL can be calculated by solving (3.6), given by [37]

Ton,ik = CikRik ln

(
Pr,ikRik + θ+ik − θa,ik
Pr,ikRik + θ−ik − θa,ik

)
, i ∈ Ψk (3.11a)

Toff,ik = CikRik ln

(
θa,ik − θ−ik
θa,ik − θ+ik

)
. (3.11b)

Based on the steady state temperature on and off time of TCL ik ∈ Ψk, the total

average power consumption PTCL of TCLs can be obtained as

PTCL =

nA∑
k=1

nk∑
ik=1

Ton,ikPr,ik/(η)

Ton,ik + Toff,ik
, ik ∈ Ψk. (3.12)

In (3.12), normal operation of TCLs has freedoms to work between the lower and

upper bound of temperature due to the finite values of Ton,ik and Toff,ik . The control

variable in (3.7) can be used as an “external” command to switch the TCLs on or

off. However, the required response can also be specified implicitly by mediating
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the setpoint temperature levels. The option of regulating frequency by changing the

temperature setpoints provides one way for TCLs to enforce individual temperature

bound for each appliance to meet the service quality constraints. Therefore, with

TCLs, we have the capability to regulate the frequency by turning them on/off when

needed, while taking into account the comfort level of the costumers.

In practical situations, dynamic system of (3.12) is difficult to apply because this

aggregation model needs a very high order system representing each TCL using a

separate differential equation, which is difficult to analyze for the system operator.

This is because the system operator must obtain the state of every TCL at all times,

which is difficult in a large-scale aggregation system. Moreover, the temperature

interdependency of TCLs is not considered in (3.12), and TCLs are switching on/off

independently. Hence, an aggregation model addressing these issues is needed for

the frequency regulation.

b. Transport TCL aggregation model

An aggregation model based on a set of partial differential equations (PDEs) is dis-

cussed, which governs the transport of TCL temperatures within their respective

ranges according to the increase and decrease of temperatures [12]. In the following,

the TCL transport model is discussed for a single aggregator which is a more com-

prehensive and faster method than that of (3.12), making it suitable for frequency

regulation applications.

For a large population of TCLs in a cooling scenario in every aggregator, we

distribute them over the on and off states as shown in Figure 3.12 [12]. It is assumed

that the entire TCL population is distributed in a finite temperature range [θ−set, θ
+
set].
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Some of the loads are distributed over the on state to cool down towards the minimum

dead-band temperature θ−, while some other are distributed over the off state moving

towards the maximum dead-band θ+. TCLs migrate in the temperature deadband

according to the on/off switching law as stated in (3.7). TCLs with temperatures

hitting the deadband thresholds change their states from on to off and vice versa.

This migration process can be described by two distinct transport processes with

coupled boundary conditions for every aggregator as discussed next.

Let Xon(t, θ) and Xoff (t, θ) denote the distribution of loads [number of loads/◦C]



set




set 



),( tXoff

),( tX on



set

Figure 3.12: Aggregate TCL transport process [10].

at time t and temperature θ over the on and off states, respectively. Assuming

parameter homogeneity for the studied aggregator, the flow of the loads [number of
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loads/sec] crossing temperature θ at time t is equal to

Fon/off (t, θ) = Xon/off (t, θ)

[
δθ

δt

]
on/off

(3.13a)

Xon(t, θ) =

nk∑
ik=1

sik(t, θik), θ < θik < θ + δθ (3.13b)

Xoff (t, θ) =

nk∑
ik=1

(1− sik(t, θik)), θ < θik < θ + δθ (3.13c)

where term
δθ

δt
denotes the change of TCL temperature in time, which can be ob-

tained from (3.6). It is noteworthy to mention that sik(t) is determined with the

consideration of lockout effect of ithk TCL as mentioned in (3.10). By substituting

(3.6) into (3.13) one can obtain

Fon(t, θ) =
1

CR
(θa − θ −RP )Xon(t, θ) = αon(θa, θ)Xon(t, θ) (3.14a)

Foff (t, θ) =
1

CR
(θa − θ)Xoff (t, θ) = αoff (θa, θ)Xoff (t, θ) (3.14b)

with αon and αoff representing the TCL transport rates over the on and off states,

respectively. In a constant ambient temperature, by neglecting the variation of tem-

perature around the initial setpoint θset,0, (3.14) can be rewritten to yield following

approximated parameters [12]

αon(θa, θ) ≈ αon(θa, θset,0) =
1

CR
(θa − θset,0 −RP ) (3.15a)

αoff (θa, θ) ≈ αoff (θa, θset,0) =
1

CR
(θa − θset,0). (3.15b)
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In 3.15, αon(θa, θset,0) and αoff (θa, θset,0) correspond to the average rates of tem-

perature drop and rise over the on and off states, respectively. In the remaining

deviations, the exact expressions for αon and αoff are used, and the approximate

values are used for discritized approximation of the system.

Boundary condition: The rate of increase of the TCL concentration, for a small con-

trol volume of length δθ, is calculated from the difference between the entering flux

and the outgoing flux divided by the magnitude of the control volume as stated in

(3.16). The process is shown in Figure (3.13), and is given by

∂Xon/off (t, θ)

∂t
= lim

δθ→0

Fon/off (t, θ)− Fon/off (t, θ + δθ)

δθ
= −

∂Fon/off (t, θ)

∂θ
. (3.16)

By substituting (3.15) into (3.16), the governing PDE of the system can be obtained

),(/ tF offon

t

tX offon



 ),(/ 

),(/ tX offon

),(/  tF offon



Figure 3.13: Effect of entering and outgoing flux on TCL numbers in the control
volume [10].
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by

∂Xon/off (t, θ)

∂t
= −

∂[αon/offXon/off (t, θ)]

∂θ
. (3.17)

Equation (3.17) yields two first-order linear transport processes coupled through the

conservation of flux at the thermostat boundaries as follows

[αonXon(t, θ)]@θ+l
− [αonXon(t, θ)]@θ+u + [αoffXoff (t, θ)]@θ+ = 0 (3.18a)

[αoffXoff (t, θ)]@θ−u − [αoffXoff (t, θ)]@θ−l
+ [αonXon(t, θ)]@θ− = 0. (3.18b)

where l and u are indexes to show magnitudes lower/higher than but close to an

specific temperature, respectively. Moreover, at the lower and higher bounds of the

costumer‘s acceptable regulation thresholds, i.e., θ−set and θ+set,

αoffXoff (t, θ) = αonXon(t, θ) = 0. (3.19)

It should be noted that θ ∈ [ θ−, θ+set] for Xon(t, θ), and θ ∈ [θ−set, θ
+] for Xoff (t, θ).

Equations (3.17)-(3.19) denote the dynamics of the system with a fixed temperature

setpoint (θset). Next, we will discuss the system dynamics considering a varying

temperature setpoint.

In the case of frequency regulation, it is required to change the temperature setting

of TCLs to control their output power. Hence, a model to consider the setpoint

variation of TCL temperature is needed. In this regard, the control volume is shifted

along with the temperature setpoint variation in the transport TCL model as de-

picted in Figure 3.14. The flux which is seen by the fixed control volume minus
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the flux induced by shifting the control volume due to temperature setting variation

equals the total TCL flux seen by the moving control volume

Fon(t, θ) = Xon(t, θ)

[
δθ

δt

]
on

−Xon(t, θ)
δθset
δt

= Xon(t, θ)(αon − θ̇set(t))
(3.20a)

Foff (t, θ) = Xoff (t, θ)

[
δθ

δt

]
off

−Xoff (t, θ)
δθset
δt

= Xoff (t, θ)(αoff − θ̇set(t)).
(3.20b)

We can now obtain the governing PDE of the TCL transport model, considering

temperature setting variation

∂Xon/off (t, θ)

∂t
= −

∂[ (αon/off − θ̇set(t))Xon/off (t, θ)]

∂θ
(3.21)

with thermostatic coupling conditions considering the temperature setting variation

[ (αon − θ̇set(t))Xon(t, θ)]@θ+l
− [ (αon − θ̇set(t))Xon(t, θ)]@θ+u

+ [ (αoff − θ̇set(t))Xoff (t, θ)]@θ+ = 0

(3.22a)

[ (αoff − θ̇set(t))Xoff (t, θ)]@θ−u − [ (αoff − θ̇set(t))Xoff (t, θ)]@θ−l

+ [ (αon − θ̇set(t))Xon(t, θ)]@θ− = 0.

(3.22b)

Note that, if we set θ̇set(t) = 0, we will obtain the same equations of (3.17)-(3.19).

We assumed that setting temperature is varying in the range of

[
θ−set, θ

+
set

]
. Besides,

we assume that all the TCL population of aggregator exists in this range. These
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two assumptions guarantee the zero flux condition at the extreme temperatures, i.e.,

(3.19). In the next section, the temperature discritized model of the above-mentioned

equations is investigated to provide a finite-dimensional state space model for the

aggregation of TCLs.

),(/  tF offon



set

),(/ tF offon

t

tX offon



 ),(/ 

),(/ tX offon

Figure 3.14: Moving state bin for varying setting temperature [10].

Finite-dimensional state space model: The temperature discritization of the trans-

port PDEs aims to provide a finite-dimensional state space model for the aggregation

of TCLs. In this method, the temperature range

[
θ−set, θ

+
set

]
is divided into small bins

with uniform lengths. For every bin, the difference between the entering and outgoing

TCL flux leads to the variation of number of TCLs in that bin. The discritization

is shown in Figure 3.15. After discretizing (3.21), considering the average values

of the transport coefficients αon and αoff the following state-space equations are
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obtained [12]

ẋj(t) =


−αoff − θ̇set(t)

∆θ
(xj(t)− xj−1(t)), j = 2, 3, ...,M,M + 2, ..., N

−αon − θ̇set(t)
∆θ

(xj+1(t)− xj(t)), j = N + 1, ..., P − 1, P + 1, ..., Q

(3.23)

where xj(t) represents the number of TCLs at bin j, and ∆θ is the temperature

discretization length. The arrangement of discritized bins with indexes M , N , P

and Q is depicted in Figure 3.15. There are N bins for disctization of off state TCLs

, and a total of Q bins for the whole temperature range (including on and off states).

The conceptual meaning of (3.23) is to declare that the entering number of TCLs

1x 2x



set


set 

OFF



set

ON

  

Mx
1Mx

2Mx 1jx jx
1jx Nx

  

Px
1Px Qx1Nx

on

off

Figure 3.15: Finite-difference discritization of the temperature range to derive the
state space model [10].
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to a specific bin minus exiting ones yields the change rate of total number of TCLs

in that bin. For the boundary bins, based on (3.23), we can obtain the following

equations [12]

ẋ1(t) = −αoff − θ̇set(t)
∆θ

x1(t)

ẋM+1(t) = −αoff − θ̇set(t)
∆θ

(xM+1(t)− xM(t))− αon − θ̇set(t)
∆θ

xN+1(t)

ẋP (t) = −αon − θ̇set(t)
∆θ

(xP+1(t)− xP (t))− αoff − θ̇set(t)
∆θ

xN(t)

ẋQ(t) = −αon − θ̇set(t)
∆θ

xQ(t).

(3.24)

Now we can calculate the aggregated TCL power by multiplying the summation of

loads over the on state by consuming power of each TCL

PTCL(t) =
P

η

Q∑
j=N+1

xj(t). (3.25)

A standard bilinear state-space matrix representation of the aggregation system can

be obtanined by equations (3.23)-(3.25), given by

ẋ(t) = Ax(t) +Bx(t)u(t), u(t) = θ̇set(t)

y(t) = Cx(t)

(3.26)

where x(t) = [x1(t), x2(t), ..., xQ(t)]T is the Q× 1 state vector, y(t) = PTCL(t) is the

aggregate TCL power, C = [0, ..., 0︸ ︷︷ ︸
N

, P/η, ..., P/η︸ ︷︷ ︸
Q−N

] is the 1×Q state to output vector,

A is the Q × Q state matrix and B is the Q × Q input matrix. These matrices are
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given in (3.27) and (3.28), as follows:

A =



−αoff
αoff −αoff

. . . . . .
αoff−αoff −αon

. . . . . .
αoff−αoff

αon −αon
. . . . . .

αoff αon−αon
. . . . . .

αon−αon
αon



(3.27)

B =



1
−1 1

. . . . . .
−1 1 1

. . . . . .
−1 1

−1 1
. . . . . .

−1 −1 1
. . . . . .
−1 1
−1


.

(3.28)
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3.3.3 Frequency Control Strategy for Aggregated TCLs

In subsection 3.3.2, we present the state space model for aggregation of TCLs after

introducing the TCL transport model. The next step is to control aggregated TCLs

to regulate frequency f within lower bound (fmin) and upper bound (fmax). In nor-

mal operation, TCLs are controlled by switching between on and off statuses to stay

in temperature range [θ−i , θ
+
i ]; a TCL switches off when its temperature θi reaches

the lower threshold (θi ≤ θ−i ), and switches on when it reaches the upper threshold

(θi ≥ θ+i ). In control of TCLs the lockout effect as stated in (3.10) is also consid-

ered to prevent the frequent switching of TCLs. Two issues should be addressed in

control of aggregated TCLs. One is how to specify the order that TCLAs should

participate in frequency regulation; The other is to determine how the TCLA setting

temperature and MG frequency deviation are related to each other. These issues are

discussed as follows.

Priority list method: When frequency deviation occurs, the population of TCLs

should change their power consumption in a prioritized order [35]. For all aggrega-

tors, priority list is determined according to the TCLA setting temperature distance

to TCLA setting temperature boundary, i.e., by

πk(t) = (θset,k(t)− θ−set,k)/∆db,k, f < f0 (3.29a)

πk(t) = (θ+set,k − θset,k(t)/∆db,k, f > f0 (3.29b)
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where πk(t) is the priority list index of kth aggregator at time t, θset,k(t) is TCLA

setting temperature of kth aggregator at time t, θ−set,k and θ+set,k(t) are lower and upper

bound of TCLA setting temperature of kth aggregator, ∆db,k is width of the temper-

ature dead-band for kth aggregator, and f0 is the normal system frequency. The on

and off TCLs are ordered according to (3.29a) and (3.29b), respectively. The tem-

perature setting of TCLA with the highest priority will be adjusted first, and then

temperature setting of TCLAs with lower priorities will be considered in sequence

until the desired regulation is achieved. This priority stack-based control strategy is

to increase the comfort level of customers while doing the frequency regulation.

Temperature-frequency control: As the kth TCLA is chosen according to priority list

method for frequency regulation, its setting temperature will be adjusted according

to temperature-frequency control method [38]. This control method works according

to a relation between MG frequency and TCLA setting temperature. The tempera-

ture fluctuates around the user-defined setpoint θset,k, which is equal to the steady

state temperature θ̂0 at normal operation. TCL control is to determine how the

TCLA temperature setting θset,k should be adjusted as a function of MG frequency

f , indirectly controlling the power consumption level. It specifies the existence of a

deadband around the nominal system frequency f0 in which the temperature shall re-

main unaffected. We denote this deadband by interval [f−0 , f
+
0 ], where f−0 ≤ f0 ≤ f+

0 .

When the system frequency exceeds this deadband, the TCLAs should adjust their

setpoints in proportion to the frequency deviation. The limits of the controllable

setpoint range (θ−set,k and θ+set,k) should be reached at the statutory limits of the
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system frequency range. The relation between frequency and temperature can be

represented by [38]

θset,k =



θ+set,k, f ≤ fmin

θ̂0 +
(θ+set,k − θ̂0)(f

−
0 − f)

f−0 − fmin
, fmin < f < f−0

θ̂0, f−0 ≤ f ≤ f+
0

θ̂0 +
(θ−set,k − θ̂0)(f − f

+
0 )

fmax − f+
0

, f+
0 < f < fmax

θ−set,k, f ≥ fmax.

(3.30)

During normal operation, TCLs in the kth aggregator under the constraint of (3.10)

switch off/on at the thresholds θ−k and θ+k which are the lower and upper limit of the

temperature deadband around the setting temperature θset,k given by

θ−k = θset,k −∆db,k, θ+k = θset,k + ∆db,k. (3.31)

A basic frequency response can be implemented by making one or both thresholds

dependent on the system frequency. In the following, we focus on compensating for

the frequency drop by adjusting TCLA setting temperature. To this end, we keep

the upper threshold θ+k constant, and we use a dynamic lower threshold θ−set,k, with

θ−set,k(f0) = θ−k . For simplicity, the steady state distribution of TCLs is considered

uniform over the range [θ−k , θ
+
k ]. Furthermore, we assume that the full range of

temperatures is accessible to the controller, so that θ+set,k = θ+k . As a result, we can

make the following approximation for the desired frequency dependence of θ−set,k(f)
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(for f ≤ f0)

θ−set,k =



θ+k , f ≤ fmin

θ−k +
(θ+k − θ

−
k )(f−0 − f)

f−0 − fmin
, fmin < f < f−0

θ−k , f−0 ≤ f ≤ f0.

(3.32)

In case of a loss-of-generation event, θ−set,k(f) increases rapidly and any available TCL

with a temperature less than θ−set,k(f) will be switched off immediately, which results

in a rapid and significant response. A similar approach can be used for the loss of

load or the generation rise event.

Algorithm 1 presents the procedure of TCL aggregation model to control the fre-

quency of islanded MG. The algorithm collects the system parameters (e.g., number

of TCL, number of aggregator, ambient temperature, etc.) from TCLs. Then, it

clusters TCLs into aggregators based on parameters presented in Table 3.1. In this

algorithm, the algorithm initializes state variable such as θ̇set,k = 0, and calculates

power consumption in each aggregator. In the next step, algorithm checks the fre-

quency deviation of islanded MG, and then prioritize TCLAs based on the setting

temperature distance to the TCLA setting temperature boundary. Next, setting

temperature for the chosen TCLA is updated based on (3.30). For the small sam-

pling periods (τ), we make an approximation to calculate the input of state space

model in (3.26). We determine the number of on/off TCL in each bin for the chosen

TCLA based on (3.13) with the consideration of lock-out effect in (3.10). The lock-

out constraint prevents TCLs from switching on/off frequently which changes the
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number of on/off TCLs in each bin. Next, all required matrices for the state space

model are updated, and then consumption power of chosen aggregator for the next

step is calculated. Next, demand response power is achieved by change in output

power of chosen TCLA. We have considered the DZ as a back-up for cases that DR

is not able to provide the required frequency regulation service. Hence, the TCL

aggregation control process is continued until DR is available and frequency is back

to its range. If DR is not available, DZ will provide the additional regulation service

to maintain the MG frequency within the desired range.

3.4 Summary

We consider an aggregation model where all TCLs are clustered and controlled by sev-

eral aggregators. These aggregators have two-way communication with the MGCC.

The MGCC coordinates frequency control with TCLAs participation in accordance

with generation side, such that load changes and intermittency of the renewable

energy resources are addressed. Moreover, the lockout effect of the TCLs should

be considered in order to prevent frequent switching of TCLs which leads to their

diminishing life-cycle. In this research, the main parameter in controlling the TCLs

switching actions is the temperature setting which has a relation with system fre-

quency. TCLs should be prioritized according to their availability and temperature

conditions. Temperature setting is controlled such that TCLs with higher priority

participate in frequency control first. This control scheme aims to keep the frequency
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as close as possible to its desired range.

Algorithm 1 The proposed TCL operation and control
1: Input:
2: System parameters: θa, τ, f0, f

−
0 , f

+
0 , nk, na, Cik , Rik , Tup,ik , Tdown,ik , Pr,ik , RU,RD,∆db,k,

ik ∈ Ψk, k ∈ {1, ..., nA}
3: State variables: f, θset,k
4: Process:
5: Cluster TCLs based on parameters in Table 3.1 into k aggregators, k ∈ {1, ..., nA}
6: Initialize θ̇set,k = 0 and t = 0, k ∈ {1, ..., nA}
7: Calculate PTCL,k(t) based on state-space model of (3.26), k ∈ {1, ..., nA}
8: if |∆f |> |f − f+

0 | then
9: if f < f−0 then

10: Calculate PDZ(t+ τ) = ∆PDZ(t) +RU · τ
11: Prioritize TCLAs by πk(t) = (θset,k(t)− θ−set,k)/∆db,k

12: else
13: Calculate PDZ(t+ τ) = ∆PDZ(t)−RD · τ
14: Prioritize TCLAs by πk(t) = (θ+set,k − θset,k(t))/∆db,k

15: Assign klow to index of the lowest πk(t) value
16: Calculate θ−set,k(t+ τ), θ+set,k(t+ τ) based on (3.32), k = klow
17: Calculate θset,k(t+ τ) based on (3.30), k = klow
18: Calculate θ̇set,k ≈ (θset,k(t+ τ)− θset,k(t))/τ , k = klow
19: Determine Xon/off (t, θ) based on (3.13) considering lock-out effect in (3.10)
20: Update matrices A,B,C in state-space model in (3.27 and 3.28)
21: Calculate PTCL,k(t+ τ) based on state-space model of (3.26), k ∈ {1, ..., nA}
22: Determine ∆PDR = PTCL,k(t+ τ)− PTCL,k(t)
23: Calculate f from supply-demand balance equation in (3.5)
24: t← t+ τ
25: goto step 8.
26: else
27: Output: fnew, θset,k for k ∈ {1, ..., nA}
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Chapter 4

Performance Evaluation

In this chapter, we evaluate the performance of the aggregation model and the pro-

posed frequency control strategy for the islanded MG. The proposed scheme deals

with the transient response for a desired operation, considering frequency control

under coordination of the supply and demand sides. Both under-frequency and

over-frequency cases are considered. During these cases of frequency regulation, the

coordination of MG generation and DR side need to be verified. We evaluate the

efficiency of the presented TCL aggregation model by comparing the results with

the basic TCL model. Moreover, the effect of lockout is investigated in more de-

tail. At the final step, the performance of the proposed aggregation control model is

studied under intermittent behavior of the renewable energy. Numerical results are

presented to assess the effectiveness of the proposed model. We ignore any existing

communication delays in our system.
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Figure 4.1: Simple islanded MG under consideration.

4.1 Computer simulation model and discussion

An islanded MG including 1) a synchronous DZ, 2) solar generation equipped with

battery energy storage system (BESS) and 3) wind generation on the supply side and

4) responsive (i.e., TCLs) and 5) non-responsive loads on the demand side as shown

in Figure 4.1 is simulated in the MATLAB/SIMULINK environment to validate the

proposed strategy. We assume there exist a large population of TCLs (cooling ACs)

in the load section, which are distributed in the MG, and this portion equals to

20% of the total load. Ten TCLAs are assumed to aggregate TCLs in the islanded

MG. The parameters regarding the TCLAs are given in Table 4.1. The setting tem-

peratures of the terminal TCLs are provided by MGCC via TCLAs in real time
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based on the proposed hierarchical centralized control algorithm. As mentioned in

section 3.3.2, the contribution of an individual TCL is not significant, however the

aggregated TCLs can have remarkable contribution in frequency regulation. In this

regard, a population of 1000 TCLs is aggregated to perform considerable frequency

control service. In our simulation, TCLs are rated at 3 kW electrical power. Due

to the heterogeneity, thermal resistance R and thermal capacitance C of the TCLs

are varied in the range of [1.5,...,2.5] ◦C/kW and [1.5,...,2.5] kWh/◦C. Then, TCLs

are grouped into ten clusters using K-means method [39], based on their parameters

R and C. The initial setting temperatures θset,0 for the TCLAs are listed in Table

4.1. Accordingly, the initial temperature θi,0 for TCLs is chosen randomly within

the initial temperature deadband (i.e., θ−i,0 ≤ θi,0 ≤ θ+i,0). We assume a total load of

13 MW , out of which 2.6 MW is related to TCLs, and the rest is non-responsive

load. Minimum off time and minimum on time for TCLs are set to be 45s and 140s

respectively. A DZ with capacity of 14.11 MW output is the primary source of gen-

eration in the system. The installed capacity for PV and WT is set at 1 MW and 1.5

MW respectively. PV panels are equipped with a BESS with capacity of 4000Ah.

Approximately 80% of the TCLs are in ON state, which equal to 1.863 MW . The

lower and upper thresholds f−0 and f+
0 for frequency regulation, as discussed in Chap-

ter 3 are considered to be 59.8Hz and 60.1Hz, respectively. We define a frequency

control index (FCI) for evaluation of the TCL aggregation control strategies. It is

computed by the integrating the absolute value of frequency deviation with respect

to its desired value f0 over a time span of the simulation period, given by
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FCI =

∫ ts

0

|f − f0| dt (4.1)

where f0 = 60Hz in our study, and ts is the end of simulation period.

Table 4.1: TCLAs’ parameters

Agg. NL R[◦C/kW ] C[kWh/◦C] Pr[kW ] θset,0[
◦C] ∆db[

◦C]

1 87 2.3 1.5 2.736 23.75 0.5
2 118 1.6 1.8 2.394 23.75 0.5
3 146 2.4 2.5 2.223 24.25 0.5
4 75 2.1 2.2 2.565 24.75 0.5
5 99 2.2 1.8 2.736 24.75 0.5
6 129 1.8 2.5 2.907 23.95 0.5
7 47 2.0 1.9 3.078 23.15 0.5
8 79 2.2 2.3 2.565 24.35 0.5
9 96 2.1 2.1 2.394 24.65 0.5
10 124 1.9 1.6 2.736 24.15 0.5

4.2 Numerical results

The performance of the proposed hierarchical centralized frequency control strategy

is validated in this section.

A. Performance of the proposed model under load changes: In order to investigate

the performance of the proposed model in both under-frequency and over-frequency

scenarios, consider that at t = 5s a load of 0.5 MW is added to the system, and at

t = 55s a load of 0.4 MW is detached from the system. The load change pattern is

shown in Figure 4.2. There is no intermittent behaviour of the generations side, as
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Figure 4.2: Load change pattern.

we study the frequency change and performance of the proposed model for frequency

control only due to load changes. In this regard, the PV and WT generation is set

to be 0 MW . Figure 4.3 shows as can be seen, using the TCL aggregation control

method, frequency is brought back to the normal range in a less time, in comparison

with that of basic aggregation control model. The FCI for scenarios of proposed TCL

control and basic TCL control is calculated as 4.29 and 6.87, respectively. Obviously,

the less the FCI, the better the frequency control performance. Consequently, the

results confirm the positive impact of the proposed TCL control method. This is

because aggregated TCLs have faster response than sending signals to 1000 TCLs

individually. Next, we analyze the results associated with proposed model in more

detail. Figure 4.4 shows the TCL power consumption obtained from the proposed

model. A portion of on TCLs with aggregated power of 0.5 MW are turned off right
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Figure 4.3: Comparison of system frequency response of proposed TCLA control
model and basic aggregation model.

after t = 5s to quickly stop the frequency drop. The temperature of those TCLs that

are turned off start to increase after they are turned off, and once it is reached to

their upper bounds they start to turn on which results in an increasing PTCL level.

Moreover, DZ starts to compensate for TCLs power consumption, which causes the

diesel power to increase as shown in Figure 4.5.

B. Effect of minimum off time/on time of TCLs on model performance: In this part,

we aim to investigate the lockout of TCLs on performance of the proposed model.

We perform the simulation in a longer term period t = [0s, 140s] to carefully observe

the lockout effect of TCLs. An increase of 0.5MW of load occurs at t = 5s, which

results in a frequency drop as discussed in part A. This causes prioritized TCLs to

turn off shortly, and start turning on later if they reach their upper temperature

bounds. At t = 55s a loss of load occurs, which causes a frequency increase. This
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Figure 4.5: DZ active power.
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results in OFF TCLs to turn on to compensate for the loss of load. As TCLs are

turned on, their temperature moves towards the lower bound, and when reaching the

lower bound, they start to turn off. The procedure is similar to what we discuss in

part A. Here, in order to evaluate the lockout effect of TCLs more specifically, we add

a load increase of 0.4 MW at t = 90s. As can be seen in Figure 4.3, the frequency

is dropped right after t = 90s, which causes some prioritized TCLs to turn off to

compensate for the load change. The number of TCLs at t = 90s is considerably less

than that at t = 5s. This is because those TCLs (which were turned on at t = 55s)

should keep their status due to lockout and cannot turn off at t = 90s. As a result,

the frequency drops slightly more than that at t = 5s. Figures 4.7 and 4.8 show the

power of TCLs and DZ, respectively. The average temperature of TCLs within each

aggregator is shown in Figure 4.9. The setting temperature of aggregators A1 and

A7 is changed to turn TCLs off at t = 5s to compensate for the load increase, and

bring the frequency up to its normal range. At t = 55s, aggregator A5 changes its

setting temperature to increase PTCL. Later, at t = 90s, temperature setting of A4

is changed to reduce PTCL.

C. Performance of the model under intermittent behaviors of renewable energy:

Consider a scenario where the intermittent wind power is added to the system. Note

that the solar energy is assumed to remain constant in a small portion of time, and

we consider a fixed power of 0.25 MW for solar generation. Figure 4.10 shows the

wind power with local average over 4s periods, which is used in our simulation. The

load has a pattern as given in Figure 4.2. Figure 4.11 shows the system frequency

response. TCLAs and DZ can bring the frequency close to its desired range, however
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Figure 4.6: Effect of TCL lockout on MG frequency.

Figure 4.7: Effect of TCL lockout on PTCL.
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Figure 4.8: Effect of TCL lockout on PDZ .

it comes with distortions that are considerable in system performance. Although

TCLAs can act very quickly, it is not desired to turn TCLs on and off frequently, in

order to keep the user comfort level and TCL life time in consideration. As a result,

we can take advantage of the BESS to resude the frequency deviations. Figure 4.11

shows that the MG frequency when using the BESS has less deviations from the

desired value. The frequency comes back to its desired range using power from

TCLs, DZ and the BESS. Figures 4.12 and 4.13 show power provided by TCLs and

DZ, respectively. As the wind power increases significantly and a loss of load occurs

at t = 55s, power of TCLs increases and DZ power starts to decrease to provide

regulation for the imbalanced power.
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4.3 Summary

In this chapter, we evaluate the performance of the proposed aggregation and control

strategy in several scenarios. We first compare the performance of the proposed

aggregation model and basic aggregation model. The results show that the evaluation

index of FCI is less when using the proposed model. Then, we increase the simulation

time to study the effect of minimum off/on time of TCLs on system operation.

Results show that, with TCLs particpation in frequency control in a load change

event, their availability to compensate for later load-supply imbalances is reduced

and DZ has more participation in frequency control, which is necessary to maintain

the comfort level of customers as well as lifetime of TCLs. Finally, the performance
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of the proposed model is investigated under intermittent behavior of RES. It is

concluded that DZ and TCLs cannot compensate for minor changes in load-supply

imbalance, and BESS should provide the small regulation needs in such cases.
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Figure 4.10: Total wind power generation.
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Figure 4.11: MG system frequency under intermittent behavior of RES.
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Figure 4.12: TCL power generation under intermittent behavior of RES.
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Figure 4.13: DZ power generation under intermittent behavior of RES.
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Chapter 5

Conclusion and future work

5.1 Conclusion

DR programs are cost efficient alternative for generation side regulation service

providers in MGs. Among all potential responsive devices, TCLs can be considered

as a promising choice due to their capability in providing acceptable comfort level to

the consumers while under energy consumption control, and their fast acting proper-

ties. These devices can be controlled either by directly switching on/off or indirectly

by changing their temperature settings. However, while controlling these devices in

MGs, several challenges should be addressed. First, an individual TCL is not able

to provide a considerable impact on system frequency. Hence, it is imperative to

aggregate a large number of TCLs to provide a significant regulation service to the

system. This requires to develop an aggregation model which is comprehensive to let

a large number of TCLs participate in regulation services. In order to have effective
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control over all devices, they can be grouped into several clusters, each handled by a

TCLA. The MGCC is in charge of keeping the supply demand balance via TCLAs to

provide power for regulation services, whenever needed. It is also important to keep

the comfort level of customers as high as possible. Hence, we can prioritize TCLAs‘

participation, letting those with highest control priority provide the regulation ser-

vice first. Moreover, in order to prevent frequent switching of TCLs, it is required to

consider minimum off/on time of these devices. This causes TCLs to remain in their

status (i.e., on or off) for at least a certain duration, after their temperature setting

is changed. Providing the prioritized aggregated TCLAs considering the minimum

off/on time requires an effective control strategy to act fast in a low inertia islanded

MG. A frequency control strategy based on a relation between frequency deviation

and temperature setting of TCLAs can be determined to provide required power to

keep supply-demand balance. In this thesis, we have considered all the aforemen-

tioned concerns, and provided a comprehensive TCL aggregation model and control.

This model can act fast taking into account the comfort level of the customers and

lifetime of the devices. Our model demonstrates that; 1) because of the lockout

effect of TCLs, in presence of chaotic wind power generation, it is essential to take

advantage of the BESS to reduce minor frequency deviations in the system; 2) under

both under and over frequency scenarios, the proposed frequency control algorithm

can act efficiently; and 3) coordination of TCLAs and generation components of

the system can provide the frequency regulation service properly. Overall, we can

summarize our research contributions as follows:

• We implement clustering TCLs into several groups and handling each with a
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TCLA to create a foundation for hierarchical central control strategy, taking

into account the thermal dependability of TCLs.

• Aggregation models such as the one in [12] have been mainly used for load

following purposes and the relative case studies are in a time scale of minutes

to several hours. To the best of the our knowledge, this study is one of a

few studies which deal with fast regulation performed by aggregated TCLs in

islanded MGs in order of seconds.

• We consider the coordination of generation (renewable-non-renewable) and DR

in an islanded MG, instead of simply using the load-supply balancing signal

from the power system operator. We also study the lockout effect of individual

TCLs to make the model more cost efficient and executable.

5.2 Future work

In this thesis, although we consider a few number of challenges regarding frequency

control via aggregated TCLs in an MG, some other research issues remain open for

future work. The communication delay in MG frequency control can have a signifi-

cant impact on behavior of the regulation providers. This can be an important future

research problem especially in providing regulation service using several TCLAs in

our system. Moreover, in our model, we use first order modeling of TCLs. The

second order TCL model includes building mass temperature and can be evaluated

for more detailed TCL aggregation models. Finally, similar to a TCL, an EV is
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the other potential candidate in MGs to provide regulation service. How to aggre-

gate and control electric vehicle (EV)s to take advantage of their power energy in

regulation services requires further studies.
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