
ABSTRACT 

LI, QINMIAO. Control Strategies for Community Microgrid during Islanded Situation. 
(Under the direction of Dr. David Lubkeman). 

 

 In this thesis, community microgrid which is capable to have islanded operation is 

proposed to be an effective approach to mitigate the impact of long-term outages. To achieve 

this islanded operation, control strategies for community microgrid are developed to tackle 

existing challenges such as energy allocation and household load control. A community 

microgrid system integrated with energy storage (ES) is introduced. Then four kinds of control 

strategies: flat-limit strategy, adaptive-limit strategy, HVAC allocation and HVAC and WH 

allocation are proposed in this thesis. In order to validate the effectiveness of strategies, a 

simulation testbed based on MATLAB is developed and applied to simulations. Simulation 

results for this community in normal days and also emergency period under each of the strategy 

are obtained and presented. Following strategy evaluation and sensitivity analysis are 

conducted. Conclusions are 1) from the perspective of comfort levels, HVAC allocation 

strategy has the best performance; 2) three factors: start time, duration and ES size are selected 

for the sensitivity analysis while none of them reveal their sensitivity with the ranking result 

of strategies. 
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Chapter 1. Introduction 

1.1 Background 

Economic factors, technology innovations and environmental incentives are 

changing the way power is delivered to end-user. With emerging technologies on 

distributed energy resources such as natural gas distributed generators, renewable 

PV and energy storage, conventional centralized and conventional power 

distribution system is giving way to more distributed and smarter microgrid [1]. 

A microgrid is defined as an electric power system that (1) has distributed 

resources (DR) and load, (2) has the ability to disconnect from and operate in 

parallel with the area EPS, (3) includes the local or maybe portions of the area 

electric power system, and (4) is intentionally planned [3]. It has been estimated 

that the world market for microgrids had reached over $4 billion in 2010 and is 

expected to continue through this decade spurred by growth in renewable energy 

and energy storage as well as new standards under development in the general 

area of smart grids [4]. Market analysis forecasts that more than 2,000 microgrid 

sites will be operational worldwide by 2015, up from fewer than 100 in 2010 [5]. 

These sites include 

1. Institutional/campus microgrids (single owner) 

2. Commercial/industrial microgrids (multiple owner) 

3. Community/utility microgrids tied to the larger utility grid infrastructure 

4. Remote off-grid systems (commonly in developing countries) 

5. Military microgrids (to support remote base operations without a fuel 

supply) 
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According to Figure 1-1 below for 2015, grid-tied community and also 

commercial industrial microgrids are both having their portion as 19% of the total 

North American market for microgrids. Along with Institutional/campus 

microgrids, these three types of microgrids are attracting most of the market 

attention in North America. 

 
Figure 1-1: North American Microgrids Market for 2015 

 

Between these three categories, community microgrids has drawn tremendous 

interest, especially from both electric utilities and end customers. A community 

microgrid is a small-scale smart power system developed to supply power to 

residential electricity customers [9]. With flexible distributed energy resources 

like Photovoltaic (PV) and energy storage (ES) integrated, the community 

microgrid has the capability of intelligently coordinating energy resources with 

residential load.  

Solar Photovoltaic (PV) energy conversion system has been one of the leading 

topics for researchers in recent years. Concerns related to the global energy crisis 

and climate change threats from conventional sources of energy provide a driver 
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for adapting alternate sources of energy. Solar energy is seen as a potential 

alternate source of energy as it is available globally in abundance. Therefore its 

application has been well analyzed, from PV module characteristic and its 

arrangement into modules, power electronics converters, and maximum power 

point tracking (MPPT) algorithms to integration stability of the system [14]. 

 
Figure 1-2: PV Panels Installed on Rooftop (Source: Wikipedia.org) 

 

However, PV output power is dependent on solar irradiance levels that are subject 

to intermittency and fluctuation, seriously affecting the security and stability of 

power grid [15]. In the face of this inherent challenge from deploying PV, 

microgrids equipped with large-scale ES is expected to be an effective solution. 

By adequately dispatching ES output power, PV output smoothing and also load 

shifting can be achieved [16]. 

As mentioned above, with rapid development of electric energy storage 

technologies, there is a growing interest in integrating both PV and ES into power 

3 
 



systems to improve their reliability and economy. Analysis was conducted to 

present model predictive control (MPC)-based operation strategy, which is 

capable to minimize distribution system energy purchasing cost by coordinating 

multiple power supplies from PV, ES and external grid. Meanwhile, PV and ES 

enable the mode of islanding operation. A reliability and economy assessment 

framework based on sequential Monte Carlo operation is also proposed for 

evaluation [13]. 

1.2 Problem Statement 

Research and development continues worldwide on microgrid applications at a 

fast pace to bring about transformational changes in the way power grids are 

operated. There are, however, many challenges and issues that need to be 

resolved before truly functional microgrids become practical [7]. One of these 

obstacles is to make full use of fast-developing energy storage technologies to 

enhance the grid resilience, against large-scale power outage 

Outage condition for a power system may be caused by large area blackout in 

interconnected power system in the case of accident, extreme weather or manual 

disoperation. And grid resilience is a concept used to describe the ability of a 

system to bounce back from a failure [25]. Comparing to the concept of reliability, 

it is more focusing on the grid reaction against larger and more serious outage, 

instead of momentary faults. In the past, Utilities are usually evaluated by 

reliability indices like SAIDI and SAIFI for their service quality [10]. However, 

nowadays as a result of the global climate crisis, there is an obvious trend of 

increasing extreme weather conditions. And this results in more and more 

islanded conditions in power system. As shown in Figure 1-3, weather-related 

outage events happened in power system are growing more and more serious. For 
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example, the U.S. northeastern states were struck by Hurricane Sandy in 2012, 

which destroyed over 100000 primary electrical wires; in addition, several 

substation transformers exploded, and numerous substations were flooded. This 

led to the disconnection of approximately 7 million people [26].  

 

Figure 1-3: Observed Outages for Bulk Electric System, 1992-2012   Source: Energy Information Administration 

 

Over recent years, improvement of electric system resilience has been the focus 

of various R&D and demonstration projects. For example, distributed generation 

(DG) is flexible to install and cost-efficient to operate and maintain. DGs can also 

be regarded as backup supplies during interruptions. Similarly, implementation 

of DGs in community-size distribution system, community microgrid equipped 

with residential-size ES is also an effective solution to mitigate the impact of 

unexpected extended power system outages.  
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Figure 1-4: Example of Community Resilience Enhancement 

 

Figure 1-4 illustrates an example of a community microgrid under an extended 

outage condition, or islanded condition. Like the role of DGs, under emergency 

periods, ES becomes the only energy resource during power outages. And this 

brings the challenges that how to rationally dispatch and allocate available energy 

in ES to each of the customer connected within the community. On one hand, the 

dispatching of ES should be reliable enough to take whole emergency period into 

account, which means that customers should at least have certain amount of 

energy for their critical load throughout the emergency, instead of consuming too 

much energy on uncritical load at first and having no power to use later. On the 

6 
 



other hand, there is the consideration whether or not the ES energy should be 

allocated evenly among all the customers and if not, how to generate 

corresponding bills. Additionally, privacy issues like how much customer 

information should be available to utility are also challenges to be solved.  

This thesis focuses on developing control strategies for community microgrid to 

survive during islanded conditions, considering all the issues raised above. 

1.3 Thesis Content 

The material in this thesis is organized as follows.  Chapter 2 introduces the 

configuration of the system being considered in this application. Both the 

physical structure and logical layer will be presented.  

Chapter 3 covers emergency strategies that have been developed for community 

microgrids. They are explained in detail based on the specific system setup 

introduced in Chapter 2.  

Modeling methodologies are discussed in Chapter 4. The corresponding models 

include system components like home appliances and also logic controllers like 

distributed grid intelligence (DGI). Additionally a mathematical model for 

customer comfort is built and then used to evaluate each of the strategies. 

In Chapter 5, the simulation testbed is introduced and then simulation results are 

demonstrated and analyzed.  

Chapter 6 evaluates all of the control strategies under different scenarios. 

Analysis on the evaluation results are also conducted.  

Conclusions and recommendations for future work are covered in Chapter 7. 
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Chapter 2. System Setup 

2.1 System Components 

This section describes the various components, both physical and logical, 

involved in the community microgrid. Assumptions for those components are 

made and introduced. 

2.1.1 Household 

A household often consists of one or more people who live in the same dwelling. 

It is the basic unit of analysis in many social, microeconomic and government 

models. Here in this case, the household is also regarded as the basic unit in the 

community microgrid. Assumptions are made about the electric load details 

inside the house. In the scope of this thesis, household load includes home 

appliances and base load. Assumptions of appliances and their ratings are listed 

in the table below: 

 

 

 

 

 

 

 

 

 

8 
 



 

Table 2-1: Household Appliance and Ratings 

No. Appliance 
Power Ratings 

(kW) 

1 
 Air-

Conditioner 
3.2 

2  Space Heater 4.5 

3  Water Heater 4.5 

4  Dryer 4.5 

5  Range 2 

6  Cloth Washer 2 

7  Microwave 1.2 

8  TV1 0.4 

9  TV2 0.4 

10  Lighting1 0.36 

11  Lighting2 0.36 

12  Lighting3 0.36 

 

2.1.2 Energy Storage 

Energy Storage (ES), also referred as community energy storage (CES) or 

distributed energy storage device (DESD), is the key component in this microgrid. 
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Many kinds of energy storage technologies like lead-acid, Li-ion and compressed 

air energy storage (CAES) have come into reality and been largely improved in 

storage capacity and output power rating [12]. Table 2-2 shows the comparison 

of energy storage technologies and their recommended applications [14].  

 

Table 2-2: Comparison of Energy Storage Technologies and Applications 

Technology 
Power 

Level 

Energy 

Density 

Life 

Cycle 
Cost 

Recommended 

Application 

Flywheels High Low  High System Level 

Ultra-

Capacitor 
 Very Low  

Low to 

Mid 
Multiple Purposes 

Lead Acid   Limited Low  Residential 

Sodium 

Sulfur 
High High  High Substation Level 

Lithium-ion High High  High 
System/Substation 

Level, Residential  

Flow 

Battery 
Independent Medium  

Mid to 

High 
Substation Level 

Compressed 

Air 
High   Low  

Pump 

Hydro 
High   Low System Level 
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Among the storage technologies listed above, both lead-acid and lithium-ion 

batteries are qualified and recommended for residential applications. With its low 

installation and operation cost, lead acid battery is one of the options for 

community microgrid. But its limited life cycle reduces its potential for wide 

installation. Lithium-ion battery has the advantages of high power level and 

energy density. However, it is more expensive compared with the lead acid 

battery. Thus it still has to be further studied before the best storage technology 

for community microgrid is determined.   

In this thesis, ES is not defined with specific type and other specifications. Only 

necessary parameters associated with control strategy simulation, like output 

power limit, storage rating and approximate efficiency will be defined in the 

following simulation chapters. And for the sake of evaluating control strategies, 

there are different combinations of those parameters along with several islanding 

scenarios. An evaluation will be conducted under these scenarios. 

 

Figure 2-1: Community Energy Storage and Ancillary Transformer (Source: AEP) 

 

 

 

11 
 



2.1.3 Distributed Grid Intelligence 

Distributed grid intelligence (DGI) is a concept for a communication and control 

node introduced in the FREEDM System. The FREEDM (Future Renewable 

Electric Energy Delivery and Management) system is associated with an 

engineering research center project supported by National Science Foundation 

(NSF). The FREEDM System features a distributed configuration of renewable 

energy sources and load. As a smart grid, the FREEDM System is designed to 

embrace advanced features such as plug-and-play and distributed management of 

renewable energy generation, storage and usage [17]. Figure 2-2 shows the solid-

state transformer based building block of the FREEDM System concept. 

 

Figure 2-2: FREEDM System at Home Level 

 

As a power system substation, the FREEDM system is directly connected to the 

distribution 12kV bus through an intelligent energy management (IEM) unit. The 

utilization of IEM resembles an energy router that processes energy flow the way 

networking routers deliver data packets. This metaphor requires the IEM to 

achieve two basic functionalities: bidirectional power flow and distributed power 
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management. The bidirectional power flow capability can be solved by using a 

power electronic converter called solid state transformer (SST). Then in order to 

govern the energy management distributively, a communication enabled platform 

called distributed grid intelligence (DGI) is integrated into each IEM to 

collectively process measurements and calculate outputs to balance the power 

flow [18]. 

The DGI acts as the brain of the proposed FREEDM system. The main function 

of DGI is to collect information and manage power flow within a community or 

among multiple communities over a wide area. As such, the community is 

inherently distributed and capable for islanded operation with components of the 

DGI algorithm executed on independent hardware within each SST component. 

Thus, it is an important and essential logic component in the community 

microgrid and where the control strategy will be implemented. 

In the scope of this thesis, no assumptions are made regarding the transformer 

type. So the community microgrid can be either a FREEDM type of system with 

SST governing the community power flow, or community system with 

conventional transformer installed. Even DGI has its functionality of cooperating 

with other DGI peer-to-peer, it is also the critical controller working with HEMS 

for the energy management within microgrid. Thus DGI is assumed as the notion 

for upper level controller in the following paper. 

2.1.4 Home Energy Management System 

Home Energy Management System (HEMS) is a control system with a complete 

set of home communications, home automation equipment, home security and 

other functions based on advanced equipment and scientific management mode, 

using a variety of communication networks, combined automation and 
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communication technology [19] [20]. The purpose of HEMS is building 

comfortable, safe, energy efficient, economical and environment-friendly living 

environment. With the current situation of energy shortage and global warming 

elicited by high-energy usage, it is important to introduce technology what will 

server to reduce carbon emission and energy waste. 

 

Figure 2-3: One Typical HEMS Architecture 

 

Figure 2-3 shows one typical architecture of HEMS. Information from appliances 

can be collected and aggregated to HEMS within the local network in a home 

through certain light-weight communication protocols, like ZigBee and MQTT. 

Commands generated from HEMS are executed by the implementation of smart 

switches installed at each of the appliances. Out-of-home information like output 

power from PV and wind can be obtained through the utility network or Internet.  

However, the architecture presented in Figure 2-3 may have issues associated 

with customer privacy and the proprietary of HEMS. If HEMS is owned and 
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managed by electric utility, customers may have the concern of disclosing their 

usage information inside the house. Also this means that the utility will be able 

to directly control customers’ appliances and then affect their daily life under 

some situations. On the other hand, if customers have full charge of the HEMS, 

utility will lose their effective regulation over the behaviors of HEMS. This can 

be a big threat to power grid stability and security, since HEMS has the capability 

of utilizing public resources like PV and grid. Meanwhile, regulation over HEMS 

will also be indispensable, given the potential for malicious manipulation in the 

electricity retail market. Thus, to solve the possible issues listed above, another 

type of architecture for HEMS, incorporated in DGI, is shown in Figure 2-4. 

 

 

Figure 2-4: Another Architecture for HEMS with DGI 
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In this type of architecture, HEMS still has its control over all of the smart 

appliances inside the house. However, one big difference is that DGI is 

incorporated between HEMS and outer resources. In this way, DGI is acting like 

a higher-level controller for HEMS. It has the responsibility of aggregating 

information from both the utility and HEMS. In other words, it can also be 

regarded as the interface or gateway for HEMS. With this setup, HEMS will most 

likely be owned by customers and DGI will owned by the utility. HEMS can only 

disclose limited information to the DGI, for the sake of privacy protection, and 

no longer has direct interaction with utility resources. Correspondingly, the DGI 

will have its own logic to decide what information should be presented to HEMS. 

Thus the possible issues arising from the architecture in Figure 2-3 can be solved.  

2.2 System Architecture 

In the previous Section 2.1 System Components, both logical and physical 

components have been discussed. This section will then introduce two kinds of 

system architectures composed by those components. One is called distributed 

ES architecture and the other one is centralized ES architecture. 

2.2.1 Distributed ES Architecture 

As the name implies, in this architecture, ES is distributed. Referring to Figure 

2-5 below, each of the household has its own ES. At the utility interconnection 

there is a transformer installed as the gateway between the utility grid and 

community. For the control layer labeled in blue, it is the same setup as what has 

been shown and discussed in Figure 2-4 and the Section 2.1.4 HEMS. DGI is 

mounted at the transformer level. This architecture has communication link with 

both DGI and lower-level HEMS. The data flow between the utility and DGI may 
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include community load measurements, real-time price, estimated outage hours, 

etc. Data flow between DGI and HEMS may include power capacity limit, 

regulation signal, single house load measurements, etc. Specific data flow profile 

within the community communication network depends on different control 

algorithms and scenarios. This will be discussed in detail in the following 

simulation chapters. 

 

 

Figure 2-5: Distributed ES Architecture for Community microgrid 

 

In this architecture, one noticeable feature is that ES is under the control of HEMS. 

That is to say, ES is the private property of customers. During operation, DGI 

will not have its control over ES and instead, it can only generate dispatching 

references for ES and send them to each of the HEMS. It is HEMS, or in other 

words, customers themselves, who control the ES behavior. Customers may have 

the option of setting their HEMS to be submissive to DGI signals. However, 
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under some circumstances, customers may not agree with dispatching signals 

generated from DGI. An example would be, during emergency, on behalf of 

utility, DGI may send discharging command to ES under one HEMS. This action 

happens when certain homes run out of ES energy and the utility wants to 

coordinate among multiple homes and share ES from one home to others. 

However for this case, it can be anticipated that customers may refuse to offer 

their stored energy to neighbors and want to save energy for their own use. Thus, 

with this type of architecture, customers have more freedom of how to utilize ES 

and accordingly, a control scheme from utility will become less effective. 

Another issue needed to be discussed about this architecture is cost. In this setup 

of ES, customers will most likely pay for the ES installation and operation, since 

ES is owned by customers. However at this point in time, even though the ES 

technology has made much progress, the commercialized ES is still a product that 

is just entering the market band is far from being a mature product. Costs are still 

high as compared to costs that industry anticipates. From information provided 

by Tesla, the quote for the retail price of a Powerwall is shown in Table 2-3. The 

Powerwall is the product of Tesla. It is a home battery that can be used to perform 

load shifting and also provide backup.  

Table 2-3: Cost of Powerwall Unit 

Continuous Power 

Rating 

Peak Power 

Rating 
Energy Rating 

Price (Battery 

Only) 

2 kW 3.3kW 10kWh $3500 

 

Consider the use a Powerwall unit in this community case. Assume we need 5 

units to achieve 10 kW output power during an emergency. The price would be 

$17500. Adding a reasonable installation fee which is $3000 and inverter cost 
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which is $3000 by assumptions, total investment would be $23500. From a 

survey conducted by Abt SRBI [22], on average, residents spend $169.5 on their 

monthly electricity bill. So the average annual electricity bill cost would be $2034. 

Comparing with $2034 per year, it is unrealistic to expect customers to be willing 

to install their own ES at the cost of at least $23500, which is more than 11 times 

of their average annual electricity bill. Thus it is probably economic for 

customers purchasing 1 or 2 units of Powerwall for the purpose of daily use to 

shift peak load. However when it comes to use for power energy backup, it is still 

not economically efficient to have customers purchase their own ES devices. 

Thus the high cost of ES will probably restrict the application of this type of 

architecture in reality. 

2.2.2 Centralized ES Architecture 

The centralized ES architecture shown in Figure 8 is another type of setup of the 

community microgrid, in which the community has one shared ES for all 

customers, instead of multiple ES in each of the homes. From Figure 2-6 below, 

there are several homes and one ES connected to the transformer bus. In the 

control layer which is also labeled as blue, DGI is sitting at the highest level in 

the community. Then HEMS and ES are located in the next level. Data flow 

among the communication network is almost the same as it in the distributed ES 

architecture. One difference is that there will be data flow from the DGI, instead 

of HEMS, to ES. This data flow mainly consists of dispatching signals generated 

at DGI for ES. Again, specific data flow profile within the community 

communication network depends on different control algorithms and scenarios. 

It will be discussed in detail in the following simulation chapters. 
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Figure 2-6: Centralized ES Architecture 

 

In this case, compared with the distributed ES architecture, the ES is shared 

within the community and managed by a centralized controller DGI. That is to 

say, ES is now owned by the utility and customers will have no control over it. 

During operations, DGI can directly send dispatching command to ES and utilize 

its storage as how the utility wants to. Back to the same issue discussed in Section 

2.2.1, during an emergency, customers will not be able to participate in energy 

allocation anymore. All of the coordination and energy allocation will be done 

by DGI on behalf of the utility. The allocation will be executed according to 

certain control algorithms, which are also the objective of this thesis. 

Another advantage of this architecture is its economy. Since ES is now owned 

and managed by the utility, customers do not have to pay for purchasing and 

installing their own ES. Instead, reasonable extra charges will probably be added 
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into the monthly bill by the utility for the ES investment. This is one of the more 

affordable solutions for customers. From the perspective of the utility, even 

though ES cost is still high for now, the utility has two main ways to compensate 

the cost. One would be revenue from the customer bill. But this way has its 

limitation since customers cannot be charged too much. So this way can only take 

up a small portion of the ES investment. The other way is to defer the investment 

for the facility and equipment upgrade. For example at the substation, usually as 

customer size grows, the utility needs to upgrade substation capacity to 

accommodate the increasing peak-demand. But with the integration of ES, 

demand response can be then be used to smartly reduce the peak-demand. Thus, 

the huge amount of investment needed for the substation upgrade can be deferred 

to the future. This saving would take up a large portion for compensating the ES 

investment. 

Considering about the fact that centralized ES architecture is likely being closer 

to reality for these applications, this thesis focuses on this type of architecture. 

 

 

 

 

 

21 
 



Chapter 3. Control Strategies for Islanded Situations 

3.1 Islanded Situation 

This chapter focuses on introducing different control strategies for the 

community microgrid during islanded situation. The emergency (islanded) 

situation is defined as the situation under which the community microgrid is 

disconnected from the utility grid and the self-equipped energy storage device is 

the only power resource. Figure 3-1 below shows the power flow within the 

community during a typical island situation. 

 

Figure 3-1: Power Flow in Community-Microgrid during Emergency 

 

When disconnected from the utility grid, the whole community would be 

operating like a stand-alone and self-sufficient “island”. ES is the only energy 

resource and it is providing power to meet the household demand within the 

community. The power from ES will be flowing through the transformer bus. In 

the FREEDM system, the SST will become the regulator to maintain bus voltage 
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and frequency and also the distributor to allocate the amount of power flowing 

into each of the houses. While in conventional community system, the ES will 

provide voltage regulation to the system bus. From the standpoint of control logic, 

the proposed control strategies are implemented on both DGI and HEMS. The 

goal of those strategies is to generate rational dispatching schedule to make full 

use of available energy in ES and also coordinate among each of the homes how 

to behave as what the schedule requires. Challenges for the strategies include: 

 

 

• Determine output power from ES at each time-point 

• ES be used as much as possible, but not over-discharged 

• Determine demand from each home 

• Ensure that household load does not exceed allowable load signal 

The following chapters describe how each proposed strategy works and the 

challenges discussed above are addressed. 

3.2 Cycling Scheme 

The cycling scheme is basically cycling the resource supply within each of the 

receiver, household in this case. By doing the cycling, each of the homes will not 

have a continuous resource supply, but in return, each home will have more 

power and energy resources during each time of the supply. It is a widely used 

scheme for resource allocation. Especially for those cases in which the lower 

resource cannot be much effective, so the cycling scheme can achieve resource 

higher power capacity supply by sacrificing continuity of the supply.  
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When implemented in this case of a community microgrid, it means that for each 

of the time points, there are only parts of the community having a power supply. 

The rest of the homes are temporarily cycled out and only have very critical 

appliances available, like lighting And as time goes on, each home will have a 

period of time being cycled out. The benefit of doing this cycling scheme would 

be having more power limit during each time of the supply while losing the 

continuity of power supply. When the allowable power limit is very low, the 

benefit would be more evident. 

Below Figure 3-2 and Figure 3-3 show a simple example of implementing cycling 

scheme. Assume that the total allowable power limit for 3 homes is 6 kW along 

the following 12 hours. In Figure 3-2, when there is no cycling, each home will 

have 2 kW power limit. However, if we implement a cycling scheme in this case, 

like shown in Figure 3-3, at each hour there are only 2 homes allowed with power 

supply. This enables each home to have 3 kW power limit at each time with 

power supply. In this example there is only 1 kW difference but in reality, there 

may be a larger difference. 
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Figure 3-2: Power Limit for Each Home without Cycling 

 

 

Figure 3-3: Power Limit for Each Home with Cycling 

 

As illustrated above, the cycling scheme has much of the benefits for resource 

allocation during islanded situation. So it will be applied in the first two control 

strategies introduced below. 
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3.3 Flat-Limit  

This chapter introduces the flat-limit strategy. It is one of the purposed control 

strategies to allocate ES energy to each of the homes within community. The 

basic idea of this strategy is to calculate the power limit for each of the homes at 

each time point. The power limit is the result of dividing currently available 

energy by the remaining time for this emergency. This algorithm is referred to as 

flat-limit, because for each time the power limit signal is generated, it is 

calculated to be flat, at the same value, through the remaining emergency time. 

This strategy will be running at two control levels: DGI and HEMS. Below Figure 

3-4 shows a flow chart of this strategy for the DGI control. The following Figure 

3-4 demonstrates how the other part works in HEMS. 
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Figure 3-4: Flow Chart for Flat-limit Strategy DGI Part 
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Table 3-1：Notation for Flat-Limit Strategy 

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙_𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙 Total power limit for this community 
𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 Available energy in ES 
𝑡𝑡𝑒𝑒𝑙𝑙 Remaining emergency duration time 
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Power limit for one home 
𝑛𝑛 Number of homes 

Limit Max power output limit for ES 
𝑡𝑡 Current time (min) 

 

For the DGI part, this algorithm firstly determines whether this time point is 

within the emergency. If it is, then it will see whether this specific home is cycled 

out. When the target home is cycled out at this time, the DGI will generate a 

power limit of zero for this home. If the home is not cycled out, the power limit 

is going to be calculated by dividing the available energy in ES over the 

remaining emergency length and also the number of homes which are not cycled 

out. That is to say, among each of the homes, the power limit will be fairly equal. 

There is also a step to check whether the total limit is beyond the allowable 

maximum ES output rating. If it is, the total power limit will be replaced by the 

maximum output power of ES. After all of the above steps are completed, the 

calculated power limit is sent to HEMS, which is the lower level controller inside 

the home and the time will be updated. 
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Figure 3-5: Flow Chart for Flat-limit Strategy HEMS Part 
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For the HEMS, it also first checks whether it is still in the emergency. If it is, it 

will receive the power limit signal from DGI and compare it with the priority list. 

The priority list defines the priorities of using each of the appliances. Most critical 

appliances will be assigned with the highest priority and when load shedding is 

needed, it will be the last one appliance to shed. When it comes to implementation 

of the strategy, this priority list can be defined by users.   
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Table 3-2: An Example Priority List in HEMS 

Priority Level (kW) Appliances 

0 Base Load 

1.08 Lighting 

5.58 Lighting, Space Heater 

7.58 Lighting, Space Heater, Range 

8.08 
Lighting, Space Heater, Range, 

Refrigerator 

12.58 
Lighting, Space Heater, Range, 

Refrigerator, Water Heater 

20.8 

Lighting, Space Heater, Range, 

Refrigerator, Water Heater, Dish 

Washer, Cloth Washer, Dryer 

21.6 

Lighting, Space Heater, Range, 

Refrigerator, Water Heater, Dish 

Washer, Cloth Washer, Dryer, TV 
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Table 3-2 gives an example priority list in HEMS. It is based on the appliance 

information provided in Table 2-1. So in this table, the right column listed the 

appliances which can be turned on for the power limit higher than the respective 

priority level on the left. For example, if the current power limit is 6, which falls 

in between 5.58 and 7.58, then the allowed appliances would be Lighting and 

Space Heater. And if the power limit is higher than 21.6, this means that there is 

no need to shed any of the appliances. So from this table,, lighting is assumed to 

be the most critical appliance and the space heater has the second highest priority. 

For the HEMS algorithm, after comparing current power limit with the priority 

list, HEMS can generate corresponding switching commands to each of the 

appliances. Depending on the current value of the power limit, less critical 

appliances will be switched off and more critical appliances will not be affected. 

Now since appliance status is available, the ES state of charge can be then 

calculated and the time point is updated. The whole process will iterate until the 

emergency ends. 

3.4 Adaptive-Limit  

This chapter introduces a second control strategy called adaptive-limit strategy. 

The basic idea of this algorithm is also involves generating a power limit for each 

home at every time point. But this differs from the flat-limit strategy in the 

calculation of the power limit. In this strategy, there is a historical load profile 

for a typical home with the same appliance profile. This load profile is acting as 

a reference for the algorithm to generate a power limit. Again this strategy runs 

in both DGI and HEMS levels as shown in Figure 3-6 and Figure 3-7. 
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Figure 3-6: Flow Chart for Adaptive-limit Strategy DGI Part 
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Table 3-3:Notation of Adaptive-Limit Strategy 

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙_𝑙𝑙𝑡𝑡𝑙𝑙𝑡𝑡𝑙𝑙 Total power limit for this community 

𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 Available energy in ES 

𝐸𝐸ℎ𝑙𝑙𝑖𝑖 Energy consumption for the same time 

period in historical load profile 

𝑃𝑃ℎ𝑙𝑙𝑖𝑖 Load for the same time in historical 

profile 

𝑡𝑡𝑒𝑒𝑙𝑙 Remaining emergency duration time 

𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 Power limit for one home 

𝑛𝑛 Number of homes 

Limit Max power output limit for ES 

𝑡𝑡 Current time (min) 

 

In Comparison with the flow chart of flat-limit strategy shown in Figure 3-4, the 

only difference in adaptive-limit is how the power limit is generated. In this 

algorithm, when calculating the power limit, it will refer to the historical load 

profile with the same time period (remaining emergency period). First, the 

amount of energy consumed in the historical profile is calculated. Then 𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 

is divided by 𝐸𝐸ℎ𝑙𝑙𝑖𝑖  to get the conversion factor. This factor is used to 

proportionally covert load value in historical profile at the same time into the 

power limit needed for the current time. By doing this, the generated power limit 

is the result which adapts the historical profile values. Each time the new power 

limit is calculated, it is no longer a flat value throughout the remaining emergency 

time.  
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Figure 3-7: Flow Chart for Adaptive-limit Strategy HEMS Part 
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After the adaptive power limit is generated by DGI, it will be sent to HEMS for 

lower level implementation using the priority list approach. This part is exactly 

the same as it in flat-limit strategy. 

3.5 HVAC Allocation  

For the previous two strategies, they both generate specific power limit signal at 

each time point for each home to follow. The method of limiting household load 

under power limit is using apriority list to operate higher-priority appliances as 

possible as it can. But sometimes people do not care about using some low-

priority appliances, like clothes washer or dish washer, during emergency. This 

means that customers would probably prefer to use critical appliances more by 

sacrificing the usage of low-priority appliances. Therefore to take this type of 

customer preference into account, the HVAC allocation method is developed. 

In this HVAC allocation strategy, only the most critical load appliances will be 

controlled and have the chance to operate. Still referring to the priority list 

example in Table 3-2, HVAC and lighting are chosen as the only two critical 

appliances which are available during emergency conditions. The basic idea of 

this strategy is that lights are always allowed to be on, since it is the most critical 

load, and the rest of the energy will be converted to on or off time command for 

HVAC. This idea is illustrated in Figure 3-8. Like the previous two strategies, 

this strategy is also implemented at both DGI and HEMS levels. Figure 3-9 and 

Figure 3-11 shows the flow charts for this strategy in DGI and HEMS parts 

respectively. 

 

36 
 



 

Figure 3-8: Basic Idea of HVAC Allocation Strategy 
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Figure 3-9: Flow Chart for HVAC Allocation Strategy DGI Part 
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Table 3-4: Notation of HVAC Allocation Strategy 

𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 Available energy in ES 

𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  Energy for HVAC usage 

𝑃𝑃𝑙𝑙𝑙𝑙𝑒𝑒ℎ𝑙𝑙𝑙𝑙𝑒𝑒𝑒𝑒 Power rating for lighting 

𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  Power rating for HVAC 

 

𝑡𝑡𝑒𝑒𝑙𝑙 Remaining emergency duration time 

 

𝑡𝑡𝑙𝑙𝑒𝑒𝑙𝑙 Time interval between updating 

calculation 

𝑚𝑚 Number of time interval in remaining 

emergency 

𝑛𝑛 Number of homes 

𝑡𝑡𝑡𝑡𝑒𝑒 Time for running HVAC in each home 

within each time interval 

𝑡𝑡𝑙𝑙𝑙𝑙𝑒𝑒 Minimum operating time for HVAC 

𝑡𝑡𝑡𝑡𝑒𝑒𝑙𝑙  Actual allowed turn-on time for 

HVAC in home i 

𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑙𝑙  Actual allowed turn-off time for 

HVAC in home i 

 

In the DGI part shown in Figure 3-9, as long as it is within the emergency period, 

the algorithm calculates the energy for HVAC use. In this calculation, firstly, 

energy reserved for lighting is divided from the total available energy in ES. After 

this step, this algorithm will further divide this amount of energy into each of the 

time interval periods for each of the homes. The time interval would be the basic 

unit for time period, meaning that the calculation will not be iterated until the 
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next time interval begins. The purpose of the time interval is to prevent switching 

HVAC status too frequently. And within each time interval, the amount of energy 

will be converted into turn-on time for HVAC, by dividing energy over HVAC 

power rating. Now the 𝑡𝑡𝑡𝑡𝑒𝑒 is determined for each of the homes. Also this 𝑡𝑡𝑡𝑡𝑒𝑒 is 

compared with the minimum operating time 𝑡𝑡𝑙𝑙𝑙𝑙𝑒𝑒 of HVAC. If it is shorter than 

𝑡𝑡𝑙𝑙𝑙𝑙𝑒𝑒, 𝑡𝑡𝑡𝑡𝑒𝑒 will be set to 0, which means the HVAC will not be switched on. The 

last step before sending commands to HEMS would be generating 𝑡𝑡𝑡𝑡𝑒𝑒𝑙𝑙  and 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑙𝑙 . 

This algorithm will distribute the operating time from 𝑡𝑡𝑡𝑡𝑒𝑒𝑙𝑙  to 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑙𝑙  for each home 

with as much dispersal as possible among the time interval. The purpose of doing 

this is to avoid causing a large demand peak when many homes are using HVAC 

at the same time.  Figure 3-10 below illustrates how this process is carried out. 

 

Figure 3-10: Distributing HVAC Usage of Homes within One Time Interval 
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Figure 3-11: Flow Chart for HVAC Allocation Strategy HEMS Part 

 

The HEMS part for this HVAC allocation strategy is very similar to that in 

previous strategies. After receiving 𝑡𝑡𝑡𝑡𝑒𝑒𝑙𝑙  and 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑙𝑙  from DGI, the HEMS will check 

whether or not current time is within the range between 𝑡𝑡𝑡𝑡𝑒𝑒𝑙𝑙  and 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑙𝑙 . If it is, then 
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HVAC is turned on. Otherwise the HVAC is switched off. Based on the HVAC 

status, ES energy is to be updated. 

3.6 HVAC + Water Heater Allocation 

In this last section, the HVAC allocation strategy is introduced. Also another 

strategy referred to as HVAC and Water Heater (WH) allocation, which is based 

on the HVAC allocation, will be demonstrated.  In the HVAC allocation 

algorithm, only HVAC and lights are treated as the most critical appliances to 

control. In this algorithm, one more appliance which is the water heater is added 

as another optional appliance to use. Despite of allowing lights to be on over the 

whole emergency period, the basic idea here is to take 1/3 of the energy for 

HVAC as the energy for using the water heater. Thus the energy for HVAC will 

be cut to its 2/3. 
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Figure 3-12: Flow Chart for HVAC AND WH Allocation Strategy DGI Part 
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Table 3-5:Notations of HVAC and WH Allocation Strategy 

𝐸𝐸𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 Available energy in ES 

𝐸𝐸𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  Energy for HVAC usage 

𝐸𝐸𝑊𝑊𝐻𝐻 Energy for WH usage 

𝑃𝑃𝑙𝑙𝑙𝑙𝑒𝑒ℎ𝑙𝑙𝑙𝑙𝑒𝑒𝑒𝑒 Power rating for lighting 

𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻  Power rating for HVAC 

𝑃𝑃𝑊𝑊𝐻𝐻 Power rating for WH 

𝑡𝑡𝑒𝑒𝑙𝑙 Remaining emergency duration time 

𝑡𝑡𝑙𝑙𝑒𝑒𝑙𝑙 Time interval between updating 

calculation 

𝑚𝑚 Number of time interval in remaining 

emergency 

𝑛𝑛 Number of homes 

𝑡𝑡𝑡𝑡𝑒𝑒 Time for running HVAC in each home 

within each time interval 

𝑡𝑡𝑡𝑡𝑒𝑒𝑊𝑊𝐻𝐻 Time for running WH in each home 

within each time interval 

𝑡𝑡𝑙𝑙𝑙𝑙𝑒𝑒 Minimum operating time for HVAC 

𝑡𝑡𝑙𝑙𝑙𝑙𝑒𝑒𝑊𝑊𝐻𝐻 Minimum operating time for WH 

𝑡𝑡𝑡𝑡𝑒𝑒𝑙𝑙  Actual allowed turn-on time for 

HVAC in home i 

𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑙𝑙  Actual allowed turn-off time for 

HVAC in home i 

𝑡𝑡𝑡𝑡𝑒𝑒𝑊𝑊𝐻𝐻
𝑙𝑙  Actual allowed turn-on time for WH in 

home i 
𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑊𝑊𝐻𝐻
𝑙𝑙  Actual allowed turn-off time for WH in 

home i 
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Referring to Figure 3-12 above, the process of HVAC AND WH allocation is 

very similar to that of HVAC only allocation. After dividing available energy at 

2:1 for HVAC and WH respectively, the on and off time signals will be generated 

separately for both HVAC and WH and then sent to HEMS. 
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Figure 3-13: Flow Chart for HVAC AND WH Strategy HEMS Part 
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Figure 3-13 shows the flow chart for this HVAC + WH allocation strategy in 

HEMS part. This differs from the HVAC allocation strategy in that there are two 

branches for HVAC and WH respectively. In each of the branches, the control 

will compare the on and off time commands with current time point and then 

generate corresponding switching signal for both HVAC and WH. After this step, 

ES energy will be updated according to HVAC and WH status. 

3.7 Comparison of Strategies 

As all of the purposed control strategies have been introduced in previous 

sections, this section gives a comparison table to list out some of the key 

information about each of the strategies and compare them among each other. 
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Table 3-6: Comparison of Each Control Strategy 

Strategy Flat-limit 
Adaptive-

limit 

HVAC 

Allocation 

HVAC AND 

WH 

Allocation 

Control 

Approach 

Power Limit 

+ Priority List 

Power Limit 

+ Priority List 

Energy 

Allocation 

Energy 

Allocation 

Control 

Appliances 

All 

Appliances 

All 

Appliances 
HVAC HVAC, WH 

Pros 

Easy to 

implement, 

less 

computation 

Adapts to 

user 

behaviors, 

generates 

more 

appropriate 

power limit 

Focus on 

critical 

appliance 

Focus on 

critical 

appliance, 

also added 

water heater 

Cons 

Not 

considering 

user 

behaviors, too 

conservative 

limit 

More 

computation, 

need of 

historical 

profile 

No control 

over other 

appliances 

No control 

over other 

appliances, 

decreasing 

usage of 

HVAC 

 

This table also introduces the pros and cons for each of the strategy. For the flat-

limit strategy, it is very easy to implement, as it requires far less computation. 

But this means that it is not intelligent enough to generate an adaptive power limit 

which is matched with previous load pattern. This may to some extent conflict 
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with users’ behavior which then leads to the loss of comfort. As the improvement 

version of flat-limit algorithm, the adaptive limit compensates for the biggest con 

of flat-limit algorithm by generating the power limit based on historical load 

profile. But this requires more computation and also the need for historical load 

data. 

Other than those two, the latter two strategies utilize another approach which is 

energy allocation. By proactively allocating available energy to usage time of 

HVAC, the HVAC allocation focuses on the usage of HVAC, since HVAC is 

one of the most critical appliances. In this way, customers would avoid wasting 

limited energy on other non-critical appliances. Based on HVAC allocation, the 

HVAC + WH allocation is expected to be an improved version, because it is not 

only allowing usage of HVAC, but also that of WH. So it is allocating energy to 

both HVAC and WH. However, one possible disadvantage would be that 

sometimes the allowed usage time for WH is too short to exceed the minimum 

operation time. While at the same time, the operating time of HVAC may be 

affected to be also lower than its minimum operating time, since compared with 

only HVAC allocation, it is now dividing part of the energy for HVAC to the use 

of WH. Thus this HVAC + WH allocation method may not always be better than 

HVAC allocation. 

In Chapter 6, the evaluation and comparison of each strategy will be discussed in 

more detail.   
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Chapter 4. Modeling Methodologies 

4.1 Overview of Simulation Models 

This chapter introduces the methodologies applied in this thesis to model each of 

the components mentioned above. In order to validate all of the purposed control 

strategies, it is necessary to develop appropriate models for the community 

microgrid, in which we can simulate different use cases for the strategies. For the 

sake of practical significance, those models must possess certain level of physical 

characteristics. The models can be categorized as physical component models 

and control logic models. In the following sections, each of those models will be 

discussed in details. 

4.2 Models for Physical Components 

Physical components are referred to physical devices in a community microgrid. 

To be specific, they include the house and appliances inside the house. For the 

appliances, they can be further categorized as Thermostatically Controlled 

Appliances (TCAs) and non-TCAs. HVAC and WH are both TCAs, since they 

have thermostatic operating characteristics. Other appliances like clothes washer, 

dryer, range and TVs have no thermostatic characteristics. Their usage is based 

on user behaviors. 

4.2.1 TCA 

To model the electricity consumption of TCA units, it is critical to model the heat 

transfer process, considering both ambient and internal temperature changes. For 

example, Figure 4-1 shows the thermal behavior of an HVAC unit, which is one 

of common TCAs in households. Here as a space heater, from the top trend, this 

HVAC unit heats up indoor temperature until it meets the upper limit. Then the 
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indoor temperature drops at the ratio which is related to difference between 

indoor and outdoor temperature. When it hits the lower limit, the HVAC is turned 

on again to ramp up indoor temperature. The lower trend shows corresponding 

power usage. Thus, the pattern of the temperature curve indicates the heat transfer 

process. 

 

Figure 4-1: Thermal behavior of an HVAC unit [27]. 

 

Reference [27] presents a second-order residential equivalent thermal parameter 

(ETP) air conditioning model. This model is utilized in this thesis simulation for 

all TCA, including HVAC and water heater. Figure 4-2 shows an ETP model for 

a residential HVAC ETP model. In this model, parallel or nearly parallel heat 

flow paths and series thermal mass elements are grouped into a few parameters 

and portrayed as a simple direct current (DC) electric circuit [28]. 
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Figure 4-2: ETP model for a residential HVAC unit [27]. 

 

A state space description of the ETP model is  

�̇�𝑥 = 𝐴𝐴𝑥𝑥 + 𝐵𝐵𝐵𝐵 

𝑦𝑦 = 𝐶𝐶𝑥𝑥 + 𝐷𝐷𝐵𝐵 

𝑥𝑥 = � 𝑇𝑇𝑙𝑙𝑇𝑇𝑙𝑙
�      𝐵𝐵 = �

𝑇𝑇0
𝑄𝑄𝑡𝑡
𝑄𝑄𝑙𝑙

� 

𝐴𝐴 =

⎣
⎢
⎢
⎡−

𝑈𝑈𝑡𝑡 + 𝐻𝐻𝑙𝑙
𝐶𝐶𝑡𝑡

𝐻𝐻𝑙𝑙
𝐶𝐶𝑡𝑡

𝐻𝐻𝑙𝑙
𝐶𝐶𝑙𝑙

−
𝐻𝐻𝑙𝑙
𝐶𝐶𝑙𝑙⎦

⎥
⎥
⎤

    𝐵𝐵 =

⎣
⎢
⎢
⎡
𝑈𝑈𝑡𝑡
𝐶𝐶𝑡𝑡

1
𝐶𝐶𝑡𝑡

0
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1
𝐶𝐶𝑡𝑡⎦
⎥
⎥
⎤
 

𝐶𝐶 = [1 0]    𝐷𝐷 = [0 0 0] 

Where 

𝐶𝐶𝑡𝑡 − Air heat capacity (Btu/ ºF) 

𝐶𝐶𝑙𝑙 − Mass heat capacity (Btu/ ºF) 

𝑄𝑄𝑡𝑡 − The heat flux to the interior air mass (Btu/hr) 

𝑄𝑄𝑙𝑙 − The heat flux to the interior solid mass (Btu/hr) 

𝑈𝑈𝑡𝑡 − The conductance between the inner and outer air mass (Btu/ ºF ·hr) 

52 
 



𝑈𝑈𝑙𝑙 − The conductance between the inner air mass and the inner solid mass (Btu/ 

ºF ·hr) 

𝑇𝑇𝑡𝑡 − Ambient temperature (ºF or ºC) 

𝑇𝑇𝑙𝑙 − Air temperature inside the house (ºF or ºC) 

𝑇𝑇𝑙𝑙 − Mass temperature inside the house (ºF or ºC) 

According to their common characteristics, the space heater, air conditioner and 

also water heater can be categorized as TCA. To model these appliances, we can 

use the ETP model introduced above by selecting appropriate thermal parameters. 

Chapter 5 and the Appendix A will illustrate the parameters and other 

assumptions of these models in the simulation. 

4.2.2 Non-TCA 

Compared to TCA, there are also other appliances whose usage are not related to 

any heat transfer process such as the clothes washer, dryer and range. These 

appliances are referred to as non-TCAs in this paper. Their usage are completely 

based on user behavior. Taking the example of clothes washer, residents only use 

their washer when they are at home and the usage would probably be periodic 

from day to another. So in order to model the non-TCAs, models based on 

probability-of-use are developed.  

This probability model utilizes a probability-of-use (POU) table to model typical 

user behavior. The POU table contains the probability to use this appliance at 

each time interval. When initiating the simulation of this appliance, a set of 

random numbers will be generated for each time interval. And for a given time 

point, if the random number is smaller than the corresponding probability value, 
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the appliance will be turned on. Below Figure 4-3 shows the flow chart of how 

this model works. 

 

Figure 4-3: Flow Chart for Non-TCA Models 

 

4.3 Control Logic 

Compared to the physical components introduced before, the community 

microgrid also has control logic components to be modeled. However, the model 

for this logic is more like a virtual model, instead of having any interpretation for 

physical characteristics. In other words, this model is just a medium, in which all 
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of the control algorithms are implemented. Here in Figure 4-4, the control logic 

model and its input and output are presented. It has two main blocks: DGI and 

HEMS. Each of them has specific input and output parameters which are needed 

for implementing the algorithms. 
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Figure 4-4: Model for Control Logic: DGI and HEMS 

 

For DGI, its input contains information for emergency situation, household and 

also parameters for strategies. Table 4-1 below shows the input information for 
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DGI model and some example parameters in each kind of input categories. And 

the output from DGI would be control signal or command sent to HEMS. 

Depending on the selected strategy, this could contain signals like power limit 

values or ON and OFF command for HVAC units.  

Table 4-1: Input for DGI Model 

Input Examples 

Information for emergency 
Start time, estimated duration, 

remaining emergency time, etc. 

Control strategies parameters 
Selected strategy, ES energy, 

historical load profile, etc. 

Information for household 
Appliance rating, home number, 

appliance status, etc. 

 

For the HEMS part in this model, it has output signals from DGI as its input. Also it has 

other input information which is specific to the strategy that is running. For example, when 

flat-limit or adaptive-limit strategy is selected, the HEMS needs information for the priority 

list to cap home energy consumption under the power limit. 

HEMS has its output information as the switching signal for each of the appliances that are 

under the control of strategies. This is also the final output for the whole model.   
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Chapter 5. Simulation Testbed and Results 
This chapter discusses the simulation testbed for this thesis research, based on 

the models introduced in the last chapter.  By utilizing the proposed testbed, 

typical simulation results for each of the control strategies are demonstrated. 

Through these results, the effectiveness of strategies are demonstrated and 

compared.  

5.1 Simulation Testbed 

The testbed is a modeling environment which is capable of simulating the 

operation of a small-size community microgrid with 3 households. In this testbed, 

there are 3 main components: control logic, physical model and database. Figure 

5-1 shows the architecture of this simulation testbed. This testbed uses an Excel 

spreadsheet as a database to store input and output parameters. The physical 

model contains all of the models like household, appliances and ES, which are 

needed for simulating the behavior of a community. The top level is for control 

logic. This level is where the control strategies are implemented.  
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Figure 5-1: Simulation Testbed Architecture 

 

When the simulation starts, pre-set input information in the spreadsheet will be 

sent to physical models to simulate the operation of homes. During the simulation, 

if an emergency happens, control logic will be in charge of the energy 

consumption pattern of this community. The logic collects necessary information 

from physical models and generates rational switching commands for the 

community to dispatch ES energy. The input and output information for control 

logic have already been discussed in Chapter 4. Finally, when the simulation ends, 
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relevant data and results will be stored in the  spreadsheet database for records 

and further analysis. 

Therefore, with this simulation testbed, one can simulate the behaviors of the 

community microgrid and also the performance of strategies during emergency. 

Also by modifying various parameters and input information, it is possible to 

model many different types of emergency situations and community household 

setups. For example, we can define the period of the emergencies as short, 

medium and long. We can also define the ES rating to be small, medium and 

large. So with all these possible scenarios, the following strategy evaluation 

becomes possible and it is presented in Chapter 6.  

5.2 Simulation Results 

The following sections describe the simulation results for different cases, 

including one normal day without emergency and also emergencies under 

different control strategies. General assumptions for all simulations are made and 

summarized in Appendix A. Additional assumptions for the following simulation 

results are summarized in Table 5-1. 

Table 5-1: Additional Assumptions for Simulation Results in Chapter 5 

Emergency Start Time 17:30 

Emergency Duration 3 Hours 

Energy Storage Size 30 kWh 

Energy Storage Power 25 kW 

 

Many scenarios have been simulated to validate the effectiveness of each strategy. 

Here in Chapter 5, restricted to the length of this paper, one typical scenario with 

the assumptions made above is presented. This scenario is very typical because 
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1) the emergency starts at 17:30, which is the usual beginning time of evening 

activities at home 2) more appliances are used to operate 3) 3-hour outage is a 

moderate assumption for long-term outage 4) ES with 30kWh storage and 25 kW 

power is a reasonable model close to practical applications. 

5.2.1 One Normal Day 

For the case of a normal day without any emergency, the simulation result shows 

the energy consumption pattern of each home and also the whole community. 

The simulation is run for 24 hours and the time resolution is one minute. Figure 

5-2 below shows the total power consumption of 3 homes in this community 

microgrid during a normal day. There are two main peak-load periods during the 

day: morning and evening. This is because for typical residents, in most of the 

cases they only stay at home during mornings and evenings. So in this simulation, 

some of the appliances like range, washer and water heater are more likely to run 

in the morning and evening, rather than around noon. The peak demand appears 

in the evening at around 48 kW.  

 

Figure 5-2: Total Energy Consumption of 3 Homes in the Community 
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Figure 5-3: Load, Temperature and Appliances Status of Home 1 in One Normal Day 

 

Specific information for each home is also available in this simulation. Figure 

5-3 illustrates the load and temperature pattern of home 1 during this normal day. 

Similar to the total load profile, it also has two main peak-load periods in the 

morning and evening respectively. The status of each appliance is also plotted in 

support of the load profile. The load curve is shaped mostly by appliances like 

space heater, water heater and range, which have larger power ratings. It can also 

be observed during peak hours in the evening that more appliances are running 

than in other time periods. 

Results for the other two homes can be found in Appendix B. 

5.2.2 Flat-Limit Strategy 

This section presents the results for islanded condition, for which the flat-limit 

strategy is selected to manage this power outage. The results cover information 

about household behaviors under emergency control algorithms of home 1, 
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control signals and ES energy records. Results for home 2 and home 3 are listed 

in Appendix B 

 

Figure 5-4: Home 1 Result for Flat-Limit Strategy 

 

From Figure 5-4, when the emergency begins, the controller generates power 

limit signals for home 1. Using  the priority list approach used in HEMS, the 

actual power consumption is restricted below that power limit. The power limit 

is not continuous and it has 5-minute intervals of inactivity every 15 minutes. 

This is because home 1 has been cycled out  every 15 minutes. When cycled out, 

the household cannot have any appliance running, except for uncontrollable base 

load.  

At the beginning of this emergency, power limits are pretty low, resulting in no 

appliances operating except for lighting and base load. As time goes on, affected 

by the mismatch between power limit and actual consumption, the newly 

generated power limit is increasing. The higher power limit allows the usage of 

the space heater, which has the second highest priority. The temperature is also 
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ramping up as the result of space heater operation. At 21:00, the emergency ends 

and appliances are switched on. For some of appliances like clothes washer and 

dryer, residents make up the deferred usage right after emergency ends. 

 

Figure 5-5: Power Limits of 3 Homes in Flat-Limit Strategy 

 

Figure 5-5 plots the power limits for all 3 homes. When comparing power limits 

among the 3 homes, it is easy to notice that for any time during the emergency, 

there is always one home being cycled out, or having zero power limit. Also each 

home has been cycled out evenly by order. This is the result of implementing the 

cycling scheme among multiple homes to obtain higher power limit. 
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Figure 5-6: ES Energy of Flat-Limit Strategy 

 

Figure 5-6 gives the record of ES energy dispatch. When the emergency starts, 

ES starts to discharge at a lower rate. Referring to Figure 5-4, this is because less 

appliances are allowed to operate in the early time of emergency. When time goes 

to mid and late period, as power limit increases, there is more appliance usage. 

This leads to a faster drop in ES energy level. At the end of the emergency, ES 

still has 0.02227 kWh energy and it is not over-discharged. And so this strategy 

is able to rationally allocate ES energy during the emergency timeframe and 

avoid fully discharged ES before the power restoration. 

5.2.3 Adaptive-Limit Strategy 

This section describes the simulation results for implementation of the adaptive-

limit strategy under islanded condition. Results include home 1 energy 

consumption patterns and appliances status, power limit signals and ES energy 

record. Other results for home 2 and 3 are shown in Appendix B. 
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Figure 5-7: Home 1 Result for Adaptive-Limit Strategy 

 

Results shown in Figure 5-7 have records for load, temperature and appliances 

status in home 1 for adaptive-limit strategy, similar to Figure 5-4 for flat-limit 

strategy,. The core idea of this strategy is based on the flat-limit strategy trying 

to have a higher power limit when residents usually use more appliances and 

lower power limit when less appliances are used. This feature is expected to be 

achieved by referring to historical load profiles, which represent the user daily 

behaviors. So compared to the power limit generated by the flat-limit strategy, 

the power limit in this case is not that flat through the entire emergency. It is 

expected to be shaped like the load pattern in the historical load profile. One 

benefit of this improvement is having less violations of user’s activities. For 

example, normally ranges are used around 18:00 in the home to cook. In previous 

flat-limit algorithms, ranges are not allowed to operate, since the power limit has 

been flat and always not high enough. However in this strategy, by using the 

historical load profile, the controller knows that residents tend to use more 
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appliances around 18:00. So the controller generates a higher power limit which 

enables the usage of ranges. 

 

Figure 5-8: Power Limits of 3 Homes in Adaptive-Limit Strategy 

 

Also comparing with the generated power limits in Figure 5-5 and Figure 5-8, 

one can see that the adaptive-limit strategy is generating more variations in power 

limits. The result is consistent with the concepts of this algorithm. 
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Figure 5-9: ES Energy of Adaptive-Limit Strategy 

 

Figure 5-9 demonstrates the discharging pattern of ES in this strategy. Compared 

to that of the flat-limit strategy, this pattern has no obvious slow and fast stages. 

This conclusion is in support of the more varied power limits of this strategy. At 

the end of the emergency, ES has 0.4155 kWh energy. So this algorithm is also 

capable of helping residents survive with ES and prevent customer household 

outages during the emergency. 

5.2.4 Allocation of HVAC 

Allocation of HVAC strategy is not using power limit signals to control 

household load. It directly converts ES energy into an operation schedule for 

HVAC. Thus the simulation results for this strategy contain load profile and 

temperature records for each home, and also the generated HVAC operation 

schedule. Results for home 1 are listed below. Other homes’ results can be found 

in Appendix B. 
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Figure 5-10: Home 1 Result for HVAC Allocation Strategy 

 

This strategy focuses on HVAC only. When the emergency starts, the controller 

calculates allowable operation time periods for HVAC on a 15-minute base. Once 

the temperature drops to the lower limit, meaning HVAC is expected to run, the 

HVAC starts to operate within the given time period provided by the controller. 

For this reason one sees discontinuous operation status of HVAC. As time goes 

on during the emergency event, less energy is available from ES. This leads to 

shorter operation time for HVAC. When this operation time is shorter than the 

minimum operation time of HVAC, in the late period of the emergency event, 

there is no usage of HVAC anymore.  
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Figure 5-11: Space Heater Status Record of HVAC Allocation Strategy 

 

Referring to Figure 5-11, the operation times of HVACs in three homes are 

distributed dispersedly. This result is consistent with the idea described in Figure 

3-10. The benefit is that by staggering usage of multiple HVACs, coincident peak 

demand is avoided as much as possible. This benefit has great significance since, 

under islanded conditions, ES output power rating is very limited. 
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Figure 5-12: ES Energy of HVAC Allocation Strategy 

 

As seen in Figure 5-12, ES discharging pattern is smoother than that of flat-limit 

and adaptive-limit strategies. This is because the strategy only controls one 

appliance, which is HVAC, and its usage is more evenly distributed through the 

emergency. At last, ES does not run out of energy before the emergency ends. 

Thus this strategy is making full use of ES and is also reliable in the sense that it 

helps residents survive islanded conditions. 

5.2.5 Allocation of HVAC and Water Heater 

As an improvement over the HVAC allocation strategy, this strategy adds the 

water heater as another appliance to control. The purpose of this modification is 

to make the water heater also available during the emergency and try to reduce 

the loss of residents’ comfort. Figures below present the results of load profile, 

temperature pattern, HVAC and WH status of home 1. Results for other homes 

are also summarized in Appendix B. 

71 
 



 

Figure 5-13: Home 1 Result for HVAC AND WH Allocation Strategy 

 

 

Figure 5-14: Space Heater Status Record of HVAC AND WH Allocation Strategy 
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Figure 5-15: Water Heater Status Record of HVAC AND WH Allocation Strategy 

 

Comparing results shown in Figure 5-13, Figure 5-14 and Figure 5-15 with those 

in Figure 5-10 and Figure 5-11, it can be seen that the load pattern and HVAC 

usage are very similar. However one major difference is that in HVAC AND WH 

allocation strategy, the operational time period of HVAC is shorter than that in 

the HVAC allocation strategy. This is because the controller takes part of the 

energy for HVAC and allocates it to WH usage. But from Figure 5-13 and Figure 

5-15, there is no usage of WH. The reason is that the amount of energy for using 

WH in any 15-minute is not much enough to operate the WH longer than the 

minimum operation time. So in this scenario, even though the controller tends to 

allocate part of the stored energy for WH usage, the WH cannot operate. Instead 

SPH usage has been affected by taking WH into account. 
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Figure 5-16: ES Energy of HVAC AND WH Allocation Strategy 

 

In this strategy, ES is also discharging smoothly through the whole emergency 

period. In the end, there is still 0.08669 kWh energy in ES, meaning that this 

strategy is successful in utilizing ES energy during islanded conditions without 

depleting ES. 
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Chapter 6. Strategy Evaluation 
Chapter 6 provides an evaluation of all strategies introduced above. By 

comparing aspects like residents comfort, reliability and implementation 

difficulty, one can determine which strategy is relatively the best and what are 

the best-fit scenarios for each strategy. One can use the results as reference and 

choose an appropriate strategy for the specific circumstances. 

6.1 Evaluation of User Comfort 

When an islanded situation happens, it will inevitably violate normal activities of 

residents and then reduce their comfort level. Thus, as strategies are aimed to 

help homeowners survive an emergency, then proposed strategies should firstly 

be evaluated from the perspective of user comfort. Although the control strategies 

cannot prevent the loss of comfort, they can reduce that loss by rationally making 

operation schedules for appliances which are critical to user comfort. As for 

different algorithms and control mechanisms, strategies should have different 

operating schedules for each home that then result in different user comfort levels. 

To conduct this evaluation, a mathematical model for measuring comfort levels 

is developed and then applied into many simulation scenarios. A sensitivity 

analysis of the comfort evaluation results is performed to investigate the possible 

relationship between certain factors and evaluation results. 

6.1.1 Mathematical Model for Comfort Evaluation 

Even though the living comfort of residents is a very important index to evaluate 

the effect of emergency control strategies, it is difficult to be quantitatively 

measured. In this thesis, an indirect approach of measuring comfort index is 

applied. The idea of this approach is using a developed mathematical model to 
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measure the violation of the key parameters of critical appliances, for example, 

temperature of space heater. More violation means more deviation from the 

operation patterns in normal days and thus more loss of comfort. Then by adding 

weighting factors to violation results of each appliance, an overall index can be 

obtained to indirectly reflect the comfort level. The mathematical representation 

of this comfort evaluation model is given below. 

76 
 



 

 
𝛿𝛿𝑙𝑙,𝑘𝑘 = �

𝑇𝑇𝑙𝑙,𝑘𝑘 − 𝑇𝑇𝑢𝑢𝑢𝑢,𝑘𝑘           (𝑇𝑇𝑙𝑙,𝑘𝑘 > 𝑇𝑇𝑢𝑢𝑢𝑢,𝑘𝑘)
                0           �𝑇𝑇𝑢𝑢𝑢𝑢,𝑘𝑘 > 𝑇𝑇𝑙𝑙,𝑘𝑘 > 𝑇𝑇𝑙𝑙𝑡𝑡𝑙𝑙,𝑘𝑘�      

𝑇𝑇𝑙𝑙𝑡𝑡𝑙𝑙,𝑘𝑘 − 𝑇𝑇𝑙𝑙,𝑘𝑘           (𝑇𝑇𝑙𝑙𝑡𝑡𝑙𝑙,𝑘𝑘 > 𝑇𝑇𝑙𝑙,𝑘𝑘)

 𝑘𝑘 = 1,2    𝑖𝑖 ∈

[𝑠𝑠𝑡𝑡, 𝑒𝑒𝑒𝑒] 

( 6-1 ) 

   

 𝐶𝐶𝑙𝑙,𝑘𝑘 = 𝐴𝐴𝑘𝑘 × tan−1(𝐵𝐵𝑘𝑘 × 𝛿𝛿𝑙𝑙,𝑘𝑘 − 𝐶𝐶𝑘𝑘) + 𝐷𝐷𝑘𝑘        𝑘𝑘 = 1,2   𝑖𝑖 ∈ [𝑠𝑠𝑡𝑡, 𝑒𝑒𝑒𝑒] ( 6-2 ) 

   

 𝐶𝐶𝑘𝑘 =
∑ 𝑀𝑀𝑀𝑀𝑒𝑒�𝐶𝐶𝑙𝑙,𝑘𝑘, 1�𝑙𝑙

∑ �𝑀𝑀𝑀𝑀𝑒𝑒�𝐶𝐶𝑙𝑙,𝑘𝑘 , 1��𝑙𝑙
       𝑘𝑘 = 1,2   𝑖𝑖 ∈ [𝑠𝑠𝑡𝑡, 𝑒𝑒𝑒𝑒] ( 6-3 ) 

   

 Δ𝑘𝑘 =   ��𝐸𝐸𝑙𝑙,𝑘𝑘′ − 𝐸𝐸𝑙𝑙,𝑘𝑘�
𝑙𝑙

    𝑘𝑘 = 3,4   𝑖𝑖 ∈ [𝑠𝑠𝑡𝑡, 𝑒𝑒𝑒𝑒] ( 6-4 ) 

   

 𝐶𝐶𝑘𝑘 = �
�1 −

Δ𝑘𝑘
𝑇𝑇𝑖𝑖ℎ𝑙𝑙𝑜𝑜𝑙𝑙,𝑘𝑘

�       Δ𝑘𝑘 ≤  𝑇𝑇𝑖𝑖ℎ𝑙𝑙𝑜𝑜𝑙𝑙,𝑘𝑘

0                             Δ𝑘𝑘 >  𝑇𝑇𝑖𝑖ℎ𝑙𝑙𝑜𝑜𝑙𝑙,𝑘𝑘

       𝑘𝑘 = 3,4   𝑖𝑖 ∈ [𝑠𝑠𝑡𝑡, 𝑒𝑒𝑒𝑒] ( 6-5 ) 

   

 𝑖𝑖 ∈ [𝑠𝑠𝑡𝑡, 𝑒𝑒𝑒𝑒] ( 6-6 ) 

   

 𝐶𝐶 = � 𝐶𝐶𝑘𝑘 × 𝛼𝛼𝑘𝑘
𝑘𝑘=1,2,3,4

 ( 6-7 ) 

Where 

𝑖𝑖: Time in minutes 

𝑘𝑘: Appliance number. 1-HVAC, 2-WH, 3-lighting, 4-cloth washer 

𝑠𝑠𝑡𝑡, 𝑒𝑒𝑒𝑒: Start and end time of emergency in minute 
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𝛿𝛿𝑙𝑙,𝑘𝑘: Temperature difference of appliance k between its actual temperature and 
set-band at time i 

𝑇𝑇𝑙𝑙,𝑘𝑘: Temperature of appliance k at time i 

𝑇𝑇𝑢𝑢𝑢𝑢,𝑘𝑘: Upper temperature limit of appliance k 

𝑇𝑇𝑙𝑙𝑡𝑡𝑙𝑙,𝑘𝑘: Lower temperature limit of appliance k 

𝐶𝐶𝑙𝑙,𝑘𝑘: Comfort index of appliance k at time i 

𝐴𝐴𝑘𝑘 ,𝐵𝐵𝑘𝑘,𝐶𝐶𝑘𝑘 ,𝐷𝐷𝑘𝑘: Predefined coefficients for formula to convert 𝛿𝛿𝑙𝑙,𝑘𝑘 to 𝐶𝐶𝑙𝑙,𝑘𝑘 

𝐶𝐶𝑘𝑘: Overall comfort index for appliance k 

Δ𝑘𝑘: Operation time shift of appliance k 

𝐸𝐸𝑙𝑙,𝑘𝑘′ : Operation status of appliance k at time i in normal days 

𝐸𝐸𝑙𝑙,𝑘𝑘: Actual operation status of appliance k at time i in emergency 

𝑇𝑇𝑖𝑖ℎ𝑙𝑙𝑜𝑜𝑙𝑙,𝑘𝑘: Predefined maximum allowable operation time shift for appliance k 

𝐶𝐶: Overall comfort index for this home 

𝛼𝛼𝑘𝑘: Weighting factor for appliance k 

 

The comfort evaluation model in this thesis chooses four appliances as the critical 

appliances to measure: HVAC, WH, lighting and clothes washer. HVAC and WH 

are measured with one type of model described by equations ( 6-1 ), ( 6-2 ) and 

( 6-3 ). The key parameter to measure for HVAC and WH is its temperature. 

Equation ( 6-1 ) calculates for the temperature difference at every minute between 

actual HVAC or WH temperature with it preset temperature range. Equation 

( 6-2 ) uses arctangent function to build the relationship between the temperature 

difference and quantitative comfort index.  

Figure 6-1 shows the arctangent relationship used as the model for HVAC in this 

evaluation. Corresponding assumptions for the coefficient values are listed in 

Table 6-1. When temperature deviation starts to grow from zero, users are more 
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sensitive to this temperature drop. Thus the temperature-related comfort 

decreases fast within this period until temperature difference becomes more than 

10 ℉ from the temperature setting. When there is a large temperature deviation, 

more than 10 ℉, residents are not that sensitive anymore, as they are getting used 

to the emergency situation and seeking alternative solutions for the temperature 

drop. This is why the comfort index drops more slowly as temperature difference 

increases. Equation ( 6-3 ) computes the average comfort index for HVAC or 

WH during the emergency period.  

 

Figure 6-1: An Example of Arctangent Relationship Used in HVAC Model 

 

Table 6-1: Values for Coefficients Choosed in HVAC Model 

Coefficient Value 
𝐴𝐴1 -0.3855 
𝐵𝐵1 0.3937 
𝐶𝐶1 -2.2101 
𝐷𝐷1 0.5582 

 

The models for lighting and clothes washer are described by equations ( 6-4 ) and 

( 6-5 ). Operation time shift is the key parameter measured for these two 
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appliances. Because for lighting and clothes washer, the usage time is the most 

direct parameter that users have contact with, then the usage shift from normal 

operation time in daily life has the impact on users’ comfort. Generally, the more 

shift from normal operation time of the appliance, the more comfort is lost. 

Equation ( 6-4 ) computes the total operation time shift of lighting and cloth 

washer during the emergency. This shift time is compared with a predefined 

constant representing the maximum allowable shift time:𝑇𝑇𝑖𝑖ℎ𝑙𝑙𝑜𝑜𝑙𝑙,𝑘𝑘  in equation 

( 6-5 ). If the shift time is smaller than 𝑇𝑇𝑖𝑖ℎ𝑙𝑙𝑜𝑜𝑙𝑙,𝑘𝑘, then the comfort loss is defined 

as the percentage of shift time over 𝑇𝑇𝑖𝑖ℎ𝑙𝑙𝑜𝑜𝑙𝑙,𝑘𝑘. Otherwise the loss of comfort is 100% 

and comfort index for this appliance is 0.  

After computing for comfort indices of each appliance, the overall comfort index 

for the home is calculated in ( 6-7 ). Each 𝐶𝐶𝑘𝑘 is weighted by weighting factor 𝛼𝛼𝑘𝑘 

and then summed up to obtain 𝐶𝐶. The weighting factors used in this evaluation 

are summarized in Table 6-2: Weighting Factor. In this evaluation simulation, 

HVAC is assumed to be the most critical appliance, since it directly controls 

indoor temperature and has a great impact on user comfort level. Thus it is 

assigned with largest weighting factor of 0.5. Even though lighting is assumed to 

have the highest priority, but considering the fact that lighting is not essential 

during daytime, then lighting is assigned with the second largest factor. WH and 

clothes washer are both assigned with the least weighting factors of 0.1, because 

they have much less impact on user comfort. 
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Table 6-2: Weighting Factor 

Appliances Weighting Factor Value 

HVAC 𝛼𝛼1 0.5 

WH 𝛼𝛼2 0.1 

Lighting 𝛼𝛼3 0.3 

Cloth Washer 𝛼𝛼4 0.1 

6.1.2 Comfort Evaluation Results for One Scenario 

 
Figure 6-2: Comfort Indices of 3 Homes for All Strategies 

 

The results of the same islanded situation as defined in Table 5-1 are now 

evaluated. The overall comfort indices for all 3 homes are illustrated in Figure 

6-2 . For all homes, adaptive-limit and HVAC allocation strategies are clearly 

better than the other two. Additionally, in home 1 and 2, HVAC allocation has 

higher comfort indices than adaptive-limit. But the differences are very small. 

For home 2, comfort indices of HVAC allocation and adaptive-limit are almost 

the same. 
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In this result, even though there are some differences between strategies in 

comfort indices, those differences are really small, with the largest being around 

0.1 which is the difference between adaptive-limit and flat-limit in home 2. To 

better interpret this amount of difference, an example can be stated which 

converts this difference into difference in temperature. In this example, assuming 

the other three appliances have the same level of comfort indices, 0.1 difference 

in overall comfort index means 0.2 difference in HVAC comfort index. This is 

because HVAC has 0.5 as the weighting factor. Referring to Figure 6-1, the 0.2 

difference from 0.9 to 0.7 represents a 2.13℉ difference in temperature. This 

amount of difference is not very large but at least it should be perceived by 

residents. 

 

Figure 6-3: Comfort Indices of Appliances 

 

Figure 6-3 shows the specific comfort indices of each appliance. From the figure, 

for lighting, WH and cloth washer, there is no difference in comfort index among 

each strategy. This is because the lighting has the highest priority and thus in this 

case lighting has never been switched off. Another reason is that since WH and 
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clothes washer are appliances whose usage depends on POU, they are not 

supposed to be operating during this time period, even without emergency. 

Therefore, as one major appliance which has great impact on comfort level, 

HVAC determines the results of overall comfort indices.  

6.1.3 Comfort Evaluation Results for Many Scenarios 

Considering the fact that some factors like the period of emergency, duration and 

ES size may have impact on the comfort evaluation, the results shown in Figure 

6-2 for only one scenario are not enough to draw conclusions. Thus, in order to 

eliminate the impact of confounding factors, many scenarios covering variations 

in each of the factors are simulated and then evaluated. Specifications regarding 

all of the simulated scenarios are summarized in Appendix C.  

 

Figure 6-4:Percentage of Rankings for Strategies 

 

Evaluation of comfort is conducted for a total of 63 scenarios. Within each 

scenario, the strategy with the highest comfort index is ranked as the 1st and 

strategy with second-highest comfort index is ranked as the 2nd and so forth. The 
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statistics can be then obtained for all evaluated scenarios and the results are 

shown in Figure 6-4. HVAC allocation takes up to 79% of all 1st rankings within 

all scenarios. And for the 2nd rankings, HVAC AND WH allocation has the 

largest portion at 63%. Flat-limit and adaptive-limit strategies are ranked mostly 

as 3rd or 4th and their percentage in 3rd and 4th rankings are also very close.  

The two strategies utilizing energy allocation method are much better than the 

other two using power limit approach. This is because the allocation method 

focuses on only fewer critical appliances, especially HVAC, which is weighted 

the most in comfort evaluation. This reduces the chance of splitting energy on 

other less critical appliances. Within these two allocation strategies, HVAC 

allocation is better than HVAC AND WH allocation. The reason behind this 

result is consistent with previous discussions regarding the possible disadvantage 

of HVAC AND WH allocation. Since energy is limited, allocating energy to more 

appliances will certainly reduce the operation time of each appliance. In many 

cases, this kind of reduction leads to operation time which is shorter than the 

minimum operating time of appliances. 

For the other two strategies, adaptive-limit is having larger portion in 1st, 2nd and 

3rd ranking than that of flat-limit. This means that adaptive-limit is slightly better 

than flat-limit. This is consistent with the expectation that adaptive-limit is 

enhanced based on flat-limit, as it is generating the power limit that is adaptive 

to historical load profile. However, this improvement is not very notable. 

6.1.4 Sensitivity Analysis for Comfort Evaluation 

Apart from the statistics of ranking results for all evaluated scenarios, the 

sensitivity analysis is conducted to investigate possible relationships between 

each factor and evaluation results. Parameters of scenarios in this analysis are 
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summarized in Table 6-3:Parameters of Scenarios in Sensitivity Analysis. 

Building on the base case, each factor is varied among all possible values while 

other factors are locked.  

Table 6-3:Parameters of Scenarios in Sensitivity Analysis  

Factors Values Base Case 

Start Time 

6:00, 8:00, 10:00, 12:00, 

14:00, 16:00, 18:00, 

20:00 

16:00 

Duration (h) 1, 1.5, 2, 2.5, 3, 3.5, 4 3 

ES Size (kWh) 
12.5, 25, 37.5, 50, 62.5, 

75 
25 

 

Results of sensitivity analysis with respect to start time is shown in Figure 

6-5:Sensitivity Analysis of Start Time. As start time goes from 6:00 in the 

morning to 20:00 in the night, the comfort indices are lower when emergency 

happens in the morning and evening. This is because morning and evening are 

peak-demand hours and thus the emergency will have more impact on home 

activities. Based on this result, for most of the scenarios in 3 homes, the two 

allocation strategies are still better than the other two power limit strategies with 

HVAC having the highest comfort indices. This is the same as the statistical result 

discussed above. 

85 
 



 

Figure 6-5:Sensitivity Analysis of Start Time 

 

Apart from sensitivity analysis of start time, the duration of the emergency is 

another important factor which may have an impact on the evaluation result. The 

sensitivity analysis for duration is also conducted and presented in Figure 6-6. 

For any of the 3 homes, the comfort indices are decreasing from case to case, as 

the duration increases. This observed trend is reasonable since a longer 

emergency will certainly cause more violation of user activities and then more 

impact on the comfort index. When duration time is short, meaning the 

emergency is not very serious and ES energy is not that limited, there is almost 

no difference in comfort indices among strategies. But as the duration goes up, 

the difference between allocation strategies and power limit strategies becomes 

more evident. Still in this analysis, allocation strategies have better performance 

with HVAC allocation having the highest indices in most of the scenarios. 
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Figure 6-6:Sensitivity Analysis of Duration 

 

The last factor for the sensitivity analysis is the size of ES, since it directly 

determines the available energy to use during the emergency. Referring to Figure 

6-7, as the size of ES increases, the overall indices increase. This is because that 

larger size of ES can provide more energy to use and thus avoid violating normal 

activities by much. It should be noticed that, except for the scenario of 25 kWh, 

the difference between allocation strategies and power limit ones are not much. 

For the case of 12.5 kWh, flat-limit and adaptive-limit are both having higher 

indices than the two allocation strategies. Additionally, with small ES sizes, flat-

limit performs almost the same as adaptive-limit. However, for large ES sizes, 

flat-limit is better than adaptive-limit and performs at the same level as the two 

allocation strategies, HVAC allocation and HVAC and WH allocation. 
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Figure 6-7:Sensitivity Analysis of ES Size 

 

To conclude, for the sensitivity analysis, the evaluation results are not sensitive 

to factors like emergency start time and duration, but are sensitive to ES size. 

Differing from the conclusion drawn from Figure 6-4, when ES size is very low, 

flat-limit and adaptive-limit strategies are better than the two allocation strategies. 

When ES size is large, flat-limit is better than adaptive-limit and as good as the 

other two allocation strategies.  

6.2 Evaluation of Uncertainty  

In reality, most of the emergency durations, especially those related to extreme 

weather conditions, can hardly be adequately forecasted and estimated. This 

means that it is inevitable to have some errors in many parameters, for example, 

the state of charge of ES, appliance ratings and emergency duration. Thus the 

performance of dealing with uncertainties is also an important evaluation index 

for strategies.  
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Among all of the possible uncertainties and errors, the error in estimation of the 

emergency duration is most likely to happen. Some utilities provide an initial 

estimation of the emergency duration. As time goes on, this estimation is subject 

to update. Since the initial estimation is usually an initial estimation, then based 

on incoming new information, the duration estimation can be either extended or 

shortened. So the evaluation of robustness is conducted to analyze the 

performance of strategies under both conditions in which the duration is extended 

and shortened respectively. In this evaluation, the general simulation parameters 

are defined in Table 5-1 and Table 7-1. Based on the base case, it is assumed that 

the duration time is updated 90 minutes before the initial end of the emergency. 

The amounts of time updated in each simulated scenario are listed in Table 6-4. 

For all simulated scenarios, the comfort indices are evaluated and compared with 

that of the base case, which has no update on the duration. So by analyzing the 

difference between simulated scenarios and base case, the evaluation of 

robustness of strategies is then obtained. 
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Table 6-4:Updated Time of Duration 

Update Time (Minute) 

Extend 30,45,60,75,90,105,120 

Shorten 20,30,40,50,60,70,80 

 

 

 

Figure 6-8:Evaluation Results of Extending Duration 

 

Figure 6-8 illustrates the evaluation results of having extended duration time. The 

overall trend is that, as addition of duration increases, the drop in comfort index 

is also growing. This is reasonable to happen, because longer duration of 

emergency must cause lower comfort indices. When comparing between 

strategies, flat-limit has the largest drop for small addition times and HVAC 

allocation has the largest drop for large addition times. This means that flat-limit 

has the least robustness when extending less duration and HVAC allocation is the 

least robust when extending more duration. In general, for all simulated cases, 
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adaptive-limit has the best performance, as it maintains a small amount of drop 

in comfort index in most of the cases. 

 

Figure 6-9: Evaluation Results of Shortening Duration 

 

The results for shortening the duration are shown in Figure 6-9. As the amount 

of reduction time increases from 20 minutes to 80 minutes, the comfort indices 

are growing. This is because the total duration of emergency is reduced. Despite 

some special cases in home 2, for most of the cases, the two power limit strategies 

have a larger increase in the comfort index and HVAC allocation has the least 

change from the baseline. So it can be concluded that these strategies are less 

robust to the reduction in duration time. However in this situation, it is expected 

there would be a large increase when the emergency ends before the initial 

estimation. So even though flat-limit and adaptive-limit are less robust, they still 

possess better performance from the perspective of user comfort.  

The reason for the results introduced above may be the difference in intrinsic 

methods of strategies. For flat-limit and adaptive-limit strategies, they use the 
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power limit method as the core part of the algorithm. For this method, since the 

value of limit is continuous and priority list is discrete, there are always 

mismatches between power limit signals and actual load. This type of mismatch 

leads to slower consumption of ES and then larger reserve when the update of 

duration occurs. For the other method of energy allocation, it is only controlling 

1 or 2 appliances. When the controller is calculating operation commands, it has 

more deterministic input information. So there is much less mismatch between 

the generated commands and actual load consumption. When comparing these 

two kinds of methods, power-limit turns out to be more conservative during the 

emergency. So at the time of updating duration time, the two power-limit 

strategies always have more energy that remains.  

 

Figure 6-10:Comparison of ES Discharing Pattern among Strategies 

 

An example for the comparison of ES discharging pattern among strategies is 

illustrated in Figure 6-10. The scenario of this result is same as the base case in 

the previous sections. The specifications are listed in Table 5-1 and Table 7-1. 

During the whole emergency, two power-limit strategies always have higher ES 
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state of charge than that of the two allocation strategies. So this example supports 

the analysis above. 

Therefore, when the duration is extended, more remaining energy means less 

drop in comfort index. When the duration is shortened, more remaining energy 

means more increase in comfort index. This is consistent with the observations 

from results in Figure 6-8 and Figure 6-9. 

6.3 Comparison of Cost Estimation 

For the physical implementation of all strategies, other than the controller, smart 

switches are also needed to execute switching commands generated by 

controllers. The smart switch is the switching device which can interrupt or 

reconnect the power supply to appliances and also has the wireless 

communication capability with local controllers. It is one of the critical 

components used in home automation to solve the last-mile problem from control 

logic to physical appliances. So it also requires a large portion of the cost when 

implementing control strategies.  

For all proposed strategies, due to their different control approaches, the required 

ancillary devices are different. In this section, a comparison of the 

implementation cost is given from the perspective of required smart switches. 
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Table 6-5: Smart Switches Requied for Each Strategy 

Strategy Smart Switches 

Flat-Limit 

Lighting, HVAC, Range, 

Refrigerator, WH, Dish Washer, 

Cloth Washer, Dryer, TV 

Adaptive-Limit 

Lighting, HVAC, Range, 

Refrigerator, WH, Dish Washer, 

Cloth Washer, Dryer, TV 

HVAC Allocation Lighting, HVAC 

HVAC and WH Allocation Lighting, HVAC, WH 

 

As the two power-limit strategies have control over all appliances, then they need 

many more smart switches than the other two strategies. Because HVAC 

allocation only has control over lighting and HVAC, it requires the least number 

of smart switches to be installed. For HVAC and WH allocation, it needs one 

more switch for WH than HVAC only allocation. 

Taking the example of smart switch products from AEON Labs, a smart switch 

for large-rating appliance is $89.92 [29]. The price of a smart switch for small-

rating appliance is $49.05 [30]. Thus, assuming all appliances are large-rating 

appliances, except for lighting, TV and refrigerator, the two power-limit 

strategies require for $547.7 more investment than HVAC allocation. HVAC and 

WH allocation requires for $89.92 more investment than HVAC allocation. 
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Chapter 7. Conclusion and Future Work 
  

In this thesis, four kinds of control strategies are developed fora community 

microgrid to survive islanded situations with ES being the only available energy 

resource. The basic system setup for a community microgrid is presented. Then 

modeling methodologies for each system component are introduced. The 

simulation testbed based on the proposed models is built in Matlab. Using this 

simulation testbed, simulations are done to demonstrate the effectiveness of each 

proposed strategy. Then comprehensive evaluation is conducted on all strategies 

with respect to comfort level, uncertainty of information and implementation cost. 

In the comfort evaluation, a mathematical model is proposed to measure the user 

comfort level in emergency period. 

The contributions and conclusions of this thesis are summarized as follows: 

• Proposed community microgrid is capable to survive emergencies without 

power supply from outer grid. The system architecture used for the 

microgrid is close to practical application. 

• Developed simulation testbed can be used to simulate the energy 

consumption for the community. Details of the simulation include 

temperature pattern, appliance status, ES discharging pattern and load 

profile. 

• All strategies are validated through simulations in the testbed to be 

effective and reliable. They can all rationally utilize ES energy during 

emergency while not deplete it before the end of the emergency 
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• In the comfort evaluation, HVAC allocation strategy has the best 

performance. HVAC and WH allocation is the second-best. Flat-limit and 

adaptive-limit have diminished user comfort than the other two with 

adaptive-limit being slightly better. 

• In sensitivity analysis for strategies with respect to three factors: start time, 

duration and ES size, in general, none of the three factors reveal their 

sensitivity with the comfort evaluation results. 

• In the evaluation of uncertainty in duration, when emergency duration is 

updated to be longer than initial estimation, power-limit strategies turn to 

be more robust and they have less drop in comfort index. When the 

duration is updated to be shorter, power-limit strategies can provide more 

increase in the comfort index. 

In the future work, PV can be added as another energy resource during 

emergency. Some appliances like cloth washer and TV are modeled with POU 

models in this thesis. But more detailed models should be developed and 

applied to those appliances. Simulations have been conducted in Matlab so 

physical hardware implementation and validation of strategies would be the 

next step. Additionally, a comprehensive cost analysis for implementing these 

strategies in community microgrid should be also conducted. 
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Appendix A 
Simulation Assumptions 

Table 7-1: General Assumptions on Environmental Factors 

Factors Assumptions 
Season Winter 

Simulation Time Unit Minute 
Simulation Time 24 Hours 

Number of Homes 3 
Outdoor Temperature Profile One Year Temperature Profile in Olympia 

Peninsula, WA, USA 
ES Discharging Efficiency 0.89 

Periods for Most of Home Activities Morning and Evening 
 

Appliance units and specifications are listed in Table 2-1  

The priority list given in Table 3-2 is used in the simulation for strategies: Flat-

limit and Adaptive limit. 
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Appendix B 
Complementary Simulation Results 

 

Figure 7-1: Load, Temperature and Appliances Status of Home 2 in One Normal Day 

 
Figure 7-2: Load, Temperature and Appliances Status of Home 3 in One Normal Day 
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Figure 7-3: Home 2 Result for Flat-Limit Strategy 

 
Figure 7-4: Home 3 Result for Flat-Limit Strategy 
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Figure 7-5: Home 2 Result for Adaptive-Limit Strategy 

 
Figure 7-6: Home 3 Result for Adaptive-Limit Strategy 

105 
 



 
Figure 7-7: Home 2 Result for HVAC Allocation Strategy 

 
Figure 7-8: Home 3 Result for HVAC Allocation Strategy 
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Figure 7-9: Home 2 Result for HVAC AND WH Allocation Strategy 

 
Figure 7-10: Home 3 Result for HVAC AND WH Allocation Strategy 
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Appendix C 
Table 7-2: Specifications for All Scenarios of Comfort Evaluation 

Start Time Duration (h) ES Size (kWh) Home 
6:00 3 25 1 
6:00 3 25 2 
6:00 3 25 3 
8:00 3 25 1 
8:00 3 25 2 
8:00 3 25 3 

10:00 3 25 1 
10:00 3 25 2 
10:00 3 25 3 
12:00 3 25 1 
12:00 3 25 2 
12:00 3 25 3 
14:00 3 25 1 
14:00 3 25 2 
14:00 3 25 3 
16:00 3 25 1 
16:00 3 25 2 
16:00 3 25 3 
18:00 3 25 1 
18:00 3 25 2 
18:00 3 25 3 
20:00 3 25 1 
20:00 3 25 2 
20:00 3 25 3 
16:00 1 25 1 
16:00 1 25 2 
16:00 1 25 3 
16:00 1.5 25 1 
16:00 1.5 25 2 
16:00 1.5 25 3 
16:00 2 25 1 
16:00 2 25 2 
16:00 2 25 3 
16:00 2.5 25 1 
16:00 2.5 25 2 
16:00 2.5 25 3 
16:00 3 25 1 
16:00 3 25 2 
16:00 3 25 3 
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16:00 3.5 25 1 
16:00 3.5 25 2 
16:00 3.5 25 3 
16:00 4 25 1 
16:00 4 25 2 
16:00 4 25 3 
16:00 3 12.5 1 
16:00 3 12.5 2 
16:00 3 12.5 3 
16:00 3 25 1 
16:00 3 25 2 
16:00 3 25 3 
16:00 3 37.5 1 
16:00 3 37.5 2 
16:00 3 37.5 3 
16:00 3 50 1 
16:00 3 50 2 
16:00 3 50 3 
16:00 3 62.5 1 
16:00 3 62.5 2 
16:00 3 62.5 3 
16:00 3 75 1 
16:00 3 75 2 
16:00 3 75 3 
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