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Abstract

Two important and upcoming technologies, microgrids and electricity generation from

wind resources, are increasingly being combined. Various control strategies can be

implemented, and droop control provides a simple option without requiring communication

between microgrid components. Eliminating the single source of potential failure around

the communication system is especially important in remote, islanded microgrids, which

are considered in this work. However, traditional droop control does not allow the

microgrid to utilize much of the power available from the wind. This dissertation presents

a novel droop control strategy, which implements a droop surface in higher dimension

than the traditional strategy. The droop control relationship then depends on two variables:

the dc microgrid bus voltage, and the wind speed at the current time. An approach for

optimizing this droop control surface in order to meet a given objective, for example

utilizing all of the power available from a wind resource, is proposed and demonstrated.

Various cases are used to test the proposed optimal high dimension droop control method,

and demonstrate its function. First, the use of linear multidimensional droop control

without optimization is demonstrated through simulation. Next, an optimal high dimension

droop control surface is implemented with a simple dc microgrid containing two sources

and one load. Various cases for changing load and wind speed are investigated using

simulation and hardware-in-the-loop techniques. Optimal multidimensional droop control

xxv



is demonstrated with a wind resource in a full dc microgrid example, containing an energy

storage device as well as multiple sources and loads. Finally, the optimal high dimension

droop control method is applied with a solar resource, and using a load model developed

for a military patrol base application. The operation of the proposed control is again

investigated using simulation and hardware-in-the-loop techniques.
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Chapter 1

Introduction

1.1 Wind Energy

The use of wind to generate electricity has become more and more common in recent

years. As we strive for a sustainable future, using renewable energy sources like the wind

is one way to help preserve our planet for future generations. Wind power provides a

clean, sustainable energy source for generating electricity. Wind and other sources of

renewable energy are often used as distributed resources and are increasingly being applied

in connection with microgrids [1]. Advantages of using distributed generation sources like

wind include cost and energy savings, since distributed sources in microgrids are located

physically closer to load centers than traditional power plants tend to be. Distributed
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sources like the wind can also provide power more easily to rural or remote locations

[2]. Distributed sources are a good fit with the relatively new power system topology of

microgrids.

1.2 Microgrids

Microgrids are small-scale power systems that are able to operate with a connection to

the main power grid, but can also operate in islanded mode [3]. This capability to run

separately can be especially beneficial during a blackout on the main grid, since the

microgrid is able to continue operation. Microgrids can also enable a more efficient and

reliable power system, since generated electricity does not have to travel long distances

through transmission lines to reach consumers [4].

The size of microgrids can vary greatly, from single homes or buildings to corporate

campuses or whole towns. Microgrids can be used in military applications on forward

operating bases, and could also be mobile, such as an electric naval ship. Power electronics

are an important part of connecting distributed generation with microgrids [5]. While ac

[6], [7] and dc [8], [9] microgrids have been studied, this dissertation will focus on a dc

microgrid example. The use of renewable sources and power electronics provides a good

fit for a dc microgrid architecture [10]. A review of existing microgrids and test systems is

presented in [11].
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1.3 Droop Control

Droop is commonly chosen as the control method for power systems, including microgrids.

The main benefit of droop control is that communication between sources and loads is not

required [12]. This advantage alleviates some of the challenges related to implementing

a communication system in microgrids [13] and eliminates a single source of failure.

Avoiding the need for communication between system components increases the reliability

of the microgrid. Reliability is an important consideration as microgrids continue to be

implemented [14].

In a dc distribution system, each source is given a droop setting so that the power supplied

from that source is proportional to the total load in the system. All of the sources and loads

are connected to a common bus, so variation in the load causes changes in the bus voltage.

In a system with a common dc bus, the bus voltage is always the same for all sources.

Using different droop settings for each can allow the different sources to supply more or

less power as the bus voltage varies [12].
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1.4 Motivation

The advantage of using some type of droop control in a microgrid is the simplicity, and the

fact that communication between the system components is not necessary. However, when

implementing droop control with wind resources in microgrids, a large disadvantage is the

fact that the wind speed is not considered - during times of higher wind speed, more power

is available from the wind that is not utilized with traditional droop control. While previous

research has shown possibilities for modifying droop control for wind resources, these still

do not allow the wind speed to be taken into account.

This dissertation presents an improved method for applying droop control with wind

resources in dc microgrids, using multiple dimensions. The power supplied from each

source still depends on the bus voltage, as in traditional droop control. Adding a third

dimension allows the power supplied from a wind resource to also depend on the wind

speed at the current time. Using a high dimension droop control strategy allows much more

of the available power from the wind to be utilized, while retaining the main advantages of

using a droop control technique.
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1.5 Dissertation Organization

Chapter 2 will provide a detailed background on the use of droop control with wind

resources, as well as methods proposed by other researchers to improve upon the traditional

method. The motivation behind this dissertation will be further explained, in terms of both

improvements to traditional linear droop control, and of specific microgrid applications

where this work would provide a benefit.

In Chapter 3, general methods that are used throughout the dissertation will be described.

The use of average mode modeling of power electronics will be explained, along with the

approach of modeling a variable voltage source behind a resistance with droop control.

The equipment and procedure for hardware-in-the-loop (HIL) experiments will also be

described.

Chapter 4 will focus on the change to high dimension droop control. An example dc

microgrid is modeled, and the operation is simulated first using traditional linear droop

control, and again using high dimension droop control. The results are compared, and

show that much more of the available wind power is utilized when high dimension droop

control is introduced. This chapter also includes discussion of one method for choosing the

optimal orientation of the plane for high dimension droop control.

Chapter 5 will show a method of optimizing a droop control relationship to meet a given
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objective. An example is demonstrated for a dc microgrid, first using two dimensions. The

method is then expanded to higher dimensions, and again demonstrated through simulation

and using hardware-in-the-loop. The results for three cases are compared: traditional linear

droop control (line), high dimension linear droop control (plane), and high dimension

optimal droop control (surface).

The work shown in Chapter 6 will be an extension of the work shown in Chapter 5.

Here, the optimal high dimension droop control method will be implemented with a full

microgrid example containing energy storage. Next, an example dc microgrid for a military

application will be used to demonstrate the use of an optimal high dimension droop control

surface for a solar resource. Simulation and hardware-in-the-loop results will be presented.

Chapter 7 summarizes the primary achievements of this work, including the two main new

research contributions. Possible avenues for future research in related areas are suggested.
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Chapter 2

Background

The main motivation of this dissertation is to improve upon the droop control concept

when used with wind resources in microgrids to maximize renewable resource use, while

retaining the advantages of traditional droop control. This chapter provides background

on previous work to address this motivation, as well as on potential applications of this

research.

2.1 Droop Control with Microgrids

Various control strategies for microgrids have been investigated, including droop control

[15] [16] [17]. Droop control has been applied with both ac and dc microgrids. One main
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benefit of choosing this type of control is the decentralized nature, as demonstrated by

previous research [18]. In an ac microgrid, droop control can be used to take advantage

of this benefit [19], and to improve upon traditional droop control when the inverter

impedance is complex [20]. In a dc microgrid, voltage control is an important challenge,

and previous research has demonstrated the use of droop control to maintain system voltage

while also allowing for load sharing [21], and to achieve precise control of power flow [22].

Traditional dc droop control is implemented as shown in Fig. 2.1, where two sources are

connected with a dc microgrid. They share the same bus voltage, shown in the figure as

290 V. Each source has been given a linear droop setting with a different slope, so that as

the bus voltage changes, the reference current for each source also changes with respect

to that linear relationship. In this example, when the load in the system increases and the

bus voltage decreases, source 2 will provide more additional power than source 1, since the

droop relationship for source 2 has a steeper slope. Both sources would adjust their output

to meet the change in load, without sharing any information with each other or the with the

rest of the system.

Adjustments to traditional droop control have been proposed to achieve better operation

when applied with microgrids. The traditional ac droop control relationships can be written

f0 = fn −mpP (2.1)

V0 =Vn −nqQ (2.2)
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Figure 2.1: Traditional implementation of dc droop control for (a) source 1

and (b) source 2.

where f0 and V0 are the current operating frequency and voltage, and P and Q are the current

real and reactive power supplied by the source. The other variables are constants that define

the linear droop control relationship; fn and Vn are the nominal values of frequency and

voltage that define the intercept of the lines, while mp and nq are the droop gains that define

the slope of the lines.

Luo et al. propose an offset P′ be added to the linear droop setting for sources connected
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to the dc bus in a microgrid, expanding the traditional droop control equations to

f0 = fn −mp(P+P′) (2.3)

V0 =Vn −nq(Q+Q′) (2.4)

which allows the inverter to better balance its active output power with the input power

from the source [23].

One concern when using droop control with microgrids is maintaining stability, especially

in remote or islanded microgrids that do not have the large electricity grid to keep the

operation of the system stable [24]. Barklund et al. have demonstrated the importance of

choosing droop coefficients that will not cause instability, and a method for choosing them.

This work focused on finding a range of droop control settings that will ensure stability

for a linear system, and showed that while larger droop gains can improve the load sharing

between sources, they also decrease the stability margin for the microgrid [25]. A trade-off

can be considered between choosing droop settings that allow for optimal load sharing,

and settings that ensure stability [26]. Mohamed and El-Saadany have further considered

this trade-off when the system has a complex impedance [27]. An alternative droop control

method was proposed, where the traditional ac droop control relationships in (2.1) and (2.2)
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are expanded to include derivative terms, as

f0 = fn −mpP−md
dδ
dt

(2.5)

V0 =Vn −nqQ−nd
dδ
dt

(2.6)

where mp and nq are traditional ac droop gains, and md and nd are additional droop gains for

the change in the power angle δ [28]. Results from this research show that this approach

improves the load sharing between various resources in the microgrid. Adapting droop

control to ensure load sharing in a microgrid was also studied in [29].

An additional challenge with some microgrids is their ability to operate either in connection

with the main electricity grid, or disconnected from the grid in an islanded mode. Nagliero

et al. have presented a study of droop control with wind resources in a microgrid,

and two droop settings are recommended: one for grid-connected operation and one

for islanded microgrid operation [30]. Additional previous research has examined the

transition between grid-connected and islanded modes, while using droop control [31] [32].

As previously discussed, one advantage to droop control is the lack of communication

required between system components. However, including some communication links

where they are available can improve the overall operation of the microgrid. Gao et al.

have demonstrated that the inclusion of some shared information can enhance droop control

[33], and another study had all sources reporting information to a centralized microgrid
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control center [34]. Additional research has focused on hierarchical control of microgrids,

with multiple levels of control that in some cases rely on communication links [35]. This

dissertation research has focused on microgrids where a communication link is unavailable,

or where it is undesirable to include communication capabilities.

2.2 Droop Control with Wind

Droop control has also been implemented with wind resources in microgrids [36]. While

new challenges are presented when connecting wind resources in a microgrid setting

[37], adding energy storage and applying an alternative droop control method has been

demonstrated as one method for reducing these challenges [38].

Using droop control with wind resources has been demonstrated as beneficial for various

types of wind turbines. For example, Fazeli et al. showed the use of droop control with

doubly-fed induction generator (DFIG) wind turbines to supply constant power to the

connected grid [39]. Other previous research has shown the use of droop control to allow

for voltage sag ridethrough with permanent magnet synchronous generator (PMSG) wind

turbines [40]. Several previous studies have been conducted for offshore wind farms [41],

including investigating methods for choosing the optimal droop gains for offshore wind

scenarios [42] [43].
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To improve frequency regulation of wind turbines in ac systems, another approach which

gives lower droop settings to those sources with higher power margins is proposed [44].

In a grid-connected setting, wind resources can be utilized with droop control for active

power control, and are often more flexible than traditional generation sources [45]. Diaz et

al. have shown modeling of the available wind resources, and calculation of the capacity

factor for a droop-regulated microgrid containing wind [46].

Successful implementation of droop control with wind resources in a standalone dc

microgrid has been demonstrated [47]. For an ac microgrid, previous research has

suggested including H∞ control to improve the performance of traditional droop control

and reduce errors based on measurement noise [48].

The challenges encountered in using droop control with wind resources due to the variable

nature of wind are clear [49]. When using traditional linear droop control, appropriate

droop control settings that allow for load sharing while also utilizing energy from the wind

are difficult to find. This dissertation will present an alternative droop control method to

address these challenges.
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2.3 Optimization

An additional consideration is the optimization of the control or operation of a microgrid

system to meet a given objective. Previous studies have designed control methods to find

the time-optimal response [50], or the cost-optimal response as the load changes [51]. Other

research has focused on game theory as an alternative to droop control, and used optimal

control methods to maintain overall efficiency and stability [52] [53]. Reducing the effect

of transients was also the objective in the optimal control design in [54].

Other research has focused on a system that contains both ac and dc sections. The optimal

dc droop gain was found in order to maintain stability in the ac portion of the system [55].

An alternative optimal droop control method has been proposed by Rokrok and Golshan,

where the voltage reference for each source is drooped as a function of the active and

reactive power outputs of that source [56]. In dc microgrids, optimal control techniques

have been applied to predetermine optimal switching surfaces for various transient events

[57], as well as to control the operation of a battery energy storage system connected with

the system [58].

This research will use optimal control techniques to find a droop control relationship to best

meet a given objective. The main focus is wind resources, with an objective of utilizing all

of the power available from the wind. Chapter 6 will expand this concept to other types
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of sources, finding an optimal droop control relationship to meet an objective for a solar

resource.

2.4 Applications

2.4.1 Remote Microgrids

One application for this research is remote microgrids, which are not located near the

main electrical grid, and therefore operate as standalone systems. These microgrids may

also be located in countries that do not have a centralized electricity grid system, or on

physical island communities [59]. In some cases, these communities have relied on diesel

generation; the addition of renewable resources and control methods such as droop control

can reduce their consumption of diesel fuel and their carbon emissions [60].

Various types of resources can be combined in a remote microgrid, and previous research

has been conducted on both wind-diesel systems [61] and PV-diesel systems [62]. Specific

examples of remote microgrids have been studied and demonstrated in Northern Canada

[63], the Maldives [64], and in other places around the world. Methods for regulating the

frequency of a remote ac microgrid using solar [65] and wind [66] have been presented.
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2.4.2 Islanded Microgrids

Alternatively, some microgrids have the option to operate while connected with the grid, or

in a separate, islanded mode [67]. This dissertation work can be applied with a microgrid

that is operating as an island. Stability is important regardless of the operation mode, but

becomes especially important in islanded microgrids [68].

An example of a dc microgrid including energy storage and using droop control was

presented in [69]. The use of droop control has been studied in islanded microgrids [70].

No previous research which expands droop control to higher dimensions has been found.

2.4.3 Military Microgrids

Another key application of this research is for microgrids used by the military. Research

has been conducted on the topic of implementing microgrids at fixed military installations

within the United States [71] [72]. This dissertation will focus on the application of

microgrid technologies in overseas military operations. Specific examples include forward

operating bases (FOB), observation posts (OP), and patrol bases (PB) [73]. These may

be permanent or temporary bases used by the military while on assignment in foreign

countries. Chapter 6 will include a demonstration of a PB with a size of 20-40 people,

so this type of microgrid will be considered here.
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There are several additional challenges when considering microgrids for military

applications. First, the PBs may be somewhat temporary, so equipment that can be

easily transported to the location, then moved to future locations is important to consider.

Reliability is especially important in military microgrids, since many lives depend on the

consistent operation of the electrical equipment at the PB [74]. Minimizing the use of

fuel is also critical, as transporting fuel to the PB can cost $400 per gallon [75], and can be

dangerous, resulting in the loss of one life for every 24 fuel convoys in Iraq and Afghanistan

in 2007 [76].

Including renewable resources can help reduce the amount of fuel needed, and energy

storage can be included to increase the reliability of the system. Assessing the amount of

storage needed for energy surety has been previously studied [77] [78]. Using the improved

droop control methods presented in this dissertation can allow a military microgrid to utilize

as much renewable resources as possible, without relying on a communication link between

the microgrid components - this eliminates the electrical system communications as a single

source of failure that would be especially vulnerable in a military setting.
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Chapter 3

Methods

This chapter will describe general methods that are used throughout the rest of the

dissertation. The modeling of power electronics will be discussed first, including details on

switching, average-mode, and simplified models. Details on the equipment and setup for

hardware-in-the-loop experiments will follow.

3.1 Power Electronics Modeling

This dissertation will use dc-dc converters to connect various components to a dc microgrid.

A buck (step-down) converter is shown in Fig. 3.1.

In order to avoid violating basic circuit voltage and current laws, either switch q1 or switch
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Figure 3.1: Buck (step down) dc-dc converter model.

q2 must be closed at all times - both cannot be closed or open at the same time. This means

that

q1 = 1−q2 (3.1)

when the converter is operating in continuous current mode, with the current iout always

greater than zero. When q2 is closed, energy from the inductor is used to supply the load

Rload . If the inductor L is small, this energy may become exhausted quickly, and the current

iout becomes zero. With this zero current, the switch q2, which is practically implemented

using a diode, will turn off before switch q1 turns on. This creates a period of time where

both switches are turned off, and equation (3.1) is no longer valid. The converter is then

operating in discontinuous current mode [79]. In this research, the inductor sizes will be

chosen large enough to maintain operation in continuous current mode, so that equation

(3.1) is used.
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In continuous current mode, when switch q1 is closed, the output voltage is equal to the

input voltage. When switch q1 is open, the output voltage is equal to zero. Therefore, we

can write

vout(t) = q1Vin. (3.2)

3.1.1 Average Mode

Using average mode for power electronics converters allows a simpler model to be used,

where the detailed switching is not included [80].

The average value of the output voltage can be found

< vout >=
1

T

T∫

0

q1(t)Vindt (3.3)

where T is the switching time period. Since Vin is a constant, it can be moved outside of

the integral,

< vout >=
Vin

T

T∫

0

q1(t)dt. (3.4)
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Figure 3.2: Variable voltage source model used in developing droop control

relationships.

This results in an average output voltage of

< vout >= D1Vin (3.5)

where D1 is the duty ratio for switch q1, and represents the percentage of each switching

period that the switch is closed [79]. This average mode model for dc-dc converters will be

utilized throughout this dissertation.

3.1.2 Droop Control Model

An additional modeling approach will be used for dc sources connected through a power

electronics converter to the microgrid, and controlled using droop control, which will be

presented in Ch. 5. Fig. 3.2 shows this model, where a variable voltage source is connected

through a resistor to the microgrid dc bus.
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This equivalent approach allows the converter model to be simplified to only a variable

output voltage, without including the actual switching, or an average model of the

switching, in the simulation. This approach will be used in this dissertation as a preliminary

method for modeling the system and designing droop control algorithms. Average mode

modeling for power electronics will then be simulated, and full switching models will be

implemented using hardware-in-the-loop.

3.2 Hardware-in-the-Loop Experimental Setup

In order to verify the simulation results obtained in this dissertation, the same microgrids

will be implemented using a hardware-in-the-loop (HIL) approach. This allows the system

to be emulated in software, and connected with real world hardware in real time [81].

Using an HIL approach allows the system to be built and tested virtually with new proposed

control methods, while interfacing with real hardware [82].

For each case, the same component values were implemented in simulation, and in a

Typhoon HIL600 unit. The HIL experimental apparatus is shown in Fig. 3.3. The Typhoon

HIL600 has 16 channels of ±5 V analog output (AO) that can be mapped to data points in

the HIL circuit. The microgrid control board then offsets and scales these signals to 0 V to

+3.3 V that are read by the 12-bit analog to digital converters on all three DSPs. For the

different microgrid examples presented in this dissertation, 5-7 channels of analog signals
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Figure 3.3: Typhoon HIL600 with microgrid control board and three

TI-F28335 DSP ControlCARDs (Photo courtesy of Wayne Weaver).

Table 3.1
Hardware-in-the-loop analog output configuration

AO Channel Model Parameter Scaling

1 Vbus 100 V per 1 Vdc
2 I1 10 A per 1 Vdc
3 I2 10 A per 1 Vdc
4 I3 10 A per 1 Vdc
5 V1,re f 100 V per 1 Vdc
6 V2,re f 100 V per 1 Vdc
7 V3,re f 100 V per 1 Vdc

are needed to implement the proposed control. The analog signals and the scaling from the

HIL are shown in Table 3.1.

The microgrid control board has BNC connectors linked with the first four analog output
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channels that are convenient to connect to an oscilloscope. For this work, these were used

to view the first four signals in Table 3.1, and capture the results in oscilloscope traces.

The controller for each source was implemented on a separate Texas Instruments

F28335 DSP ContolCARD [83] programmed through the Embedded Coder toolbox in

MATLAB/Simulink. By using separate control cards for each of the sources, decentralized

control is ensured; each source uses only local information, and the proposed control

method does not require a communication link between the sources and/or the other

components in the microgrid. Optimal control of a dc microgrid has been tested using

a hardware-in-the-loop approach in previous work [84].
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Chapter 4

Multidimensional Droop Control

This chapter will develop and demonstrate a high dimension droop control method. First,

state space models for each of the basic microgrid components (sources, energy storage

devices, and loads) will be presented. Control methods for each type of component will

be discussed, including traditional linear droop control, and the proposed high dimension

droop control for wind resources. Optimal selection of the high dimension droop plane will

be discussed. Next, an example dc microgrid will be implemented in simulation, and the

results compared for both traditional and high dimension droop control.
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Figure 4.1: General model for microgrid sources.

4.1 Microgrid Modeling and Control

This section will present the model and control method proposed for general microgrid

components, including conventional sources, wind sources, energy storage devices,

variable loads, and constant impedance loads. All power electronics will be modeled using

average mode methods [80], as described in Ch. 3.

4.1.1 Sources

In this dissertation, microgrid sources are modeled with buck converters which step the high

voltage of the sources down to match the bus voltage. Fig. 4.1 shows the buck converter

model for each source.
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The model for each source contains five states

dvch

dt
Ch = ilh −Dill (4.1)

dill
dt

Ll = Dvch − vcl (4.2)

dvcl

dt
Cl = ill − iout (4.3)

dilh
dt

Lh =Vs −Rhilh − vch (4.4)

diout

dt
LB = vcl −RBiout −Vbus (4.5)

where D is the duty cycle for switch 1 in average mode. The proposed control methods for

both conventional and wind sources are discussed in the next section.

4.1.1.1 Conventional Sources

For conventional sources, traditional dc voltage droop control is used. In traditional droop

control for a dc system, the power supplied from each source changes as the bus voltage

changes, with movement along a line with a chosen slope. The equation for the reference

current from a source is

ire f =
Vre f −Vbus

Rd
(4.6)
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where Vre f is the desired bus voltage, and Rd is the droop setting which represents a virtual

series line resistance.

To implement droop control, two additional states are added. The first compares the current

command from (4.6) to the actual output current of the source,

derror1

dt
= ire f − iout . (4.7)

The second compares the voltage command to the actual voltage at the output of the

converter,

derror2

dt
= vcl,re f − vcl. (4.8)

A proportional-integral (PI) control loop can then be implemented to replace vcl,re f in (4.8)

vcl,re f = kpi(ire f − iout)+ kiierror1. (4.9)

A second PI control loop is then implemented to replace the average value of the duty cycle,

D, and allow the converter to track the reference voltage,

D = kpv(vcl,re f − vcl)+ kiverror2. (4.10)

Fig. 4.2 shows the traditional linear droop control implemented for conventional sources.
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Figure 4.2: Traditional, 2D droop settings for implementing droop control.

4.1.1.2 Wind Sources

For wind sources, the linear droop control presented above is expanded into three

dimensions to create a droop surface as shown in Fig. 4.3. Variation in bus voltage

still causes adjustments in power supplied from the source. However, variation in wind

speed also causes changes in power supplied. The reference current for a source is now

determined by a plane,

ire f =
Vre f −Vbus

Rd1
+

vw

Rd2
(4.11)

where vw is the wind speed, and Rd1 and Rd2 represent the droop settings in two dimensions.

Rd1 is with respect to voltage and Rd2 is with respect to wind speed. In Fig. 4.3, the two
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droop settings are 10.8 for Rd1, and 0.28 for Rd2. The selection of these droop control

parameters will be discussed in section 4.3.

This multidimensional approach allows more power from the wind to be utilized, since the

current reference increases with wind speed. In this chapter, a linear relationship is used

to build a plane in three dimensions for the droop surface. This is a first step for this high

dimension droop control approach; further chapters will investigate nonlinear relationships

between reference current and both bus voltage and wind speed.

This modified droop control can be implemented in the same way as traditional droop

control. The complete state model of the wind source and controller is

dvch

dt
Ch = ilh − (kpv[kpi(

Vre f −Vbus

Rd1
+

vw

Rd2
− iout)+

kiierror1 − vcl]+ kiverror2)ill (4.12)

dill
dt

Ll = (kpv[kpi(
Vre f −Vbus

Rd1
+

vw

Rd2
− iout)+

kiierror1 − vcl]+ kiverror2)vch − vcl (4.13)

dvcl

dt
Cl = ill − iout (4.14)

dilh
dt

Lh =Vs −Rhilh − vch (4.15)

diout

dt
LB = vcl −RBiout −Vbus (4.16)

derror1

dt
=

Vre f −Vbus

Rd1
+

vw

Rd2
− iout (4.17)

derror2

dt
= kpi(

Vre f −Vbus

Rd1
+

vw

Rd2
− iout)+ kiierror1 − vcl. (4.18)
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Figure 4.3: Plot of 3D surface for implementing high dimension droop

control for wind sources.

For each of the sources, the numeric values of the various circuit parameters are shown in

Table 4.1.

In order to analyze the stability of the system with the proposed multidimensional droop

controller, the Jacobian matrix was formed by calculating the partial derivative of each

state equation with respect to each of the states. The seven states in (4.12) - (4.18) can be

numbered 1-7; the states are then x1-x7, and the state equations can be called f1- f7. The
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Table 4.1
Source 1 and Source 2 parameter values.

Source 1 Source 2
Component Value Unit Component Value Unit
Vh 400 V Vh 380 V

Rh 0.2 Ω Rh 0.2 Ω
Ch 0.2 mF Ch 0.2 mF

Lh 1.5 mH Lh 1.5 mH

Cl 0.08 F Cl 0.08 F

Ll 5 mH Ll 5 mH

RB 0.1 Ω RB 0.23 Ω
LB 1.2 mH LB 0.8 mH

Vre f 300 V Vre f 300 V

Rd 0.9 Rd 0.8

kpi 1 kpi 1

kii 10 kii 10

kpv 1 kpv 1

kiv 10 kiv 10

Jacobian matrix is then formed

J =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

δx1
f1 δx2

f1 · · · δx7
f1

δx1
f2 δx2

f2 · · · δx7
f2

...
...

. . .
...

δx1
f7 δx2

f7 · · · δx7
f7

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
. (4.19)

The numeric values in Table 4.1 were included, and a reasonable operating point of 295 V

for the bus voltage, and 8 m/s for the wind speed was chosen. The equilibrium point where

all state equations are equal to zero was found using these numeric values. The eigenvalues
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Table 4.2
Eigenvalues for source and controller state model.

-57.26 + 1970.61j

-57.26 - 1970.61j

-20.04 + 138.91j

-20.04 - 138.91j

-54.25

-6.85

-0.97

of the completed Jacobian matrix were then calculated at this equilibrium point, and are

shown in Table 4.2. Since all of the eigenvalues have negative real parts, the stability of the

source model with the proposed controller is confirmed for this equilibrium point [85]. The

eigenvalues remain negative when bus voltage and wind speed are varied within reasonable

ranges.

4.1.2 Energy Storage Devices

Microgrids often contain energy storage devices, to balance the power supplied from the

sources and demanded from the loads while operating in islanded mode [86]. As the

microgrid concept is increasingly implemented, the importance of energy storage becomes

clear. One of the key benefits of microgirds is their capability to operate in islanded mode,

disconnected from the main electricity grid. This is especially important during times of

disturbance on the main grid, which would disrupt electricity service to many customers.

With a microgrid, the option to operate as an island allows many of those customers to

continue with uninterrupted electricity. Microgrids also provide the capability to supply
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power to critical loads, for example providing power to hospitals during a natural disaster

that causes a blackout on the electricity grid [87].

In both of these cases, the fact that there are nearby distributed generation sources allows

the microgrid to continue operating while the main electricity grid is not. When some

of those distributed sources are renewable energy options with variable resources, such

as sunlight or wind, it is difficult to predict how much electric power the microgrid can

supply, and when. The addition of some form of energy storage alleviates this concern,

allowing excess energy produced to be stored, and used as needed [88]. The importance of

including energy storage when wind sources are included in the system is detailed in [89].

Since energy storage is a key part of a successful microgrid, it is important to ensure that

any proposed control design for a microgrid component would function well alongside an

energy storage device. Therefore, energy storage is included in the sample microgrid used

in simulation to test the proposed high dimension droop control for wind resources.

While many options are available for energy storage in microgrids, in this dissertation a

battery is simulated. The battery model used is based on the FreedomCAR design [90]. Fig.

4.4 shows the battery model, with the bi-directional dc-dc buck converter as the interface

to the microgrid dc bus.

The model for the energy storage system is similar to the model for each source. There are
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Figure 4.4: General model for microgrid energy storage devices.

again five states for the converter, with an additional state for the battery defined as

dvch

dt
Ch = ilh −Dill (4.20)

dill
dt

Ll = Dvch − vcl (4.21)

dvcl

dt
Cl = ill − iout (4.22)

dilh
dt

Lh = vbatt −Rhilh − vch (4.23)

diout

dt
LB = vcl −RBiout −Vbus (4.24)

dvcbatt

dt
Cbatt = ilh. (4.25)

Defining the equations in this way results in a positive current iout when the battery is

discharging, or supplying power to the microgrid. The current iout is negative when the

battery is charging, or absorbing power from the microgrid.
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Figure 4.5: Droop control for microgrid energy storage: battery charges

when bus voltage is above the reference value, and discharges when bus

voltage is below the reference value.

Droop control can be implemented for the energy storage in a similar manner as for the

traditional source, as in (4.6)-(4.10). When the bus voltage is above the reference value

the battery absorbs current and charges. When the bus voltage is below this reference, the

battery discharges. Fig. 4.5 shows the droop control as implemented for the battery in this

simulated microgrid.

This simple control implementation will allow the system to operate without a

communication link necessary between the energy storage system and the rest of the

microgrid. More complex control designs could be implemented to schedule the charging

of the battery, however, this is beyond the scope of this research.
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Table 4.3
Energy storage parameter values.

Component Value Unit
Ch 1 mF

Lh 0.2 mH

Cl 0.08 F

Ll 1 mH

RB 1 Ω
LB 1.2 mH

Cbatt 10 mF

Rbatt 0.001 Ω
Vre f 293 V

Rd 1.5

kpi 1

kii 10

kpv 1

kiv 10

The numeric values used in the energy storage model are shown in Table 4.3.

4.1.3 Loads

In this dissertation, two general types of loads are considered: constant impedance loads,

and variable impedance loads. The modeling approach for both load types is discussed

here. The resistive load model used here is similar to an actual lighting type load.
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4.1.3.1 Variable Loads

The general load is modeled with a buck converter, to step the bus voltage down to the level

of the load. Fig. 4.6 shows the buck converter model for each load. The model for each

load contains four states, with equations defined as

dvch

dt
Ch = iin −Dill (4.26)

dill
dt

Ll = Dvch − vcl (4.27)

dvcl

dt
Cl = ill − vcl

Rload
(4.28)

diin
dt

Lh =Vbus −Rhiin − vch. (4.29)

The numeric values used for the variable load parameters are shown in Table 4.4. A PI

controller can be implemented to keep the load at a desired nominal voltage. This adds one

state to the model,

derror
dt

=Vnom − vcl. (4.30)
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Figure 4.6: General model for microgrid variable loads.

Table 4.4
Variable load parameter values.

Component Value Unit
Vnom 200 V

Rh 0.2 Ω
Ch 20 μF

Lh 0.15 mH

Cl 0.8 mF

Ll 7.5 mH

kpl 1

kil 10

The duty cycle D can then be replaced with the PI controller, such that

D = kpl(Vnom − vcl)+ kilerror. (4.31)
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Figure 4.7: General model for microgrid loads with constant impedance.

Table 4.5
Constant load parameter values.

Component Value Unit
Cload 1 mF

Rload 30 Ω

4.1.3.2 Constant Impedance Loads

Fig. 4.7 shows the model used for constant impedance loads. There is just one state for the

constant impedance load model,

dVbus

dt
Cload = Σisources −Σiloads +Σistorage − Vbus

Rload
(4.32)

where the currents from the sources, energy storage devices, and other loads are summed

together.

The numeric values used for the constant load parameters are shown in Table 4.5.
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Figure 4.8: One-line diagram of example dc microgrid used in simulation.

4.2 Example Microgrid

The microgrid system used in this dissertation is on the scale of a home or other building,

and is shown in Fig. 4.8. The wind source is a small-scale wind turbine, while the

conventional source is a liquid-fuel generator. The constant impedance load has an

impedance which remains the same throughout the simulation, while the variable load

changes with time. A timeframe of one day is simulated, and a load profile throughout

the day was chosen by scaling actual data from an existing power system [91]. A wind

speed profile for the day was approximated by calculating an average of daily wind speed

measurements [92]. The load and wind speed profiles used for this 24 hour simulation

period are shown in Fig. 4.9. The wind source is based on a 12 kW wind turbine, with a

power curve as shown in Fig. 4.10 [93].
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Figure 4.9: (a) Load and (b) wind speed profiles for simulated 24 hour

period.

4.3 Selection of Planar Droop Surface

With the proposed high dimension droop control, the control designer has an additional

component to choose, since there are droop constants in two dimensions instead of just one.

Choosing different values for these parameters changes the orientation of the droop plane,

and the operation of the system. One method for choosing the optimal droop constants is

presented here.

The amount of power available from the wind but unused by the microgrid can be summed
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Figure 4.10: Power curve for 12 kW wind turbine.

over a given time period as

Pu =
∫

(Pa −P)dt (4.33)

where Pa is the power available from the wind and P is the power generated by the

wind source (power utilized from the wind). The power available from the wind Pa was

determined using the wind speed profile shown in Fig. 4.9b and the wind turbine power

curve shown in Fig. 4.10.

It is likely that there are some constraints on the microgrid operation. For example, it may

be undesirable to allow the conventional source to stop providing any power, so there is a
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minimum output power that should be maintained from this source. There is likely also

a limit to the charging current for the battery. Additionally, while the bus voltage should

vary, a constraint can be added to choose a droop control plane that keeps Vbus within +/-

5% of the nominal value. These constraints can be written as

500 ≤ iout,2Vbus (W ) (4.34)

−10 ≤ ilh,batt ≤ 10 (A) (4.35)

285 ≤Vbus ≤ 315 (V ) (4.36)

There are multiple options for solving the optimization problem presented above. One

method is the minimum principle, which involves adding a co-state variable for each state

and creating a Hamiltonian function, as described in [94]. Many other approaches to

numerical optimization have been developed [95]. A simple approach to minimizing (4.33)

was used here, and is described below.

The slope of the droop surface in each direction was varied at discrete intervals, with the

constraints in (4.34)-(4.36) included: a 500 W minimum output from the conventional

source, a 10 A maximum charging current for the battery, and a +/− 5% bound around

300 V for bus voltage. Fig. 4.11 shows the cost plotted with respect to both of the slopes,

with the minimum cost point given the constraints shown. While the cost values below the

solid line continue to get smaller, using a droop surface with those slopes causes the bus
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Figure 4.11: Cost from (4.33) with varying slopes in wind speed and bus

voltage directions, including constraint conditions. Minimum cost point

given constraints is shown.

voltage to leave the +/- 5% bound around 300 V.

The cost equation is summing the unused power over a time period, resulting in a measure

of unused energy in Watt-hours. For this scenario, the optimal droop plane that meets the

three constraints results in 22,762 W-hr of unused energy.

The method presented here is effective for finding the optimal droop control plane for a

specific scenario, using the load and wind speed profiles over a 24 hour period shown in

Fig. 4.9. The next chapter will present a more generalized method for determining an

optimal droop surface for all scenarios.
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Table 4.6
Constraints considered in simulated microgrid.

Component Parameter Constraint
Conventional Source Minimum Power Output 500 W

Battery Maximum Charging Current -10 A

Microgrid Bus Voltage +/- 5%

4.4 Simulation Results

To test the proposed droop control scheme, the example microgrid described above was

modeled using MATLAB/Simulink. The system was first simulated using a traditional

droop control technique for both the conventional and wind sources, with droop settings

similar to Fig. 4.2.

Next, the system was simulated using the proposed multidimensional droop surface for

the wind source, with a traditional droop setting for the conventional source. The optimal

droop surface was chosen as described above, with the constraints shown in Table 4.6. The

resulting slopes are 1
Rd1

= 0.0926 in the bus voltage direction, and 1
Rd2

= 3.5714 in the wind

speed direction. The droop surface for the wind source is shown in Fig. 4.12, along with

the source’s movement on the surface during the simulation. The points marked A, B, and

C provide a reference for the plot of the source’s output with respect to time, which will be

shown in Fig. 4.15.

The power from each source for the two cases is shown in Fig. 4.13. The power available
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Figure 4.12: Plot of 3D droop surface for wind source.

from the wind is included, and it is clear that using the planar droop surface allows more of

the available wind power to be utilized (and requires less liquid fuel).

A summary of the simulation results using traditional droop control is shown in Fig. 4.14,

and Fig. 4.15 shows a summary of the simulation results using high dimension droop

control. The points marked A, B, and C provide a reference back to the plot of the source’s

movement along the droop control plane, shown in Fig. 4.12. The power supplied by each

source, consumed by each load, and supplied from the battery are shown in both cases. For

this example scenario, the battery is supplying power to the system when traditional droop

control is used. When high dimension droop control is implemented instead, the battery is

able to charge during times of high wind and/or low load. The battery reverses its power
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Figure 4.13: Power supplied from (a) wind source and (b) conventional

source using 2D and 3D droop. Power available from the wind is also

shown.

flow and supplies power during the morning hours, when the load is increased but the wind

speed has dropped.

The microgrid bus voltage for each simulation is shown in Fig. 4.16. When high dimension

droop control is used, the bus voltage varies more than in the traditional droop case. This

is one trade-off that must be considered when choosing the droop surface. In this example

with high dimension droop, more power from the wind is utilized and the bus voltage still

remains within +/- 5% of the nominal value of 300 V.

The cost was calculated for each simulation using (4.33), and the results are shown in

Table 4.7. The cost is reduced significantly when the multidimensional droop surface is
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Figure 4.14: Simulation results using traditional droop control: (a) power

supplied by each source, (b) power consumed by each load, and (c) power

supplied by the battery.

Table 4.7
Comparison of unused energy from the wind for two droop control

methods.

Control Strategy Unused Energy (W-hr)
Traditional 2D Droop 127,610

High Dimension Droop 22,762

used instead of traditional droop control, even when realistic constraints on the system are

considered.
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Figure 4.15: Simulation results using high dimension droop control: (a)

power supplied by each source, (b) power consumed by each load, and (c)

power supplied by the battery.

4.5 High Dimension Droop Control Conclusions

The results presented in this chapter show that using a multidimensional droop surface to

control a wind turbine connected with a dc microgrid allows the wind speed at the current

time to be considered as a part of the control. This new proposed control method retains the

simplicity of traditional droop, while allowing more of the available power from the wind

to be utilized.

The proposed high dimension droop control for wind resources was demonstrated here in

52



Figure 4.16: Microgrid bus voltage with (a) high dimension droop control

and (b) traditional droop control.

a simulation of a small microgrid, with a size representing a home or other small building.

Actual wind speed and load profile data was used to ensure a realistic simulation of the

microgrid over a 24 hour period.

As discussed, energy storage is a key factor in a microgrid containing renewable resources

such as wind. The results presented here show that the proposed high dimension droop

control for wind resources works well in conjunction with an energy storage system. In

times of high wind, energy is stored in the battery, and that energy is used to supply

the microgrid in times of lower wind speed. This is accomplished without the need for

communication between the wind source and the battery, resulting in a simple and reliable
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control strategy for a dc microgrid.

However, the work presented in this chapter is confined to using a linear droop control

surface (plane) in three dimensions. The optimal plane was found for average profiles of

changing load and wind speed over a 24 hour period. Since both load and wind speed can

vary and be uncertain, further chapters will present a method for optimizing a droop surface

for general operation of a microgrid system, rather than a specific case.
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Chapter 5

Multidimensional Optimal Droop

Control

This chapter presents a method of optimizing the droop control strategy for a source in

order to meet a given objective. First, an example using two dimensional droop control

will be demonstrated. Next, the method will be expanded to the high dimension droop

control proposed in Ch. 4. Simulation and hardware-in-the-loop testing will compare the

use of traditional droop control (line), high dimension droop control (plane), and optimal

high dimension droop control (surface) for a wind source connected to a sample microgrid.
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Figure 5.1: Simple microgrid example with two sources and one load.

5.1 Microgrid Modeling and Control

Fig. 5.1 shows the sample microgrid system used in this chapter. This system can be

defined using five state equations: one for the current from each source, one for the droop

controller for each source, and one for the bus voltage.

di1
dt

L1B =V1s −Vbus −R1Bi1 (5.1)

dierror,1

dt
= ire f 1 − i1 (5.2)

di2
dt

L2B =V2s −Vbus −R2Bi2 (5.3)

dierror,2

dt
= ire f 2 − i2 (5.4)

dVbus

dt
Cload = i1 − i2 − Vbus

Rload
. (5.5)
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Table 5.1
Microgrid parameter values.

Component Value Unit
R1B 0.1 Ω
L1B 1 mH

R2B 0.2 Ω
L2B 2 mH

Cload 1 mF

Vre f 100 V

Rd 1

kp 1

ki 10

Proportional-integral control loops can then be implemented to replace V1s and V2s as

V1s = kp(ire f 1 − i1)+ kiierror,1 (5.6)

V2s = kp(ire f 2 − i2)+ kiierror,2. (5.7)

For Source 2, traditional linear droop control will be implemented, where

ire f 2 =
Vre f −Vbus

Rd
. (5.8)

For Source 1, the reference current is left as a variable, ire f 1. The following section will

show a method to find the optimal i∗re f 1 as a function of bus voltage to meet a given

objective.

The numeric values used for this microgrid model are shown in Table 5.1.
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5.2 Example in Two Dimensions

5.2.1 Optimization of Droop Control

With the system model defined, this section will describe a method to find an optimal droop

control relationship between reference current and bus voltage to meet a given objective

[96]. First, the state equation model of the system is solved to find the steady-state result,

since droop control allows the system to move between stable steady-state points [12].

i1,ss = ire f 1 (5.9)

ierror,1,ss =
R1Bire f 1(Rd +Rload)+Rload(Rdire f 1 +Vre f )

ki(Rd +Rload)
(5.10)

i2,ss =−Rloadire f 1 −Vre f

Rd +Rload
(5.11)

ierror,2,ss =
Rload(Rdire f 1 +Vre f )+R2B(−Rloadire f 1 +Vre f )

ki(Rd +Rload)
(5.12)

Vbus,ss =
Rload(Rdire f 1 +Vre f )

Rd +Rload
. (5.13)

In this steady-state result, most of the quantities are constant system parameters, or constant

control values that can be chosen. The only remaining quantity that can vary is the load

resistance Rload . Since we are looking for u as a function of Vbus, we can use (5.13) to solve
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for the load resistance:

Rload =
RdVbus,ss

Rdire f 1 −Vbus,ss +Vre f
. (5.14)

We can calculate the power supplied by Source 1 in steady state, use (5.14) to replace Rload ,

and simplify the result

P1,ss =V1s,ssi1,ss (5.15)

=
−1

Rd +
RdVbus,ss

Rdire f 1−Vbus,ss+Vre f

[ire f 1(−R1BRdire f 1 −
R1BRdire f 1Vbus,ss

Rdire f 1 −Vbus,ss +Vre f
−

R2
dire f 1Vbus,ss

Rdire f 1 −Vbus,ss +Vre f
− RdVbus,ssVre f

Rdire f 1 −Vbus,ss +Vre f
)] (5.16)

= ire f 1(R1Bire f 1 +Vbus,ss). (5.17)

With this steady-state power as a function of both ire f 1 and Vbus, we can choose an objective

function, and solve for i∗re f 1 as a function of Vbus that optimally meets that objective. For

example, choose an objective to have Source 1 output a constant power, regardless of how

the load changes in the system,

J = (P̂−P1,ss)
2 (5.18)

where P̂ is the desired power to be supplied from Source 1. The complete objective function
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is then

J = (P̂− ire f 1(R1Bire f 1 +Vbus,ss))
2. (5.19)

Taking the derivative with respect to Vbus and setting the result equal to zero results in

0 = 2ire f 1(−P̂+ ire f 1(R1Bire f 1 +Vbus,ss)). (5.20)

Solving for the optimal i∗re f 1 gives the optimal relationship for reference current with

respect to bus voltage, desired output power, and line resistance,

i∗re f 1 =
−Vbus +

√
4P̂R1B +V 2

bus

2R1B
(5.21)

5.2.2 Step Change in Load

To test the proposed droop control scheme, the example microgrid described above was

modeled using MATLAB/Simulink. The system was first simulated using a traditional

droop control technique for both sources, then repeated using the optimal droop control

relationship found above for Source 1, for various test cases. For this simulation, a

more complete model of the microgrid was implemented, including the power electronic

components that connect the sources to the bus. The source model is shown in Fig. 4.1. All
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Figure 5.2: Droop control relationships: (a) traditional; (b) optimal.

power electronics are modeled using average mode methods [80], as described in Ch. 3.

For all test cases, a constant desried output of 2000 W from Source 1, and a line resistance

R1B of 0.1 Ω, are implemented in the optimal reference current relationship found in (5.21).

Fig. 5.2 shows the traditional linear droop control used in the first simulation, and the

optimal droop control that was implemented in the second simulation, for each case.

5.2.2.1 Simulation Results

For an initial test case, a step increase in load power was simulated (a step decrease in load

resistance). The change in load resistance occurred at t = 0 during the simulation, and is
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Figure 5.3: Step change in load implemented in both simulation and

hardware-in-the-loop.

shown in Fig. 5.3.

Fig. 5.4 shows the power supplied by Sources 1 and 2 during this simulation, as the step

change in load occurs. The results using traditional linear droop control are shown first,

along with the results of using the optimal droop control relationship. With traditional

droop control, both sources increase their output to share the increase in load. With this

new droop control method, Source 1 continues to supply the desired constant 2000 W,

while Source 2 increases its output to supply the increase in load.
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Figure 5.4: Simulation results for power supplied by Sources 1 and 2 with

step change in load: (a) traditional; (b) optimal.

5.2.2.2 Hardware-in-the-Loop Results

In order to verify the simulation results presented in the previous section, the same example

microgrid was implemented using a hardware-in-the-loop (HIL) approach, as described

in Ch. 3. For the HIL experiment, all power electronics switching was included, along

with parasitic inductances and capacitances. The circuit schematic used in the Typhoon

software is shown in Fig. 5.5. The numeric parameter values are the same as those used in

simulation, and shown in Tables 4.1 - 4.5.

First, traditional linear droop control was implemented for both sources, as in (5.8). The
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Figure 5.5: Hardware-in-the-loop schematic for small microgrid example.

Figure 5.6: HIL controller for Source 1 - traditional droop.

controllers implemented for each of the two sources are shown in Figs. 5.6 and 5.7.

As described in Ch. 3, the operation of each source is controlled by a separate Texas

Instruments ControlCARD throuh the MATLAB/Simulink Embedded Coder.

The same step change in load that was used in the simulation was also implemented here.
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Figure 5.7: HIL controller for Source 2 - traditional droop.

Figure 5.8: Hardware-in-the-loop results with traditional droop control

during a step change in load: Ch1 Bus Voltage; Ch2 Source 1 Current;

Ch3 Source 2 Current.

The results for the microgrid bus voltage, and the currents supplied by Source 1 and Source

2 are shown in Fig. 5.8. Both currents share the same zero point on the oscilloscope trace.

As in the simulation results with traditional droop control, when a step increase in the load

occurs, both sources increase their output and share the additional load.
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Figure 5.9: HIL controller for Source 1 - optimal droop.

Next, the optimal droop control relationship (5.21) was implemented with Source 1, while

Source 2 continued to operate with traditional linear droop control. The new controller

implemented for Source 1 is shown in Fig. 5.9.

The results of implementing the same step increase in load are shown in Fig. 5.10.

As desired, the current supplied from Source 1 changes only slightly, so that Source 1

continues to output a nearly constant 2000 W. Source 2 supplies additional current in order

to meet the increased load.

5.2.2.3 Comparison of Results

The data from the oscilloscope traces in Figs. 5.8 - 5.10 was imported and plotted using

MATLAB, along with the simulation results presented earlier. This allows for a direct

comparison for the same scenario that was both simulated and implemented using HIL.

Fig. 5.11 shows the microgrid bus voltage using traditional droop, and optimal droop

control. The simulation and HIL results for each case are plotted together, and the average
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Figure 5.10: Hardware-in-the-loop results with optimal droop control

during a step change in load: Ch1 Bus Voltage; Ch2 Source 1 Current;

Ch3 Source 2 Current.

values match closely.

Figs. 5.12 and 5.13 show the current supplied by Source 1 and Source 2, respectively.

Simulation and HIL results are plotted together for both traditional and optimal droop

control. While the general shape of the current waveforms match for both simulation and

HIL, there is a small error, especially for Source 1. Many factors may contribute to this

difference, including the fact that the power electronics were simulated in average mode,

while actual switching is emulated through the HIL.

Plotting the simulation and HIL results together in Figs. 5.11 - 5.13 shows that the HIL
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Figure 5.11: Simulation and hardware-in-the-loop results for bus voltage

during a step change in load: (a) traditional; (b) optimal.

results validate the simulation using the proposed optimal droop control method. The

advantage of using a HIL in the development and testing of this proposed control system is a

substantial decrease in development time and cost. Since the controls have been thoroughly

tested and verified with the HIL, the control algorithms in the TI ControlCARDs can be

directly applied to a full hardware system with a high confidence.
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Figure 5.12: Simulation and hardware-in-the-loop results for Source 1

current during a step change in load: (a) traditional; (b) optimal.

5.2.3 Varying Load Profile

For a more realistic test case, a timeframe of one day was simulated, and a day long load

profile was chosen by scaling actual data from an existing power system [91]. The load

resistance profile over this 24 hour time period is shown in Fig. 5.14.

Fig. 5.15 shows the power supplied by Sources 1 and 2 over a 24 hour period with a

varying load. The results using traditional linear droop control are shown first, along with

the results of using the optimal droop control relationship. With this new droop control

method, Source 1 supplies the desired constant power even as the load changes.
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Figure 5.13: Simulation and hardware-in-the-loop results for Source 2

current during a step change in load: (a) traditional; (b) optimal.

The bus voltage during both simulations is shown in Fig. 5.16. The bus voltage follows

a similar changing profile whether traditional or optimal droop control is implemented for

Source 1, although it is slightly lower overall when optimal droop control is used.

5.3 Example in Three Dimensions

This section expands the planar optimization method described in Ch. 4 to find an optimal

droop relationship in three dimensions, where the reference current for the source depends

on both the bus voltage and the wind speed.
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Figure 5.14: Simulated load profile over a 24 hour period.

5.3.1 Optimization of High Dimension Droop Control

The results in the previous section demonstrate an optimal droop relationship based on an

objective of supplying constant power from a source. In this section, the objective will be

for the source to meet a power amount that is changing over time. For example, for a wind

resource, an objective could be to use all of the power available from the wind, based on

the wind speed at the current time. In this case, P̂ is a function of wind speed, rather than a

constant. The optimal equation for reference current from (5.21) becomes

i∗re f 1 =
−Vbus +

√
4P̂(w)R1B +V 2

bus

2R1B
(5.22)
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Figure 5.15: Simulation results for power supplied by Sources 1 and 2 with

varying load: (a) traditional; (b) optimal.

where w is the wind speed.

For this example, a 2 kW wind turbine is simulated. The power curve for the turbine is

shown in Fig. 5.17; this relationship is used to replace P̂(w) in (5.22).

5.3.2 Step Change in Wind

For an initial test case, a step change in wind speed from 10 m/s to 13 m/s was implemented

in both simulation and hardware-in-the-loop. Fig. 5.18 shows this step change in wind

speed, along with the associated step change in power available from the wind, based on
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Figure 5.16: Simulation results for microgrid bus voltage with varying load:

(a) traditional; (b) optimal.

Fig. 5.17.

5.3.2.1 Simulation Results

The system was simulated using the optimal high dimension droop control relationship

found above in (5.22). Fig. 5.19 shows the power supplied by each source during the

simulation. When the wind speed is increased at t = 0, the power supplied by Source 1

increases to match the new level of available power from the wind.
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Figure 5.17: Power curve for 2 kW wind turbine.

5.3.2.2 Hardware-in-the-Loop Results

The optimal high dimension droop control relationship in (5.22) was implemented in

hardware-in-the-loop in the same manner described in Ch. 3. The same step change in

wind speed that was used in the simulation was also implemented here. The HIL schematic

and traditional droop control implementation were the same as in Figs. 5.5 and 5.7. The

optimal droop controller implemented for Source 1 is shown in Fig. 5.20.

The results for the microgrid bus voltage, and the currents supplied by Source 1 and Source

2 are shown in Fig. 5.21. Both currents share the same zero point on the oscilloscope trace.
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Figure 5.18: Step in change in (a) wind speed and (b) power available from

the wind, implemented in both simulation and hardware-in-the-loop.

As in the simulation results with traditional droop control, when a step increase in the wind

speed occurs, Source 1 increases its output based on the increased power available from the

wind. Source 2 decreases its output so that the two sources together share the load, which

is constant for this example.

5.3.2.3 Comparison of Results

The data from the oscilloscope traces in Fig. 5.21 was imported and plotted using

MATLAB, along with the simulation results presented earlier. This allows for a direct

comparison for the same scenario that was both simulated and implemented using HIL.
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Figure 5.19: Simulation results for power supplied by Sources 1 and 2

during a step change in wind speed.

Figure 5.20: HIL controller for Source 1 - optimal high dimension droop.

Fig. 5.22 shows the microgrid bus voltage during the step change in wind speed. The

simulation and HIL results are plotted together. While the general shape of the voltage

waveforms match for both simulation and HIL, there is a small error. Many factors may

contribute to this difference, including the fact that the power electronics were simulated in

average mode, while actual switching is emulated through the HIL.
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Figure 5.21: Hardware-in-the-loop results with optimal high dimension

droop control during a step change in wind speed: Ch1 Bus Voltage; Ch2

Source 1 Current; Ch3 Source 2 Current.

Figs. 5.23 and 5.24 show the current supplied by Source 1 and Source 2, respectively.

Simulation and HIL results are plotted together. The simulation and HIL steady-state values

of current before and after the step change in wind speed match, however the two sets of

results do not match during the transient event. This is due to the fact that different time

constants were used in the simulation and HIL experiments. The proportional and integral

gains for the PI controller in simulation and HIL were also not tuned for achieving a very

fast transient response. Since the control methods proposed in this dissertation are designed

for use over large time periods, the difference found between simulation and HIL results

for this test of a very small time period was not a key concern for this research.
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Figure 5.22: Simulation and hardware-in-the-loop results for bus voltage

during a step change in wind speed.

5.3.3 Varying Wind and Load Profiles

The example microgrid shown in Fig. 5.1 was simulated using the same average load

and wind speed profiles from Ch. 4, shown in Fig. 4.9. The system was simulated with

three controllers: first using traditional linear droop control, then using the high dimension

droop control method demonstrated in Ch. 4, and finally using the optimal high dimension

droop control method described here. The results of the three simulations are presented

and compared in this section.
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Figure 5.23: Simulation and hardware-in-the-loop results for Source 1

current during a step change in wind speed.

5.3.3.1 Traditional Droop Control

First, the system was simulated using a traditional linear droop control relationship as

shown in Fig. 5.25. Fig. 5.26 shows both the power available from the wind, and the

power utilized from the wind over the simulation. Much of the available wind power goes

unused with this control method.
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Figure 5.24: Simulation and hardware-in-the-loop results for Source 2

current during a step change in wind speed.

5.3.3.2 High Dimension Droop Control

Next, the system was simulated using a plane in three dimensions as the droop control

relationship, shown in Fig. 5.27. Fig. 5.28 shows both the power available from the wind,

and the power utilized from the wind over the simulation. More of the available wind power

is utilized with this method, while the benefits of traditional droop control are maintained.
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Figure 5.25: Traditional linear droop control for microgrid simulation.

5.3.3.3 Optimal High Dimension Droop Control

Finally, the system was simulated using the optimal droop relationship (5.22) to minimize

the wasted power available from the wind, shown in Fig. 5.29. For wind speeds from 0

to 13 m/s, (5.22) defines the optimal droop surface shown in the figure. At wind speeds

above 13 m/s, the wind turbine has reached its maximum power output of 12 kW, so P̂(w)

becomes constant, and the surface no longer varies with wind speed.

Fig. 5.30 shows both the power available from the wind, and the power utilized from the

wind over the simulation. The power used from the wind matches closely with the power
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Figure 5.26: Power available and utilized from the wind using traditional

linear droop control.

available, and very little available wind power is wasted. Again, the benefits of traditional

droop control are maintained, and no communication link is needed between the wind

resource and other components in the microgrid.

5.3.3.4 Comparison of Simulation Results

For each of the three simulation cases above, the unused power from the wind source was

summed over the 24 hour simulation time period. A comparison of the amount of unused

energy for each case is shown in Table 5.2. Using high dimension droop control (a plane)

decreases the unused energy to almost half of that for traditional linear droop control. Using
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Figure 5.27: High dimension droop control for microgrid simulation.

Table 5.2
Comparison of unused energy from the wind for three droop control

methods.

Droop Control Strategy Reference Current Equation Unused Energy (W-hr)

Linear ire f 1 =
Vre f−Vbus

Rd
19,050

Planar ire f 1 =
Vre f−Vbus

Rd1
+ vw

Rd2
8,662

Optimal Surface ire f 1 =
−Vbus+

√
4P̂(w)R1B+V 2

bus
2R1B

279

the optimized droop surface for the wind source decreases the unused energy to nearly zero.
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Figure 5.28: Power available and utilized from the wind using high

dimension droop control.

5.4 Optimal High Dimension Droop Control Conclusions

The results presented in this chapter show that the droop control relationship for a source

in a dc microgrid can be optimized to meet a given objective. An example microgrid

was simulated and demonstrated through HIL, and the results show that a droop control

relationship can be chosen to keep the power supplied by a source constant. The

optimization method can then be expanded to multiple dimensions, and a droop control

relationship can be chosen to allow the power supplied by a source to match the power

available from the wind.
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Figure 5.29: Optimal high dimension droop control for microgrid

simulation.

This control method retains the advantages of traditional droop control, and does not

require a communication link between the system components. It also allows all of the

power available from the wind to be utilized, which is an improvement over traditional

droop control, and over high dimension droop control using a plane. The droop control

surface is optimized for general operation of the system - it is not necessary to know the

expected wind speed and load profiles in order to determine the surface shape.

The work presented in this chapter is confined to a simple dc microgrid example with two

sources and one load. The following chapter will implement the optimal high dimension

droop control method in a more robust example system containing energy storage, and
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Figure 5.30: Power available and utilized from the wind using optimal high

dimension droop control.

demonstrate its use in a military forward operating base application.
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Chapter 6

Multidimensional Optimal Droop

Control - Applications and Examples

The previous chapter presented a method for finding an optimal droop control surface

in three dimensions to meet the objective of minimizing the unused energy from a wind

resource. The method was demonstrated using a small example microgrid containing two

sources and one load. This chapter will demonstrate the optimal high dimension droop

control method for additional example microgrids, and for a military patrol base (PB)

application.
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6.1 Full Microgrid Example

The example microgrid from Chapter 4 is used in this chapter to demonstrate optimal high

dimension droop control on a more complete example system. The details of the modeling

method used for each component in the microgrid can be found in Chapter 4, and the full

microgrid model is shown in Fig. 6.1. The numeric parameter values are the same as those

used in 4, and shown in Tables 4.1 - 4.5.

Figure 6.1: Example microgrid for demonstration of droop control

methods.
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6.1.1 Varying Wind and Load Profiles

The full example microgrid was simulated three times - first with traditional linear droop

control, then with high dimension droop control using a plane, and finally with optimal

high dimension droop control using a surface. The results using each type of control are

presented in the following sections. The system was modeled for a 24 hour period, using

the wind speed and load profiles shown in Fig. 6.2.

Figure 6.2: (a) Load and (b) wind speed profiles for simulated 24 hour

period.
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6.1.1.1 Traditional Droop Control

First, the system was simulated using traditional, linear droop control for both sources, and

for the battery. The droop control relationships are shown in Fig. 6.3. The conventional

source and the energy storage device will keep their same linear droop control settings for

all three of the simulations.

Figure 6.3: Linear droop control relationships for (a) wind source and (b)

conventional source for first simulation.

The results of simulating the system are shown in Fig. 6.4. Both sources share the load,

and the wind resource does not change its operation based on the wind speed. The battery

is needed throughout the day to provide additional power to the system.
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Figure 6.4: Simulation results using traditional droop control: (a) power

supplied by each source, (b) power consumed by each load, and (c) power

supplied by the battery.

6.1.1.2 High Dimension Droop Control

Next, the system was simulated using high dimension droop control for the wind resource.

The droop control plane is shown in Fig. 6.5, along with the operation of the source during

this simulation. The points marked D, E, and F provide a reference for the plot of the

source’s output with respect to time, which will be shown in Fig. 6.6.

The results of simulating the system are shown in Fig. 6.6. The points marked D, E, and

F provide a reference back to the plot of the source’s movement along the droop control

plane, shown in Fig. 6.5. Both sources share the load, and the wind resource changes its
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Figure 6.5: High dimension droop control relationship for second

simulation.

operation some based on the wind speed. The conventional resource is needed during times

of lower wind speed to ensure that the load is met. The battery is now able to charge during

the times of higher wind speed.

6.1.1.3 Optimal High Dimension Droop Control

Finally, the system was simulated using optimal high dimension droop control for the wind

resource. The method presented in Chapter 5 was used to find the optimal surface for a 12

kW wind turbine. The droop control surface is shown in Fig. 6.7, along with the operation
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Figure 6.6: Simulation results using high dimension droop control: (a)

power supplied by each source, (b) power consumed by each load, and (c)

power supplied by the battery.

of the source during this simulation. The points marked G, H, and I provide a reference a

reference for the plot of the source’s output with respect to time, which will be shown in

Fig. 6.8.

The results of simulating the system are shown in Fig. 6.8. The points marked G, H, and

I provide a reference back to the plot of the source’s movement along the droop control

surface, shown in Fig. 6.7. Both sources share the load, and the wind resource changes

its operation based on the wind speed. The conventional source outputs its minimum

requirement of 500 W throughout the simulated day. The battery is able to charge for
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Figure 6.7: Optimal high dimension droop control relationship for third

simulation.

most of the day, and supplies some power to the system when needed.

6.1.1.4 Comparison of Simulation Results

The power supplied from the two sources in each of the three simulations are compared

in Fig. 6.9. Using high dimension droop control with a plane allows more of the energy

from the wind to be utilized, while using an optimal high dimension droop control surface

allows almost all of it to be utilized. This also requires the conventional source to be used

less, resulting in fuel savings.
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Figure 6.8: Simulation results using optimal high dimension droop control:

(a) power supplied by each source, (b) power consumed by each load, and

(c) power supplied by the battery.

A comparison of the amount of unused energy for each case is shown in Table 6.1.

Using high dimension droop control (a plane) decreases the unused energy by almost 75%

compared to traditional linear droop control. Using the optimized droop surface for the

Wind Source decreases the unused energy by an additional 94 %.

The bus voltage during each of the simulations is shown in Fig. 6.10. When high dimension

droop control is used, with both a plane and an optimal surface, the bus voltage varies more

than in the traditional droop case. This is one trade-off that must be considered when

choosing the droop surface. In all three cases, the bus voltage remains within +/− 5% of
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Figure 6.9: Power supplied from (a) wind source and (b) conventional

source using 2D, 3D and optimal 3D droop. Power available from the wind

is also shown.

the nominal 300 V.

6.2 Military Microgrid Example

This section demonstrates the use of optimal high dimension droop control in a military

patrol base (PB) application. Load and source models for this type of microgrid will

be presented first, followed by simulation and HIL results comparing traditional and

multidimensional optimal droop control methods.
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Table 6.1
Comparison of unused energy from the wind for three droop control

methods, in full microgrid example.

Droop Control Strategy Reference Current Equation Unused Energy (W-hr)

Linear ire f 1 =
Vre f−Vbus

Rd
149,770

Planar ire f 1 =
Vre f−Vbus

Rd1
+ vw

Rd2
39,792

Optimal Surface ire f 1 =
−Vbus+

√
4P̂(w)R1B+V 2

bus
2R1B

2,651

6.2.1 Load Modeling

In a military setting, the load on the microgrid is different than in a residential or

commercial setting. A load model for a patrol base (PB) was developed with the help of an

experienced member of the military, Mike Cook (personal communication, March-April

2014). First, three load tiers were identified to distinguish between loads that may be

connected at a PB. Tier 1 includes loads that are critical to the mission, while Tier 2 includes

loads that are important for extended operations. Tier 3 includes loads for improving

quality of life and boosting moral. The loads in Tier 3 are important for maintaining

the living conditions and overall attitudes for the PB members, however they could be

disconnected during some time periods in order to ensure that Tier 1 and 2 loads are met.

Table 6.2 lists some examples of equipment that might be included in each load tier.
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Figure 6.10: Microgrid bus voltage with (a) optimal high dimension droop

control, (b) high dimension droop control, and (c) traditional droop control.

The amount of load needed in each tier varies based on time (day vs. night) as well as on

activity (patrol vs. non-patrol). Table 6.3 shows the estimated load for a 20-40 person PB

in each of these scenarios.

The estimates shown in Table 6.3 are for the total load used in each different type of

scenario. The actual load is stochastic and will vary, so it was modeled using a compound

Poisson process. A Poisson process is defined as

P[N(t) = k] = e−λ t (λ t)k

k!
(6.1)

where λ is the rate parameter. The Poisson process N(t) is then implemented in a
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Table 6.2
Equipment included in each load tier at a patrol base.

Load Tier Equipment
Tier 1 One to ten 80 W Panasonic Toughbooks

(Mission Charging station for radios capable of recharging (30) 15 W radios

Critical) One or two AC units

One-Two TVs/projectors - monitors for the Blue Force Tracker

Three to five 100 W bulbs (26 W CFL)

Tier 2 Power tools and charging station if the platoon has vehicles

(Extended ISR video feeds

Operations) Portable lights powered via rechargeable battery pack

One to three hotplates/coffee pots

Tier 3 One to three personal electronic devices (iPod, laptop, camera, etc.)

(Morale 30-80 gallon hot water heater

Boosting) Three to five additional AC/heater units for berthing

One to three flat panel TVs or projectors

Table 6.3
Amount of load in each tier based on time and activity.

Load Tier Activity Day Night
Tier 1 Patrol 2-3 kW 2-3 KW

Non-Patrol 1-2.5 kW 1-2.5 kW

Tier 2 Patrol 1-2 kW 1-2 KW

Non-Patrol 2-3 kW 1-2 kW

Tier 3 Patrol 2-3 kW 2-3 KW

Non-Patrol 0.5-1.5 kW 0.5-1 kW

compound Poisson process as

Y (t) =
N

∑
i=1

(t)Di (6.2)

where Di are independent and identically distributed (iid) random variables [97]. A

compound Poisson process is an appropriate method for approximating the distribution

of electrical loads, since they are discrete, independent random variables [98].
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Table 6.4
Example patrol schedule.

Day 1 Patrol Schedule
0725 - 0800 Squad 1

1110 - 1325 Squad 2

1610 - 1800 Squad 1

Night 1 Patrol Schedule
1910 - 1955 Squad 1

2140 - 2225 Squad 2

2340 - 0050 Squad 1

0300 - 0400 Squad 2

Along with the load changing stochastically within each time and activity, the operation of

the PB will also vary. In any combat environment, varying patrol patterns (route, length of

patrol, time of departure, etc.) are used in order to limit the enemy’s ability to execute a

coordinated attack. Therefore, this load model also randomizes the number of patrols per

day, their length, and the length of rest during both day and night. Some days may then

include no patrols, to allow for debriefing or rest. Other days may include a high number

of patrols, designed to limit the enemy’s ability to operate. An example patrol schedule

for two squads during one day and one night is shown in Table 6.4; the patrol schedule is

randomized for other days and nights.

A load model incorporating all of these aspects was created using Matlab. Fig. 6.11 shows

the load at a PB over one day, based on a changing patrol schedule and using a compound

Poisson process to randomize the load. Each load tier is displayed in the figure. This load

model is implemented in simulation and HIL in the following sections.
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Figure 6.11: Stochastic load at a Patrol Base microgrid for (a) Tier 1, (b)

Tier 2, and (c) Tier 3 loads.

6.2.2 Source Modeling

For a military application, it is likely that solar would be included as a renewable resource,

instead of wind. Like wind resources, solar resources are intermittent and depend on

weather conditions. The accurate prediction of solar irradiance is currently an important

research area [99].

For military applications, portability is a key consideration [100], and the use of solar

resources fits this requirement. Previous research has been completed on the inclusion of

solar resources in military forward operating bases [101]. In this section, the proposed
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optimal high dimension droop control will be applied with a solar resource; only

applications with wind resources have been demonstrated in previous chapters.

Solar irradiance measurements are taken each minute by the National Renewable Energy

Laboratory (NREL). These are recorded at their Golden, CO location and stored as part of

the Baseline Measurement System (BMS). The data for June 1, 2012 is used in simulation

and HIL in the following sections, and is shown in Fig. 6.12 [102].

Figure 6.12: Solar irradiance measured each minute on June 1, 2012.
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6.2.3 Simulation Results

The sample microgrid used in simulation for a PB is shown in Fig. 6.13. Three sources are

included; one is a solar resource, one is a conventional resource such as a diesel generator,

and one is an energy storage source such as a battery. In the simulation, these sources

are modeled as variable voltage sources, and droop control is implemented for each. The

numeric values used for this microgrid model are shown in Table 6.5.

Figure 6.13: Example microgrid used in simulation for PB demonstration

of droop control methods.

A simulation was completed to represent one full day at the PB. The power available from

solar energy at each minute of the day is shown in Fig. 6.14a. The data described in the

previous section is used, assuming that there are 4 square meters of solar panels available.

The required load at each minute is shown in Fig. 6.14b, with the three load tiers described
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Table 6.5
Patrol base microgrid parameter values.

Component Value Unit
R1B 0.1 Ω
L1B 1 mH

R2B 0.2 Ω
L2B 2 mH

R3B 0.12 Ω
L3B 1 mH

Cload 1 mF

kp 1

ki 10

above added together to form the total required load.

Figure 6.14: (a) Solar power available and (b) load profiles for simulated

1440 minute period.

The system was first simulated using traditional, linear droop control for each of the three
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Table 6.6
Traditional droop control settings for PB simulation.

Source Vre f Rd
Solar 300 2.5

Conventional 300 0.4

Storage 295 1.0

sources, where the reference current is defined as

ire f =
Vre f −Vbus

Rd
(6.3)

The droop control settings for each of the three sources are shown in Table 6.6.

The power supplied by each of the three sources during the simulated one day period is

shown in Fig. 6.15. When it is sunny during the day, the solar source operates with

traditional droop control, and does not use all of the available power. The conventional

source is required to meet most of the load demand. The storage source supplies and

absorbs power throughout the day as the load changes.

The simulation was then repeated using optimal high dimension droop control for the solar

resource. Its reference current is defined as

i∗re f 1 =
−Vbus +

√
4P̂(s)R1B +V 2

bus

2R1B
(6.4)

where s is the solar irradiance in W/m2 multiplied by the 4 m2 of panels. The conventional

and storage sources kept the same droop settings as in Table 6.6 for the second simulation.
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Figure 6.15: Power supplied by solar, conventional, and storage sources

when traditional droop control is used.

The power supplied by each of the three sources during the simulated one day period is

shown in Fig. 6.16. With optimal high dimension droop control, all of the available power

from the solar resource is utilized. This means that the conventional source is required to

provide less power to the system. The storage source charges during the sunny part of the

day, and supplies power as need during the night.

A comparison of Figs. 6.15 and 6.16 shows that the use of traditional linear droop control

limits the amount of power that can be utilized from the solar resource, while the use of

optimal high dimension droop control allows all of the available power from that resource

to be utilized. This also means that the conventional source is needed less, and the storage
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Figure 6.16: Power supplied by solar, conventional, and storage sources

when optimal high dimension droop control is used.

source is able to charge during times of high irradiance, and use that stored energy during

cloudy periods or at night.

The bus voltage during each of the two simulations is shown in Fig. 6.17. While the bus

voltage varies more when optimal high dimension droop control is used, it stays well within

a bound of 5% around the reference value of 300 V.
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Figure 6.17: Bus voltage using traditional vs. optimal high dimension

droop control.

6.2.4 Hardware-in-the-Loop Results

In order to validate the simulation results presented in the previous section, the example

microgrid shown in Fig. 6.18 was implemented using a hardware-in-the-loop (HIL) system,

as described in Ch. 3. This microgrid has the same topology as the one implemented in

the simulation. However, for the HIL experiment, power electronics were included, along

with parasitic inductances and capacitances. To represent the variable load, a controllable

current source was included. This type of load is comparable to an inductive or motor load

in an actual system.
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Figure 6.18: Example microgrid used in HIL for PB demonstration of

droop control methods.

The system was implemented on a Typhoon HIL600 unit using distributed control through

Texas Instruments F28335 DSP ContolCARDs. Each of the three sources is controlled

using a separate TI card, using only local sensors. The circuit schematic used in the

Typhoon software is shown in Fig. 6.19. The numeric parameter values are the same

as those shown in Tables 4.1 and 4.3.

The controllers implemented for each of the three sources are shown in Figs. 6.20 - 6.22.

Sources 2 and 3, representing a conventional and energy storage source, respectively, are
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Figure 6.19: Hardware-in-the-loop schematic for PB microgrid example.

Figure 6.20: HIL controller for Source 1 (solar) - optimal high dimension

droop.

controlled using traditional linear droop control. Source 1, representing a solar source, is

controlled using optimal high dimension droop control as in (6.4).

Due to the limitations of the HIL system, a short overall time period was used, and the

per-minute solar and load information was scaled. The profiles for power available from
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Figure 6.21: HIL controller for Source 2 (conventional) - traditional droop.

Figure 6.22: HIL controller for Source 3 (storage) - traditional droop.

the solar resource and required load current are shown in Fig. 6.23. The solar irradiance

data is taken from the NREL BMS measurements from June 1, 2012, starting at 11:00 am.

The results of implementing these profiles in the HIL system are shown in Fig. 6.24. The

bus voltage is shown, along with the current supplied from each of the three sources - all

three use the same zero point on the oscilloscope trace. As the power available from the

sun and the required load change, the conventional and storage sources change their output

based on traditional linear droop control. Source 1 changes its output based on optimal

high dimension droop control, where the reference current is determined by (6.4).

In order to verify that the proposed controller is operating as desired, data from the

oscilloscope trace in Fig. 6.24 was imported and plotted using MATLAB. The bus voltage

111



Figure 6.23: (a) Solar power available and (b) load profiles for HIL

implementation.

and solar power available were used in (6.4) to calculate the reference current that Source

1 should be supplying. This reference current is plotted with the actual Source 1 current

in Fig. 6.25. The source output does match the desired reference value calculated using

optimal high dimension droop control.

6.3 Sensitivity Analysis

In the optimal high dimension droop control method presented in this dissertation, the

optimal reference current depends on the changing bus voltage, and the reference power,

which may be a function of another variable such as wind speed or solar irradiance. The
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Figure 6.24: Hardware-in-the-loop results with optimal high dimension

droop control: Ch1 Bus Voltage; Ch2 Source 1 Current; Ch3 Source 2

Current; Ch4 Source 3 Current.

optimal reference current also depends on R1B, the line resistance which connects the

source to the dc bus. The reference power P̂ is a value chosen by the control designer based

on the scenario. However, the bus voltage is measured continuously while the microgrid

is operating, and there may be some small errors in its measurement. The value of R1B is

constant, but there may also be some error in the actual resistance included in the system.

This section will present the results of a sensitivity analysis on the constant value of R1B,

and the measured value of Vbus.

One method for evaluating the sensitivity of a model to a given parameter is to find the

partial derivative of the control equation with respect to that parameter [103]. Another is to
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Figure 6.25: Reference and actual current supplied by solar resource using

optimal high dimension droop control.

find the ratio of the actual value given perfect information, and the reference value based

on the model parameters [104]. Both of these approaches will be demonstrated here. The

optimal relationship for reference current is repeated:

i∗re f 1 =
−Vbus +

√
4P̂R1B +V 2

bus

2R1B
(6.5)
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6.3.1 Sensitivity in R1B

The partial derivative of (6.5) with respect to R1B is

δR1Bi∗re f 1 =
Vbus +

2P̂R1B+V 2
bus√

4P̂R1B+V 2
bus

2R2
1B

. (6.6)

Choosing reasonable values for P̂ of 2000 W, Vbus of 295 V, and R1B of 0.1 Ω, the resulting

value of (6.6) is -0.154.

A ratio was then calculated to compare the reference current based on the actual resistance

value to the reference current based on an assumption of an 0.1 Ω resistance. The result is

plotted in Fig. 6.26 over a range of resistances from +/- 50% from the nominal value. This

result shows that even if the line resistance used to calculate the reference current differs

within +/- 50% from the actual line resistance, the impact on reference current is less than

+/- 0.1%.

�

Figure 6.26: Ratio of actual to ideal reference current with respect to line

resistance.
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6.3.2 Sensitivity in Vbus

The partial derivative of (6.5) with respect to R1B is

δVbusi
∗
re f 1 =

−1+ Vbus√
4P̂R1B+V 2

bus

2R1B
. (6.7)

Choosing reasonable values for P̂ of 2000 W, Vbus of 295 V, and R1B of 0.1 Ω, the resulting

value of (6.7) is -0.0228.

A ratio was then calculated to compare the reference current based on the actual bus voltage

to the reference current based on an assumption of a bus voltage measurement of 295 V.

The result is plotted in Fig. 6.27 over a range of bus voltages from +/- 1% from the nominal

value. This result shows that even if the measured bus voltage used in the controller differs

within +/- 1% from the actual bus voltage, the impact on reference current is also less than

+/- 1%.

�

Figure 6.27: Ratio of actual to ideal reference current with respect to

measured bus voltage.
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The parameter sensitivity analysis presented in this section demonstrates that small errors

in bus voltage measurement, and large errors in line resistance value, have a minimal effect

on the calculated reference current for optimal high dimension droop control.
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Chapter 7

Conclusions

7.1 Summary of Accomplishments

There are two significant contributions from this work. The first was presented in Ch.

4, where a method for high dimension droop control was proposed and demonstrated.

Choosing a droop control relationship where the reference current depends on more than

one variable is a novel concept. The expansion of traditional linear droop control to three

dimensions was demonstrated, where a plane in three dimensions is used instead of a line

in two dimensions to implement droop control. The third dimension was chosen as wind

speed, and the results presented in Ch. 4 show that the use of high dimension droop control

with wind resources allows much more of the available wind power to be utilized. With the
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improved control system, the benefits of droop control are maintained.

The second contribution is the method for optimizing the droop control relationship to

meet a given objective, presented in Ch. 5. This method was first demonstrated in two

dimensions, where the objective was to maintain a constant output power from the source.

It was then applied again with wind resources, where the desired output power varies as a

function of the wind speed. The droop control reference current then depends on both the

bus voltage and wind speed, and the equation for an optimal surface can be found. The use

of optimal high dimension droop control was demonstrated in two and three dimensions,

using both simulation and hardware-in-the-loop experiments.

The proposed control method was then implemented in two applications in Ch 6. First,

optimal high dimension droop control was implemented in a simulation of a residential size

microgrid containing two sources and an energy storage device. Optimal high dimension

droop control was then implemented with a solar resource in a military patrol base

microgrid scenario. Simulation and hardware-in-the-loop results were presented to show

the operation of the system over a one day period, using load and solar data measured each

minute.

Optimal high dimension droop control applied with renewable resources allows the

variability of the resource to be included in the droop control relationship. The benefits of

traditional droop control are maintained, including having a simple control system that does

not require a communication link between system components. This lack of dependence

120



on communication is important for system reliability, especially for microgrids in remote

residential or military situations.

7.2 Recommendations for Future Work

This dissertation has presented a method for determining an optimal droop control

relationship in multiple dimensions to meet a given objective. This method has been

demonstrated in various microgrid example cases with both wind and solar resources,

with the objective of utilizing all of the renewable power that is available. Optimal high

dimension droop control may also be useful with other types of sources. For example, with

a conventional resource such as a diesel generator, the third dimension may be the cost of

fuel. As the price goes up, the desired power from this resource might go down, and a

droop control surface could be found to meet this objective. For an energy storage device,

the third dimension might be its current state of charge.

All of the control development and example microgrids in this dissertation have been dc.

For future work, it would be beneficial to apply these optimal high dimension droop control

methods in an ac system, where the reference power for each source is related to the system

frequency. It would also be interesting to consider higher dimension droop control, where

the reference depends on three or more variables instead of the traditional one, or the two

variables presented in this dissertation.
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Appendix A

Simulation Materials for Military Patrol

Base Example

A.1 MATLAB Script

This section includes the MATLAB script for simulating the military PB example using

both traditional and optimal high dimension droop control.

%% Initialize workspace
clc
clear all;
close all;

%% Parameters and Initial Conditions

% Source 1
Vref_1 = 300;
Rdroop_1 = 2.5;
kp1 = 1;
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ki1 = 10;
xo1 = 0;

L1 = 0.001;
R1 = 0.1;

% Source 2
Vref_2 = 300;
Rdroop_2 = 0.4;
kp2 = 0.01;
ki2 = 0.3;
xo2 = 0.1;

L2 = 0.002;
R2 = 0.2;

% Source 3
Vref_3 = 294;
Rdroop_3 = 1;

L3 = 0.001;
R3 = 0.1;

% Load
C = 0.001;

% Find changing load from FOB model
[tier1,tier2,tier3] = FOBload;

% Sum three tiers, convert from kW to W
Pload = 1000*(tier1+tier2+tier3);

% Choose start and end time for simulation
starts = 1;
stops = 1450;

minute =starts:stops;

solar = importfile('20120601.csv',starts,stops);

load(1:9) = 4000;
load(10:1450) = Pload;

% initial conditions
i1_o =0;
i2_o =0;
vbus_o =0;
x0 =0.1;

%% Open simulink model
open('ThreeNode_17Jun.slx')
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%% Simulate model
sim ('ThreeNode_17Jun.slx',[starts,stops])

t = ScopeData.time;
i1 = ScopeData.signals(1).values;
i2 = ScopeData.signals(2).values;
iload= ScopeData.signals(3).values;
i3 = ScopeData.signals(4).values;

v1 = ScopeData1.signals(1).values;
v2 = ScopeData1.signals(2).values;
vbus = ScopeData1.signals(3).values;
v3 = ScopeData1.signals(4).values;

p1 = ScopeData2.signals(1).values;
p2 = ScopeData2.signals(2).values;
pload= ScopeData2.signals(3).values;
p3 = ScopeData2.signals(4).values;

pa = ScopeData3.signals(3).values;

%% Open simulink model
open('ThreeNode_Opt_17Jun.slx')

%% Simulate model
sim ('ThreeNode_Opt_17Jun.slx',[starts,stops])

ot = ScopeData.time;
oi1 = ScopeData.signals(1).values;
oi2 = ScopeData.signals(2).values;
oiload= ScopeData.signals(3).values;
oi3 = ScopeData.signals(4).values;

ov1 = ScopeData1.signals(1).values;
ov2 = ScopeData1.signals(2).values;
ovbus = ScopeData1.signals(3).values;
ov3 = ScopeData1.signals(4).values;

op1 = ScopeData2.signals(1).values;
op2 = ScopeData2.signals(2).values;
opload= ScopeData2.signals(3).values;
op3 = ScopeData2.signals(4).values;

owind = ScopeData3.signals(2).values;

oiref = ScopeData4.signals(2).values;

%% Plot Simulation Results
m2 = length(t);
m1 = (length(t)/1440)*10;
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om2 = length(ot);
om1 = (length(ot)/1440)*10;

% Plot source power for traditional droop
figure;

plot(t(m1:m2)-10, p1(m1:m2), t(m1:m2)-10, p2(m1:m2), ...
'-.', t(m1:m2)-10, p3(m1:m2), '--','LineWidth',3);
ylabel('Power (W)');
grid on
legend('p_1','p_2','p_3')
axis([starts stops -2000 6500])
xlabel('Time (min)');

% Plot source power for optimal high dimension droop
figure;

plot(ot(om1:om2)-10, op1(om1:om2), ot(om1:om2)-10, ...
op2(om1:om2), '-.', ot(om1:om2)-10, ...
op3(om1:om2), '--','LineWidth',3);
ylabel('Power (W)');
grid on
legend('p_1','p_2','p_3')
axis([starts stops -2000 6500])
xlabel('Time (min)');

% Plot bus voltage for both simulations
figure;

plot(t(m1:m2)-10, vbus(m1:m2), ot(om1:om2)-10, ...
ovbus(om1:om2), '--','LineWidth',3);
ylabel('Bus Voltage (V)');
grid on
legend('Traditional','Optimal 3D')
axis([starts stops 290 300])
xlabel('Time (min)');

% Plot solar and load power profiles
figure;
subplot(2,1,1)

plot(minute,solar,'LineWidth',3)
grid on
ylabel('Power (W)')
title('(a) Power Available from Solar Resource')
axis([starts stops 0 5000])

subplot(2,1,2)
plot(minute,load,'LineWidth',3)
grid on
ylabel('Power (W)')
title('(b) Load Power')
xlabel('Time (min)')
axis([starts stops 4000 7000])

% Plot solar power available, and source 1 power for both simulations
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figure;
plot(t,p1,ot,op1,minute,solar,'--','LineWidth',3)

grid on
ylabel('Power (W)')
xlabel('Time (min)')
axis([starts stops 0 5000])

A.2 Simulink Model

This section includes the MATLAB Simulink model for the military PB example using

optimal high dimension droop control. The Simulink model using traditional droop control

is very similar, but implements linear droop control for source 1, as it is implemented here

for sources 2 and 3.

Figure A.1: Simulink model for military PB microgrid, implementing

optimal high dimension droop control.
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