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ABSTRACT 

 

 
The current trend for naval destroyer-class ships is the move toward DC distribution 

systems as the next generation of ships is developed. The main motivation for using DC is to 

increase the power density of the ships to accommodate advanced weaponry such as the 

electromagnetic railgun. The distribution systems are also expected to be modular and plug-n-play 

in nature, leading toward a distributed control scheme to integrate the distributed sources and loads 

that could be online at any given time. One of the main performance requirements for the future 

power distribution systems is the ability to accurately share power among the distributed resources 

on the ship, while also maintaining the voltage stability of the distribution system, often referred 

to as power management. The primary candidate to accomplish the power management of the ship 

systems is droop control. 

Droop control has been extensively studied for terrestrial applications for sharing power 

between paralleled sources. Specifically, its application to DC microgrids is of interest since 

islanded microgrids have similar properties to ship systems. In these studies, it has been shown 

that conventional droop control is limited in its power sharing capabilities due to a tradeoff 

between the accuracy of the power sharing between devices and the regulation of the bus voltage. 

Secondary controllers have been proposed to modify the droop control scheme to alleviate these 

issues based on linear controllers or heuristic methods. However, accurate models for DC 

microgrids are difficult to derive for linear control design, and heuristic methods do not present an 

autonomous way to adjust the parameters of the controller. Therefore, adaptive control is proposed 

to adjust the droop controller’s parameters in an online fashion to find the optimal values based on 

the system conditions.  

Model reference adaptive control is chosen in this research for its ability to deal with 

system uncertainties and ensure stability. Specifically, combined model reference adaptive control 

is chosen for its improvements in transient response and robustness over the direct and indirect 

versions. The method is developed and simulated using MATLAB/Simulink to determine the 

performance of the algorithm. Additionally, a notional MVDC ship power system is developed in 

the same environment to provide a test system with various distributed sources and loads. A load 

profile is developed for the main system components such as propulsion, service loads, and the 

advanced weaponry to reflect a notional battle scenario. The algorithm is first tested in simulation, 



ix 

and then deployed to external distributed controllers to validate the performance of the power 

management scheme under hardware constraints and communication latency. The algorithm is 

also demonstrated in conjunction with a management layer for distributed energy storage modules 

throughout the ship system to further illustrate the real-world viability of the method. 
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CHAPTER 1 

 

INTRODUCTION 

 

 
Future iterations of destroyer-class ships in the Navy's fleet are expected to incorporate the 

use of a medium voltage DC distribution system to some degree. The current distribution systems 

are primarily AC due to factors such as generation through rotating machines and the historical 

ease of changing voltage levels using transformers. However, as new technology is developed in 

the power electronics fields and advanced weaponry is developed for shipboard usage, the AC 

distribution systems are expected to be replaced by DC. Many of the advanced weapons that will 

be placed on the future ships require DC power, such as the electromagnetic railgun (EMRG) and 

the air and missile defense radar (AMDR) [1], [2]. The advanced weapons are expected to present 

high power and pulse loads that will need to interface with the shipboard power system. The ramp 

rates present in the loads are expected to be much higher than the capabilities of current generators, 

and the loads can be stochastic instead of a fixed, pre-determined load profile. Attempting to 

interface these loads with a conventional AC distribution system would require a great deal of 

energy storage buffering to maintain the stability of the power system when the loads are active. 

This is undesirable due to the required cost for all the energy storage, the space that would need to 

be allocated for the storage devices, and the additional weight introduced to the ship. Therefore, 

medium voltage DC (MVDC) is proposed for the future distribution systems to allow the future 

loads to be interfaced affordably and with higher power densities than the current AC distribution 

systems. 

 

From a naval applications perspective, MVDC distribution systems have several 

advantages over the traditional AC systems. One such advantage is the decoupling of the prime 

mover speed for the generators with the power quality of the DC bus. Since the generator output 

will be sent into a rectifier to interface with the bus, the prime mover is not restricted to the 

rotational speeds associated with a 60 Hz output [3]. This allows the prime movers to vary their 

rotational speed to compensate for partial loading and to optimize the efficiency of the power 

generation and eliminates the need for frequency synchronization when paralleling sources. In an 

AC system, attempting to parallel sources that are not frequency synchronized can cause 
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considerable transients in the system, but this issue is eliminated when using DC. Since 

synchronization is not needed, the speed at which the paralleling can occur is also increased, 

reducing the need for energy storage to compensate while the extra generation is brought on-line. 

This decoupling also allows the rotational inertia of the generators within the system to be used as 

a form of energy storage, reducing the need for additional storage that would be necessary for an 

AC system. Moreover, since the system can consist of a broad range of frequencies being rectified 

to DC, the acoustic noise produced by the power system can be reduced [3]. Rather than having 

all the rotational equipment within the ship operating (and vibrating) at the same frequency, the 

vibrations can be distributed over a range of frequencies resulting in an acoustic signature that is 

more widespread in the frequency domain with smaller peak amplitudes [4]. 

 

Another aspect that can aid in designing the future ships is that high-frequency prime 

movers and generators can be incorporated into the system. This is again based on the fact that the 

rotational speed of the prime mover would no longer directly impact the power quality of the 

distribution system. This could potentially lead to more options for generator sets when selecting 

equipment during the ship design process, providing more competitive and cost-efficient options 

for component selection [3]. Furthermore, high-speed generator sets are generally shorter in length 

than their low-speed counterparts, leading to additional space savings and assisting the design of 

the ship system to meet floodable length requirements for damaged stability [4]. The cabling used 

in a DC system also has benefits compared to its AC counterpart. In AC systems, reactive power 

necessitates the use of oversized cabling to compensate for power factors other than unity. AC 

cables also experience a skin effect where the charges tend to travel along the outer regions of the 

cable, further reducing the total capacity that the cable can handle for a given cross-sectional area. 

Moving to DC would eliminate both of these factors, possibly allowing for smaller cable sizes and 

reducing cable weight depending on the bus voltage. 

 

Power electronic converters will also play a large role in realizing an MVDC distribution 

system for the future ships. With recent advancements in power electronics technologies, higher 

switching frequencies and voltage ratings can be achieved compared to traditional, silicon-based 

devices. Since the power electronics can operate at high frequencies, the transformers and other 

electromagnetic devices in the system can become smaller providing savings in space and weight. 
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Aggregating the voltage level conversions for multiple devices in a single stage can also reduce 

the total number of power electronic devices needed on the ship. Additionally, a major benefit of 

using power electronics for voltage level conversions lies in their fault-limiting capabilities. The 

power electronic devices can control fault currents and limit them to lower levels than what is 

possible using conventional circuit breakers. This could reduce the impact of faults on the system 

stability and limit damage to equipment caused by high fault currents. All of the previously 

mentioned factors provide motivation for the switch to MVDC distribution systems, but there are 

still requirements specific to the naval ship application that must be considered to ensure that future 

ship designs are feasible and capable of meeting the power system requirements. 

 

1.1 Requirements for Future Ship Power Systems 

 

To guide research efforts in developing the next generation MVDC ships, the reference 

architecture in Fig. 1 was developed as a basic structure for the design and testing of shipboard 

components and the interconnected systems. From a system level view, the architecture consists 

of six zones comprised of groups of common elements. The zonal architecture provides 

redundancy in the case of failures and is easily expandable since the components within the zones 

are common throughout the entire system. The system consists of an outer MVDC ring, normally 

operated as a port and starboard bus. The two sides have the option to connect if necessary, such 

as in the case of damage where loads on one bus would need to be fed by a generator connected to 

the other side. Smaller loads are generally connected to just one of the buses, but larger loads such 

as the advanced weapon systems and the propulsion motors will need to be connected to both buses 

so that they can provide power to the equipment simultaneously. Additionally, AC distribution can 

be included for connecting zones together (e.g. zone 3 and zone 4 in Fig. 1) and supplying power 

to legacy AC loads. To supply the power to all the loads, the reference architecture incorporates 

four generators classified as either a main turbine generator or an auxiliary turbine generator 

depending on the power rating. Each connection to the MVDC bus will go through a bus node that 

manages the protection scheme for the system. The bus nodes and the protection devices within 

them will be responsible for reconfiguration of the ship system in the event of a fault or damage 

scenarios. Additionally, conversions between voltage levels or DC/AC will be handled through 

power conversion modules. These modules have additional protection for within the zones and 
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will contain and manage the energy storage devices distributed throughout the ship. Further details 

on the components and performance requirements of the ship are provided in the following 

sections. 

 

 

 

Fig. 1: MVDC Zonal Distribution System Reference Architecture [5] 

 

 

1.1.1 Components 

 

The power generation for the reference architecture is expected to consist mainly of diesel 

generators. As previously mentioned, most configurations will employ two different types/sizes of 

power generation modules (PGM), so the larger of the two is referred to as the main turbine 

generator (MTG) and the smaller is referred to as the auxiliary turbine generator (ATG). It is 

expected that the PGM will be designed with split windings on the stator of the generator [4]. This 

provides a few benefits when designing the system as opposed to having a single winding for each 
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PGM. The split windings will allow one PGM to feed both the port and starboard buses of the ship 

using two separate active rectifiers on the output of the windings. Since both buses can be fed by 

a single generator, there is no problem with having an odd number of generators online. With 

single winding generators, an odd number would create an imbalance on the buses, with one side 

having an extra generator attached. Additionally, in fault conditions where one of the buses is 

tripped from the generator, the split-winding configuration will only see half of its load drop off. 

This reduces the chance that the PGM will trip due to overspeed since the percentage of total load 

loss is reduced. The rectifier for each winding is expected to protect the PGM from faults on the 

DC bus, and additional protection devices are required to protect the PGM from rectifier faults. 

The control for the PGM unit can be optimized to maximize the performance of the PGM in terms 

of power ramp rates, fuel efficiency, or other requirements depending on the current mission 

objectives. 

 

Bus nodes, pictured at the periphery of the zones in Fig. 1, are responsible for protection 

and reconfiguration of the distribution system. If circuit breakers are used in devices connected to 

the bus node, such as in a PGM or a power conversion module (PCM) going to a zonal load, then 

disconnects can be used in the bus node for reconfiguration purposes. Otherwise, breakers will be 

located in the node along with the disconnect to protect the bus in case of a fault and allow for 

reconfigurability [4]. The bus nodes may also contain monitoring for fault detection and 

localization to aid in the fault management and reconfiguration process. One of the main concerns 

for the bus nodes are the size requirements for the modules. Since the nodes will be widespread 

throughout the distribution system compactness is an emphasis in their design. 

 

Two main groups of PCMs will be used for interfacing between the MVDC buses and the 

inner sections of the zones [5]. The design of the PCM will largely depend on the requirements of 

the zone it is servicing, but it is expected to be comprised of a group of common components that 

can be selected to create the PCM. The main components of the PCM-1A include input/output 

modules for interfacing with the buses and loads, and an energy storage module (ESM). The PCM-

1A is expected to interface with moderate sized loads, or with an integrated power node center 

(IPNC) for loads with special requirements. The modules can consist of one or multiple input 

modules rated for any of three input voltages (6 kV, 12 kV, and 18 kV) and a range of power 
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ratings. Additionally, output modules can be selected for various output voltages and power ratings 

depending on the requirements of the loads within the zone. For the PCM-1A, the ESM is not 

considered to operate bidirectionally. The main task of the ESM is to provide hold-up power to 

uninterruptible and short-term interrupt loads within the zones. This could be required in the case 

of a fault or increase in load, and the ESM is expected to supply power to the critical loads while 

extra generation is brought on-line. The storage could also be used to reduce the load on the MVDC 

bus during pulse loads so that the excess power could be directed to weapons systems. 

 

The other type of PCM, classified as PCM-1B, shares many similarities in structure with 

the PCM-1A. They are mainly designed to be used for supplying power to the electromagnetic 

railgun, but could also be used for other large, pulse loads on the ship. The components for the 

PCM-1B are similar to the PCM-1A, consisting of input/output modules and energy storage, but 

have higher power ratings of over 10 MW. Two of these modules are used to power the railgun, 

with one being connected to each MVDC bus. This allows for the railgun to be powered from both 

buses simultaneously, or from a single bus at a reduced rate of fire. The PCM can power the large 

loads using the integrated energy storage until additional generation is brought online, or can 

supplement the current generation to meet the power ramp rate requirements for the pulse load. 

The PCM-1B is also expected to have bidirectional power flow capabilities. This allows the energy 

storage to provide power to the zonal loads along with supplementing the PGMs in the case of 

faults or while extra generation is ramped up. 

 

Integrated power node centers, powered by the PCM-1A modules are used within the zones 

of the ship to provide power to specialized loads [5]. These centers consist of input and output 

modules tailored to the specific application and load requirements. The IPNCs are expected to 

serve loads requiring custom power quality, such as those operating at 400 Hz and other sensitive 

loads. The IPNC will also have the option of containing energy storage so that it can interface with 

uninterruptible loads within the zones and provide hold-up power in the case of a fault or while 

generation is ramping up. There is also an option to have a 440 VAC interface for the IPNC to 

facilitate powering the unit from an adjacent zone in the case that the PCM-1A supplying the center 

fails. The AC option can also be chosen for the interface with the PCM-1A depending on the 

availability and cost of the required equipment. 
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1.1.2 Performance Requirements 

 

The main requirement focused on when sizing the PGM units will be the total capacity 

required for the ship. The overall capacity that must be considered in the design process consists 

of several factors, such as the maximum electrical load possible, the propulsion load, service life 

allowance, and an additional margin factor [4]. The service life allowance factors into the total 

capacity required for the ship by accounting for performance degradation of components as the 

ship ages, along with providing some overhead for modernization of the ship as technology 

advances throughout its service life. An additional margin is added to the overall capacity 

requirement to account for uncertainties in the electrical system during the ship design process and 

construction. One option that is available to reduce the total cost of the ship’s power plant would 

be to size the PGM units at or below the maximum total capacity. Since the maximum load is 

expected to happen infrequently and for short periods of time, energy storage could be utilized to 

serve the excess load or controls could be used to shed other non-vital loads during the peaking 

conditions. However, from a reliability standpoint the ship must have enough excess generation 

so that minimum operational requirements can still be met if the largest PGM unit is lost. The 

controls for the generation systems must also prevent the individual PGM units from overloading 

through the usage of the energy storage within the ship or by shedding either propulsion or non-

critical electrical loads depending on the mission scenario. 

 

Another major factor in the performance of the electrical system is the regulation of the 

voltage on the MVDC buses, along with controlling and sharing the power output of the distributed 

generators and energy storage modules. Under normal conditions, the controllers for the PGM and 

PCM units are expected to use a voltage droop to accomplish both tasks. Each device will have a 

droop characteristic based on the rated power of the device and the voltage requirements for the 

bus. As the current (and power) output of the device increases, the voltage output will drop 

according to the droop characteristic to allow for power sharing among the devices and for a unique 

steady-state solution to the power flow if the total generation is greater than the current load. Under 

normal conditions, the PGMs are expected to share the total load based on the droop control. 

However, if the load increases past the capacity of the PGM units, the PCMs must supply the 

additional power to service the load. In this scenario, the PGMs will operate in a constant power 
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mode, while the energy storage units within the PCMs will share the remaining load based on 

droop control. After the peak loading event is finished (either through bringing additional 

generation on-line or reduction of load), the PGMs will return to droop control mode and the 

energy storage within the PCMs will sense the change in bus voltage and switch into recharging 

mode [4]. In the event that both the generators and storage are unable to meet the total load demand, 

the bus voltage will drop further, causing the PGMs to enter a current limiting mode. This scenario 

is not considered normal operation and could be caused by a fault in the system or loss of a 

generator. If the PGMs enter current limiting control, load shedding or fault clearing protocols 

should be initiated to restore the system to normal operating conditions with the PGM units 

operating in either droop control or constant power mode [4]. 

 

The stability of the ship’s power system can be viewed from three different criteria. The 

first, briefly discussed in the previous section, is steady-state stability. This means that for a given 

load level, the power management will ensure that a unique load flow solution exists. The power 

management also ensures that this solution conforms to the power quality requirements for the 

system. The next criterion for the power system is static (or small-signal) stability. Generally, this 

means that when a disturbance is introduced to the system it will return to its original operating 

point after the disturbance has passed. There are many ways to analyze the system to determine 

small-signal stability, but commonly the system is linearized around an operating point to 

determine the response of the system to a range of frequencies. Using a Bode diagram to visualize 

the frequency response of the system can allow small-signal stability to be determined by the gain 

margin and phase margin values [6]. A non-linear technique that can be used to determine small 

signal stability is Lyapunov stability analysis. This method involves defining an energy-like 

function for the system and taking its time derivative to determine the stability properties of the 

system rather than finding the explicit solution of the system [7]. The third type of stability that 

needs to be assessed is in response to large changes within the system. Referred to as dynamic 

stability, this focuses on the ability of the system to settle at an operating point after a large 

disturbance to the system. The new operating point can be different (in the case of a large load 

change) or can remain the same (in the case of a fault occurrence followed by clearance). 

Generally, during a large disturbance in the system, it is expected that the equipment with the 

fastest transient response will experience the highest impact since it will be the first to react to the 
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change in loading. The controls for the sources must ensure that the transience is properly managed 

to prevent excessively high currents from damaging equipment or from tripping the protection 

devices and potentially destabilizing the system. At the same time, the sources must be allowed to 

vary their outputs fast enough to meet the transient requirements for a load change. In the reference 

architecture, it is expected that the PGM units will all have approximately equal time constants 

and will be slower than the time constants of the energy storage devices within the PCMs. This 

will allow the energy storage to cover most transient conditions while the generators ramp up or 

down slower to protect the large sources. Additionally, keeping the time constants of the PCM 

devices roughly equal will reduce the large transient currents experienced by having one piece of 

equipment react faster than the others. 

 

Another area of research for implementing the MVDC system is fault detection, 

localization, and isolation. Traditional AC circuit breakers rely on the natural property of an AC 

waveform to have a zero-crossing. This allows the circuit breaker to open while the current is at 

zero, preventing any arcing from occurring during the disconnect. However, this is not possible 

using an MVDC system, requiring other means of protection. The power electronics within the 

system are expected to play a large role in fault response by limiting the amount of current flowing 

from the sources to the fault. This allows disconnect switches to be used to reconfigure the 

distribution system once the power electronics in the source converters have stopped the current 

flowing into the faulted area. However, this requires accurate fault localization to determine where 

the fault is located and the best option for reconfiguration. DC circuit breakers and hybrid schemes 

are an ongoing area of research, and their utilization will largely depend on the size and cost of the 

developed products. If a viable DC breaker is developed, the fault response process will be 

simplified since it will not require the sources to completely disconnect from the fault area in most 

cases. A monitoring system can also be implemented (likely in the bus nodes) to assist in fault 

localization, similar to the multifunction monitor (MFM) present in the current AC zonal ship 

systems [4]. The time requirements for the fault protection system will also define the classes of 

loads on the ship. The time period t1 can be defined as the amount of time required to reconfigure 

the power system after fault detection, localization, and isolation. Another period t2 can be defined 

as the amount of time required to bring a standby generator on-line. The length of these periods 

will depend on the fault response of the ship power system. This also leads to the classification of 
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loads as uninterruptible, short-term interrupt, or long-term interrupt. Uninterruptible loads cannot 

tolerate a service interruption of length t1, so they must have energy storage to provide hold-up 

power in case of a service interruption. If the load can tolerate an interruption lasting between t1 

and t2 it is classified as a short-term interrupt load. The last load category can tolerate interruptions 

lasting longer than t2, classifying them as long-term interrupt loads. The classification of the loads 

factors into the load shedding strategy (long-term interrupt loads are shed first) and the quality of 

service for the power system. The quality of service can be measured by the mean time between 

service interruptions for the individual loads. A service interruption occurs any time the load is 

without power for longer than its classification allows as defined by the t1 and t2 periods. This 

number gives a measure of the reliability of the power system to ensure the ship’s combat 

effectiveness. For mission-critical loads, the mean time between service interruptions is expected 

to be between 20,000-30,000 hours [4]. 

 

1.2 Ship Power Systems Viewed as DC Microgrids 

 

One of the methods that can be used to simplify the modeling of the next generation SPS 

for research purposes is to view the ship system as a stand-alone (or islanded) DC microgrid. Many 

elements are common between the two systems, such as localized generation and loads, the use of 

energy storage systems, and the lack of a connection to the main grid that can sink or source 

whatever power is required. By viewing the SPS in this manner, control strategies developed for 

the terrestrial systems can be applied and tested for the naval systems. This allows the wealth of 

knowledge present in terrestrial systems to be leveraged for the naval application. The use of DC 

distribution in terrestrial systems and microgrids has been studied a great deal more than their 

applications to shipboard systems, but there are many parallels between the two that allow for the 

principles to be applied to both types of systems. 

 

The U.S. department of energy defines a microgrid as “a group of interconnected loads and 

distributed energy resources within clearly defined electrical boundaries that acts as a single 

controllable entity with respect to the grid. A microgrid can connect and disconnect from the grid 

to enable it to operate in both grid-connected or islanded mode” [8]. Microgrids allow for an 

enhanced level of integration of renewable energy resources and smart metering technologies. This 
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also allows the microgrid to aid the main grid by reducing load at peak times through the renewable 

generation and energy storage devices. Transmission losses are also reduced compared to the 

conventional system since the sources and loads are within close proximity to each other. Having 

many microgrids interspersed through the main grid also creates more flexibility and robustness 

in terms of meeting load demands and operation during fault scenarios. The microgrid connects to 

the main utility at a point of common coupling which can automatically control whether the local 

area is connected or disconnected from the main grid. When connected to the main grid, the 

microgrid can sink or source power depending on the current load and generation levels. The 

microgrid can also sink or source reactive power to the main grid to aid in maintaining the required 

voltage levels in the distribution network. The generation can be AC or DC, generally consisting 

of traditional, fossil-fuel based rotating generators, renewable energy resources such as solar and 

wind, and energy storage systems [9]. Likewise, the loads can be distributed throughout the 

microgrid and can be AC or DC. The distribution system for the microgrid can either be AC or 

DC, and power electronic converters are used to interface the specific requirements for the loads 

and sources to the distribution system. 

 

Historically, AC has been the prominent choice for power distribution systems due to the 

ease of changing voltage levels in the system through transformers. This allowed for efficient 

power transmission over long distances using high voltages and led to the ubiquity of AC 

transmission and distribution systems in the national power grid. However, with recent 

technological advances in semiconductors and power electronic devices, there are now options for 

efficient AC/DC and DC/DC converters, which can be used in place of transformers. This calls for 

a reevaluation of our choices in distribution systems since there is no longer a clear favorite 

between AC and DC, and in certain scenarios there are potential benefits of choosing to use a DC 

distribution system. Some of these benefits include increased efficiencies for systems with high 

renewable generation penetration and other devices that naturally use DC power, where the total 

number of power electronic converters can be reduced using a DC distribution system. These types 

of systems would also experience increased reliability and lower costs since fewer converters 

would be necessary and there would be fewer points of failure in the power electronic switches 

[10].  
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Another area of comparison in AC and DC microgrids is the control and management of 

the power flow through the system. Similar to the naval application, moving to a DC system can 

simplify the control of the microgrid by eliminating the reactive power control in the system. The 

frequency component of AC systems can also be neglected, further simplifying the control for the 

system [11]. This means that for a DC distribution system, only the real power flow and voltage 

magnitude need to be controlled, as opposed to controlling the real and reactive power flow along 

with the voltage magnitude and frequency in an AC system. This also eliminates the need for 

synchronization with the main grid at the point of common coupling when entering or exiting 

islanded operation of the microgrid. In AC systems, connecting to the grid while out of 

synchronization can cause large transients in the system and potentially trip protection devices 

[12]. Benefits can also be seen in the cabling for DC microgrids much like those discussed in the 

shipboard power systems. Namely, cables can be smaller since there is no skin effect when using 

DC distribution. Since three-phase AC systems require three or four lines (depending on the 

connection) to deliver their power, the total number of cables can also be reduced since DC only 

requires two cables for power delivery, further reducing the cost of implementation. The three-

phase nature of AC systems also leads to increased complexity when the phases are unbalanced. 

This complicates the power analysis for the AC systems unless a balanced system is assumed, 

which may not always be accurate. This leads to additional computations such as representing the 

system as a set of symmetrical components and summing their power flows to derive the values 

for the unbalanced system [13]. Since DC is not three-phase in nature, the analysis of the system 

is simplified since unbalanced conditions are not present. A full review of the differences between 

AC and DC microgrids and applications for the two can be found in [11], [12], [14] and references 

contained within. 

 

The advances in power electronics technologies and the benefits of DC distribution 

discussed previously have made the use of DC a viable option for both the terrestrial and naval 

applications. However, there is still active research in the controls for DC microgrids to solve some 

of the issues faced when operating in islanded mode. The main areas of focus are in how to 

efficiently use the resources available within the microgrid to supply the load in the optimal 

manner, and how to ensure that the sources within the system share the load demand accurately 

while maintaining the stability of the system amid plug-n-play loads, time-varying parameters, and 
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coupling between the sources and loads. The architecture in which the control for the microgrid is 

implemented can be chosen from many forms, a few of which will be discussed in the following 

sections. 

 

1.3 Hierarchical Control Architecture 

 

One method of viewing how the power flow within a microgrid is controlled is through a 

hierarchical control scheme, such as presented in [15]–[17]. In this case, the control algorithm with 

the slowest time constants can be placed at the top level of the control architecture, feeding its 

control variables to the layer below it. In turn, this control layer will perform its own calculations 

and send outputs to the layer below it. This process continues until the device level control is 

reached, which operates at the fastest time step and controls the switching of the power electronic 

devices. The levels operate at different time constants and are naturally separated by the task they 

are designed to achieve, whether it is a long-term optimization to maximize the efficiency of the 

system or providing pulse-width modulation signals to the power electronic devices. The structure 

for this research consists of three main levels, with device control at the lowest level receiving its 

reference values from a power management layer above it, which is, in turn, receiving inputs from 

an energy management layer at the top of the architecture [18]. There can also be another layer 

above the energy management that incorporates the human-machine interface that provides system 

information to the energy management layer to determine how the control algorithm at this layer 

will operate. 

 

The device level control consists of the PWM algorithms used to control the modulation 

of the individual switches in each converter. There are a variety of algorithms focused on this (as 

shown in [19], [20]), but the general methodology is to use a voltage reference to produce the 

switching signals for each switch in the converter. The algorithms can be developed for inverting 

DC to AC, converting between different DC voltage levels, or rectifying from AC to DC (in the 

case of an active rectifier). These algorithms usually run quite quickly, ranging from one to tens 

of kilohertz, to control the switching of the power electronics devices. Additionally, the algorithms 

can be open-loop, but generally incorporate a feedback for increased accuracy. The voltage 

references used for this level of control are provided by the power management layer. 
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Fig. 2: Hierarchical Control Architecture 

 

 

The power management layer operates at slower time steps than the device level control 

and coordinates the power sharing among distributed sources while managing the voltage stability 

for the system [15], [21]–[23]. These control algorithms take the power references coming from 

the energy management layer and output the voltage references to the device level controllers. In 

between, the control algorithm is performed to determine the voltage references that need to be 

sent out to ensure accurate power sharing between the distributed resources and keep the voltages 

of the distribution system within their acceptable ranges. This control layer can operate at slower 

time steps since it is not directly controlling the switching of the power electronics, with 

frequencies on the order of hundreds of Hertz. 

 

Finally, the energy management layer uses the characteristics of the devices within the 

system to determine the optimal power flow from the sources and storage to the loads [21], [24]–
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[26]. The optimization can focus on a variety of different factors, but the common goal is to reduce 

the cost of operation for the system, whether it is coming from the cost of electricity generation or 

other factors such as fuel consumption or equipment life expectancy degradation. Additionally, 

the time step for this control layer can vary widely from application to application. In terrestrial 

power grid monitoring, common time steps can be anywhere from fifteen minutes to one hour 

depending on the required granularity for the optimization. 

 

1.4 Centralized/Decentralized/Distributed Control 

 

For each of the different tiers presented in the hierarchical control architecture, there are 

multiple ways the control algorithms can be implemented. Depending on how the controllers 

communicate to solve their control functions, the controllers can be described as centralized, 

decentralized, or distributed. Each of these architectures has advantages and disadvantages 

depending on the scenario and requirements of the control implementation. 

 

When all of the agents in the system communicate with one main controller, the 

architecture can be described as centralized, as demonstrated in [15], [25]–[27]. In this case, all 

the measurements from the system are sent back to one central controller which performs all the 

calculations required for the control algorithm. This controller then sends all the control variables 

out to the agents in the system to achieve the desired control action. This architecture provides a 

simple control implementation since there is only one controller required for the entire system.  

 

 

 

Fig. 3: Centralized Control 
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However, the computational intensity can become a limiting factor for this architecture 

since there is only one controller performing the calculations. Additionally, the centralized 

architecture creates reliability issues since there is no redundancy in the system. If the controller 

fails, there is no other equipment that can control the system at even a sub-optimal level. 

 

On the other hand, decentralized control presents a situation where each agent within the 

system has its own controller with no communication to the other controllers within the system 

such as in [28]–[31]. This greatly improves the reliability of the system since a controller failure 

would only affect one agent in the system. This would allow the other controllers to continue 

operating to solve their control algorithms and keep the system running. However, without any 

communication between the agents optimal control cannot be ensured. If the controllers are not 

coordinating with each other there could be situations where they are actually working against 

each other when trying to achieve their individual goals. This scenario would result in sub-optimal 

operation of the system as a whole, even if all controllers were functional and executing their 

control algorithms correctly. 

 

 

 

Fig. 4: Decentralized Control 

 

 

Distributed control takes elements from both the centralized and decentralized control 

architectures to remedy the issues present in each. Like decentralized control, there are multiple 

controllers present in the system that control their local agent. However, in this case there is a 

communication network that allows the exchange of information between the agents within the 
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system [18], [32]–[36]. This allows for coordination between the agents to ensure that the overall 

system goals are being accurately achieved and that controllers are not working against each other 

in achieving their own goals. Additionally, the distributed agents do not need to solve the control 

algorithm for the entire system, as is the case in centralized control. This reduces the computational 

burden for the individual controllers. The distributed nature also has the benefit of redundancy like 

in decentralized control. If one of the controllers has a failure the system can remain operational, 

and this information can be relayed to the other agents in the system using the communication 

network.  

 

 

 

Fig. 5: Distributed Control 

 

 

However, the communication between the controllers has the potential to cause issues 

through latency, data loss, and synchronization. These communication-related issues are not found 

in the other two control schemes since they either have little/no communication between agents 

(decentralized) or are only relaying measurement and control variables from the agents to a central 

controller (centralized). Since each agent is solving a control algorithm that can depend on the 

other agents within the system, the communication network plays a large role in distributed 

control. 
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1.5 Droop Control Overview 

 

A common method for achieving the goals of the power management control layer (as 

outlined in the previous hierarchical architecture) is through droop control. [4] also specifies droop 

control as the primary candidate for power sharing among the generators and storage devices in 

the future MVDC ship architecture. This method can be applied to both AC and DC systems to 

control the power sharing among distributed resources. The control for DC systems is simplified 

in comparison to AC systems since the control only needs to regulate the voltage magnitudes 

within the system as opposed to the magnitude and the frequency of the voltage. For DC systems, 

the droop control sets a voltage range that is allowable for the bus voltage, often centered on the 

nominal voltage or with the nominal voltage at its maximum value. The output of the converter 

that interfaces the generation source with the DC bus is allowed to vary within this range depending 

on its output current (and therefore power). The droop resistance of the converter depends on the 

power rating of the converter and the allowable voltage range for the DC bus. When the power 

output of the converter increases, the voltage will decrease according to: 

𝑉𝑜 = 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 𝐼𝑜𝑅𝑑𝑟𝑜𝑜𝑝 (1) 

Where 𝑉𝑜 and 𝐼𝑜 are the output voltage and current of the converter, 𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙 is the nominal output 

voltage of the converter, and 𝑅𝑑𝑟𝑜𝑜𝑝 is the droop resistance value. 

 

When multiple converters are paralleled on a bus, the droop resistance for each converter 

can be set according to the power rating for each distributed resource. By choosing the correct 

droop resistance values, the voltage will be at its maximum when there is no power being supplied 

by the converters and will be at its minimum when each of the converters are supplying their rated 

power. Fig. 6 shows this relationship for two converters with different power ratings. 

 

The droop resistances can be represented as the slope of the line relating the change in 

voltage with change in current of each converter. As the current of each converter increases, the 

voltage will decrease from the nominal value towards the minimum of the range according to the 

droop resistance set for the converter. In this case, the first converter has a lower power rating than 

the second (𝐼𝑟𝑎𝑡𝑒𝑑,1 < 𝐼𝑟𝑎𝑡𝑒𝑑,2), so its droop resistance is set to a higher value. This causes the 

output voltage of the first converter to decrease at a faster rate than the second converter with 
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respect to the output current of the converter [37]. This proportionality allows the two converters 

to share their output power based on their rating from no load to rated output. This method is 

commonly used due to its ease of implementation and modularity, since it can be implemented 

separately on each converter without the need for communication in between the distributed 

agents. 

 

 

 

Fig. 6: Droop Control Between Two Converters 

 

 

One of the main problems with using a basic droop control for power management is the 

open-loop nature of the algorithm. Because there is no feedback in the algorithm, accuracy cannot 

be ensured. Additionally, there is a trade-off when using fixed droop resistance values between the 

accuracy of the current sharing between sources and the bus voltage regulation. As seen in Fig. 6, 

if the bus voltage is allowed a large range of variation, the current sharing accuracy can be 

improved since there is a larger range of voltage values that correspond to discrete current output 

values. However, this could cause problems with stability if the voltage is allowed to vary too 

much. On the other hand, reducing the voltage range available to the converters will result in a 

well-regulated bus voltage, but reduces the number of discrete voltage measurements that are 
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available to determine the current output for each converter. This could lead to inaccurate current 

sharing between the converters. A common method to improve the performance of the droop 

control is to introduce a secondary controller to adjust the droop resistance values to compensate 

for these issues. [38]–[40] provide examples of using rule-based methods as a secondary controller 

to adjust the droop resistances, but require engineering judgment to design the rules and do not 

adjust to the system automatically. Linear controllers have also been proposed in [41], [42] to 

adjust the droop resistances, but this method requires an accurate system model to select the proper 

parameters for the secondary controller, which can be hard to define for DC microgrids. Therefore, 

it is desired to have a control strategy that does not require an exact system model and can vary 

the droop resistances for the converters within the system in an autonomous manner. [36], [43], 

[44] propose using direct model reference adaptive control as the secondary controller to adapt the 

controller parameters on-line to force the system to follow a reference model output. This method 

satisfies the previous two requirements but can be improved by adding additional control signals 

into the algorithm to improve the transient response and robustness of the controller [45]–[48]. 

The scheme builds upon the structure of model reference control, which is presented in the 

following section. 

 

1.6 Model Reference Control 

 

Model reference control is based upon the assumption that the designer has sufficient 

knowledge of the plant being controlled to properly develop a reference model with an appropriate 

structure and parameters. This model represents the desired response of the closed-loop plant to 

some input stimuli. The goal of model reference control is to design the feedback controller so that 

the closed-loop plant response matches the reference model. Fig. 7 shows the general structure for 

model reference control. 

 

Consider a plant that can be modeled as a first-order transfer function in the form: 

�̇�𝑝(𝑡) = 𝑎𝑝𝑥𝑝(𝑡) + 𝑘𝑝𝑢(𝑡) (2) 

Where 𝑥𝑝 is plant state, 𝑢 is the plant input from the controller, and 𝑎𝑝 and 𝑘𝑝 are the plant 

parameters. The reference model for this case can similarly be modeled as a first-order transfer 

function as: 
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�̇�𝑚(𝑡) = 𝑎𝑚𝑥𝑚(𝑡) + 𝑘𝑚𝑟(𝑡) (3) 

In this case, the reference model state is given as 𝑥𝑚 and the reference model parameters 𝑎𝑚 and 

𝑘𝑚 are selected to provide the desired model response to the reference input, 𝑟. The controller can 

be developed as a function of both the reference input and current plant state as: 

𝑢(𝑡) = 𝑘𝑟(𝑡) + 𝜃𝑥𝑝(𝑡) (4) 

Where 𝑢 is the controller output and 𝑘, 𝜃 are the controller parameters. When the plant parameters 

are accurately known, the controller can be developed quite easily to achieve the desired goals of 

model reference control. This can be done by matching the closed-loop plant transfer function with 

the transfer function of the reference model. 

 

 

 

Fig. 7: Model Reference Control [7] 

 

 

If we define 𝑘∗ and 𝜃∗ as the desired controller parameters that match the reference model 

response, we can substitute (4) into (2), resulting in the following equality: 

𝑎𝑝𝑥𝑝 + 𝑘𝑝[𝑘
∗𝑟 + 𝜃∗𝑥𝑝] = 𝑎𝑚𝑥𝑚 + 𝑘𝑚𝑟 (5) 

Solving (5) for 𝑘∗ and 𝜃∗ results in the following equations for the control parameters to achieve 

a transfer function that matches the reference model. 

𝑘∗ =
𝑘𝑚
𝑘𝑝

              𝜃∗ =
𝑎𝑚 − 𝑎𝑝

𝑘𝑝
 (6) 

 

It is clear from (6) that the plant parameters must be known exactly for the model reference 

control scheme to function properly. However, this is rarely the case in practical systems. When 
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looking at DC microgrids and ship systems, there are time-varying parameters and coupling 

between the distributed sources and loads that make it unrealistic to assume that an exact plant 

model can be derived for this method. Therefore, the case where one or both plant parameters are 

unknown must be considered for the droop control application. 
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CHAPTER 2 

 

MODEL REFERENCE ADAPTIVE CONTROL 

 

 
When the plant parameters for the system being controlled are unknown or uncertain, 

adaptation can be introduced to the basic model reference control algorithm to modify the 

controller parameters [7]. This leads to the addition of two time-varying parameters into the 

controller definition from (4) as: 

𝑢(𝑡) = 𝑘(𝑡)𝑟(𝑡) + 𝜃(𝑡)𝑥𝑝(𝑡) (7) 

The goal of adapting the controller parameters is to update their values based on measured values 

to force the error between the reference model and plant state to zero asymptotically while ensuring 

the stability of the overall system. This can be done in numerous ways depending on the plant 

parametrization and how the adaptive laws are developed for the controller parameters. The 

underlying principle for these adaptive control schemes is based on the certainty equivalence 

principle. The controller is designed using the parameter estimates as if they were the true values. 

These parameters are then adapted so that they converge to the true values (defined in (6) for the 

previous MRC case). As the parameters converge to their ideal values, the performance of the 

adaptive controller converges to the performance achieved by the controller designed for the 

known-parameter case. 

 

2.1 Lyapunov Stability 

 

One of the main concerns when designing the adaptive systems presented in the following 

sections is to ensure the stability of the overall system when the parameter adjustments are 

introduced. The main method used to determine the stability of these systems is based on Lyapunov 

stability. The algorithms are designed to ensure that the systems are Lyapunov stable when they 

are finished. There are multiple definitions of stability that can be achieved in the sense of 

Lyapunov stability. Two of the main concepts that are focused on in adaptive systems are stability 

and uniform asymptotic stability [45]. 

 

Stability can be defined for a system described by the equation: 
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�̇� = 𝑓(𝑥, 𝑡)      𝑓(0, 𝑡) = 0,    ∀ 𝑡 ≥ 𝑡0 (8) 

That has the origin as an equilibrium state due to 𝑓(0, 𝑡) = 0. The origin can be defined as 

a stable equilibrium state if small disturbances to the state result in small deviations. In other words, 

the state trajectory remains close to the origin if it begins sufficiently close to the origin. Stated 

mathematically, the origin is a stable equilibrium state if for every 𝜖 > 0 and 𝑡 ≥ 0, there exists a 

𝛿(𝜖, 𝑡0) > 0 such that ‖𝑥0‖ < 𝛿 implies that ‖𝑥(𝑡; 𝑥0, 𝑡0)‖ < 𝜖 ∀ 𝑡 ≥ 𝑡0 [45]. 

 

The origin of (8) can be described as attractive if all trajectories starting near the origin 

eventually approach it. Unlike the previous definition, the trajectory must converge to the 

equilibrium point, rather than simply stay near it for the equilibrium point to be considered 

attractive. While the concepts seem like they should be connected, they have been shown to be 

independent of each other. However, if the equilibrium point of the system is both attractive and 

stable it can be described as asymptotically stable. 

 

In addition to the previous two definitions, equilibrium points can be defined as uniformly 

stable if the 𝛿 term defined in the stability criteria does not depend on the initial time, 𝑡0. 

Combining this with the criteria for asymptotic stability results in an equilibrium point described 

as uniformly asymptotically stable. This is an important definition for adaptive systems and has a 

great deal of influence on the design of the algorithms presented in later sections. 

 

2.2 Lyapunov’s Direct Method 

 

Lyapunov’s direct method (also referred to as Lyapunov’s second method) was developed 

to determine the stability of dynamical systems such as (8) without needing to find the explicit 

solution to the differential equations. This method is particularly useful for adaptive systems, 

which involve nonlinear differential equations that can be computationally intensive to find the 

explicit solution for. The direct method is based on the stability of purely dissipative systems and 

relies on choosing an appropriate scalar function to represent the system and examining its time 

derivative along the trajectories of the system. In a purely dissipative system, the energy stored 

within the system is always positive with a negative time derivative, and the goal of Lyapunov’s 

second method is to show that an energy-like function can be used to describe the dynamical 
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system. The time derivative of this function can then be evaluated to determine the stability 

properties of the dynamical system. 

 

To prove the uniform asymptotic stability of the equilibrium state for a dynamical system 

such as (8), certain conditions for the chosen function need to be met. The equilibrium state can 

be shown as uniformly asymptotically stable if a scalar function 𝑉(𝑥, 𝑡) exists with continuous 

partial first derivatives with respect to 𝑥 and 𝑡 such that 𝑉(0, 𝑡) = 0, and the following conditions 

are met: 

 

1. 𝑉(𝑥, 𝑡) is positive-definite. Like the energy stored in a purely dissipative system, the 

value of the chosen function with respect to 𝑥 and 𝑡 must be lower bounded by a non-

decreasing scalar function 𝛼 such that 𝛼(0) = 0 and 𝑉(𝑥, 𝑡) ≥ 𝛼(‖𝑥‖) > 0 for all 𝑡 

and all 𝑥 ≠ 0. 

2. 𝑉(𝑥, 𝑡) is decrescent. This means that in addition to the lower bound defined by 𝛼, there 

is another continuous, non-decreasing function 𝛽 with 𝛽(0) = 0 that forms an upper 

bound on 𝑉(𝑥, 𝑡) such that 𝛽(‖𝑥‖) ≥ 𝑉(𝑥, 𝑡) for all 𝑡. 

3. �̇�(𝑥, 𝑡) is negative-definite, meaning it is always less than zero. More specifically, 

�̇�(𝑥, 𝑡) =
𝜕𝑉

𝜕𝑡
+ (∇𝑉)𝑇𝑓(𝑥, 𝑡) ≤ −𝛾(‖𝑥‖) < 0 

Where 𝛾 is a non-decreasing continuous scalar function with 𝛾(0) = 0. Additionally, 

∇𝑉 is the gradient of 𝑉 with respect to 𝑥 and the time derivative of 𝑉 is evaluated along 

the trajectory of (8). 

4. 𝑉(𝑥, 𝑡) is radially unbounded, or simply 𝛼(‖𝑥‖) → ∞ with ‖𝑥‖ → ∞. 

 

Based on the above conditions, information about the stability of the equilibrium point for 

the dynamical system can be obtained by evaluating the time derivative of the function 𝑉. For 

instance, stability can be inferred if �̇�(𝑥, 𝑡) ≤ 0 and condition 1 is met. If condition 2 is met along 

with the previous two factors, then uniform stability can be inferred. Even if all of the above 

conditions for uniform asymptotic stability are not met, the equilibrium point can still be stable 

based on the Lyapunov definitions [45]. 
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2.3 Barbalat’s Lemma 

 

One problem that is often encountered when looking at adaptive control algorithms is that 

it can be quite difficult to find a Lyapunov function that represents the system and has a negative-

definite derivative. This, in turn, means that asymptotic stability cannot be ensured through 

Lyapunov’s direct method by itself. For time-invariant systems, invariant-set theorems can be used 

to determine the asymptotic properties for the equilibrium point, but this is not possible for non-

autonomous systems. Therefore, Barbalat’s lemma is introduced to describe the asymptotic 

behavior for time-varying systems. 

 

Barbalat’s lemma states that given a function 𝑓(𝑡) ∈ 𝐶1(𝑎,∞) with lim
𝑡→∞

𝑓(𝑡) = 𝛼 where 

𝛼 < ∞, then lim
𝑡→∞

𝑓′(𝑡) = 0 if 𝑓′(𝑡) is uniformly continuous. This lemma can be applied to 

adaptive systems that are time-varying to determine the asymptotic behavior of the system, even 

if the time-derivative of the chosen Lyapunov function is not negative-definite. Since a negative 

semi-definite time-derivative implies that the Lyapunov function is bounded, if we can additionally 

show that the derivative is uniformly continuous then we can say that the derivative tends to zero 

asymptotically. While this may not ensure that all error signals in the system are asymptotically 

stable, it can provide additional information for some of the signals. A full mathematical proof for 

the lemma can be found in [49]. 

 

2.4 Direct Model Reference Adaptive Control 

 

The first variant of adaptive control that will be discussed is direct model reference adaptive 

control, as presented in [45]. This method is identical in structure to the model reference control 

scheme presented previously but incorporates the adaptation of the controller parameters as shown 

in (7). In this case, it is desired to adjust 𝜃 and 𝑘 to achieve the desired plant response to the control 

input. In the direct method, this adaptation is achieved by observing the error between the reference 

model and plant states. This error is fed into the adaptation mechanism to adjust the controller 

parameters. The block diagram for this method can be seen in Fig. 8.  
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Fig. 8: Direct Model Reference Adaptive Control [45] 

 

 

For the reference model and plant model presented in (2) and (3), the control algorithm can 

be formulated for the case where the plant parameters 𝑎𝑝 and 𝑘𝑝 are unknown. It is assumed that 

the sign of the parameter 𝑘𝑝 is known for this case, since we can observe how the plant responds 

to a control input. Adaptive laws for the controller parameters can then be formulated as: 

�̇�(𝑡) = �̇�(𝑡) = −𝑠𝑔𝑛(𝑘𝑝)𝑒(𝑡)𝑥𝑝(𝑡) (9) 

�̇�(𝑡) = �̇�(𝑡) = −𝑠𝑔𝑛(𝑘𝑝)𝑒(𝑡)𝑟(𝑡) (10) 

Where 𝑒(𝑡) = 𝑥𝑝(𝑡) − 𝑥𝑚(𝑡), 𝜙(𝑡) = 𝜃(𝑡) − 𝜃∗, and 𝜓(𝑡) = 𝑘(𝑡) − 𝑘∗. Additionally, the 𝑠𝑔𝑛 

operation is defined as: 

𝑠𝑔𝑛(𝑥) = {
−1, 𝑥 < 0
+1, 𝑥 ≥ 0

 (11) 

 

To show that these adaptive laws maintain the stability of the system with the plant 

parameters unknown, we can choose a Lyapunov function candidate that incorporates the error 

signals within the control system. We can then differentiate the Lyapunov function candidate along 

the trajectory of each of these error signals to determine the stability of the system as a whole. A 

quadratic Lyapunov function candidate can be formulated for this system as: 

𝑉(𝑒, 𝜙, 𝜓) =
1

2
[𝑒2 + |𝑘𝑝|(𝜙

2 + 𝜓2)] (12) 
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To differentiate this function, the derivatives of each of the error signals will be used. The 

derivatives of the controller parameter errors are known from (9) and (10). The derivative of the 

state error can be found using (2), (3), and (7) as: 

�̇�(𝑡) = 𝑎𝑚𝑒(𝑡) + 𝑘𝑝𝜙(𝑡)𝑥𝑝(𝑡) + 𝑘𝑝𝜓(𝑡)𝑟(𝑡) (13) 

Differentiating the Lyapunov function and substituting in the required values results in the 

following solution: 

       �̇�(𝑒, 𝜙, 𝜓) = 𝑒�̇� + |𝑘𝑝|[𝜙�̇� + 𝜓�̇�]

= 𝑎𝑚𝑒
2 + 𝑘𝑝𝜙𝑒𝑥𝑝 + 𝑘𝑝𝜓𝑒𝑟 − |𝑘𝑝|[𝑠𝑔𝑛(𝑘𝑝)𝜙𝑒𝑥𝑝 + 𝑠𝑔𝑛(𝑘𝑝)𝜓𝑒𝑟]

= 𝑎𝑚𝑒
2 ≤ 0 

(14) 

Since the derivative of this function is negative semi-definite we can conclude that the equilibrium 

state of the system is globally uniformly stable. 

 

2.5 Indirect Model Reference Adaptive Control 

 

Another method for adapting the controller parameters is by using an identification model 

that attempts to identify the plant parameters as the system evolves over time. The controller 

parameters are then modified based on the estimates of the plant parameters provided by the 

identification model [45]. The block diagram for this method is shown in Fig. 9. 

 

The control law for this algorithm can be developed by substituting the identification model 

parameter estimates (defined as �̂�𝑝 and �̂�𝑝) into the equations for the ideal controller parameters 

provided in (6). Again, the controller is designed based on the certainty equivalence principle. As 

the estimated plant parameters converge on the actual plant values, the controller performance will 

converge on the desired response defined by the reference model. Combining these values with 

the control law from (7) results in the control algorithm for the indirect method. 

𝑢(𝑡) =
𝑎𝑚 − �̂�𝑝(𝑡)

�̂�𝑝(𝑡)
𝑥𝑝(𝑡) +

𝑘𝑚

�̂�𝑝(𝑡)
𝑟(𝑡) (15) 

 

In the case where both 𝑎𝑝 and 𝑘𝑝 are unknown, some difficulties arise when looking at the 

previous equation. Clearly, the control input depends on the reciprocal of the estimated �̂�𝑝 value. 

This means that even if the adaptive laws for the parameter estimates result in bounded values, the 
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control input could become unbounded if �̂�𝑝 approaches zero. This condition must be considered 

when designing the adaptive laws for the indirect method. 

 

 

Fig. 9: Indirect Model Reference Adaptive Control [45] 

 

 

To begin, the identification model can be chosen in the form: 

�̇̂�𝑝 = 𝑎𝑚�̂�𝑝 + [�̂�𝑝(𝑡) − 𝑎𝑚]𝑥𝑝 + �̂�𝑝(𝑡)𝑢 (16) 

Where �̂�𝑝 and �̂�𝑝 are the estimated plant parameters that will be adjusted using the adaptive laws. 

The adaptive laws for the two parameters can be chosen as: 

�̇̂�𝑝 = 𝑒𝑖𝑥𝑝 (17) 

�̇̂�𝑝 = 𝑓(𝑒𝑖, 𝑢, �̂�𝑝,𝑚𝑖𝑛)          �̂�𝑝(𝑡0) > �̂�𝑝,𝑚𝑖𝑛 (18) 

Where 𝑒𝑖 = 𝑥𝑝 − �̂�𝑝 and 𝑓(𝑒𝑖, 𝑢, �̂�𝑝,𝑚𝑖𝑛) is defined as: 

𝑓(𝑒𝑖, 𝑢, �̂�𝑝,𝑚𝑖𝑛) = {

𝑒𝑖𝑢,         �̂�𝑝(𝑡) > �̂�𝑝,𝑚𝑖𝑛                        

𝑒𝑖𝑢,         �̂�𝑝(𝑡) = �̂�𝑝,𝑚𝑖𝑛 and 𝑒𝑖𝑢 > 0

0,             �̂�𝑝(𝑡) = �̂�𝑝,𝑚𝑖𝑛 and 𝑒𝑖𝑢 ≤ 0

 (19) 
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The adaptive law for �̂�𝑝 is designed to keep the parameter bounded away from zero by selecting a 

lower bound �̂�𝑝,𝑚𝑖𝑛 that the parameter will not be allowed to cross. 

 

Once again, to prove that the stability of the system is maintained with the adaptive 

parameters, Lyapunov stability analysis can be performed. The error equation for this system can 

be derived as: 

�̇�𝑖 = 𝑎𝑚𝑒𝑖 − �̃�𝑝(𝑡)𝑥𝑝 − �̃�𝑝(𝑡)𝑢 (20) 

With the parameter errors being defined as �̃�𝑝(𝑡) = �̂�𝑝(𝑡) − 𝑎𝑝 and �̃�𝑝(𝑡) = �̂�𝑝(𝑡) − 𝑘𝑝. The 

Lyapunov function candidate can then be chosen to incorporate the error signals of the system to 

determine their stability properties. Choosing a quadratic Lyapunov function in the form: 

𝑉 =
1

2
(𝑒𝑖

2 + �̃�𝑝
2 + �̃�𝑝

2) (21) 

And deriving along the trajectories of (17), (18), and (20) results in the following equation. 

�̇� = 𝑎𝑚𝑒𝑖
2 − 𝑒𝑖�̃�𝑝𝑥𝑝 − 𝑒𝑖�̃�𝑝𝑢 + 𝑒𝑖�̃�𝑝𝑥𝑝 + �̃�𝑝𝑓(𝑒𝑖, 𝑢, �̂�𝑝,𝑚𝑖𝑛) (22) 

Substituting in the values from the piecewise function in (19) results in: 

�̇� = {

𝑎𝑚𝑒𝑖
2                       if �̂�𝑝(𝑡) > �̂�𝑝,𝑚𝑖𝑛                        

𝑎𝑚𝑒𝑖
2                       if �̂�𝑝(𝑡) = �̂�𝑝,𝑚𝑖𝑛 and 𝑒𝑖𝑢 > 0

𝑎𝑚𝑒𝑖
2 − �̃�𝑝𝑒𝑖𝑢       if �̂�𝑝(𝑡) = �̂�𝑝,𝑚𝑖𝑛 and 𝑒𝑖𝑢 ≤ 0

 (23) 

Which means that �̇� ≤ 0 since 𝑎𝑚 must be negative to have a stable reference model. This also 

implies that the signals 𝑒𝑖 , �̂�𝑝, and �̂�𝑝 are bounded and the overall system is stable [45]. 

 

2.6 Combined Model Reference Adaptive Control 

 

The final method that will be discussed involves combining both the direct and indirect 

control methods from the previous sections. The goal is to improve the response of the controlled 

system by taking both plant parameter estimates and output error into account when formulating 

the adaptive law. Considering both of these factors in formulating the control algorithm has the 

potential to improve the speed and accuracy of the response of the control system, along with 

improving the robustness of the controller. The structure of this algorithm is identical to that of 

indirect control as seen in Fig. 9, but the error between the plant and reference model outputs is 

considered in the control algorithm instead of solely relying on the identification error.  
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The plant and reference model equations are once again modeled as given in (2) and (3), 

and the controller is in the same structure as (7). The identification model from (16) is also included 

in the controller structure. From these equations, the control and identification error models can 

be derived as: 

�̇�𝑐 = 𝑎𝑚𝑒𝑐 + 𝑘𝑝𝜙𝑥𝑝 + 𝑘𝑝𝜓𝑟 (24) 

�̇�𝑖 = 𝑎𝑚𝑒𝑖 − �̃�𝑝𝑥𝑝 − �̃�𝑝𝑢 (25) 

With the error parameters being defined as 𝑒𝑐 = 𝑥𝑝 − 𝑥𝑚, 𝑒𝑖 = 𝑥𝑝 − �̂�𝑝, 𝜙 = 𝜃 − 𝜃∗, 𝜓 = 𝑘 − 𝑘∗,

�̃�𝑝 = �̂�𝑝 − 𝑎𝑝, and �̃�𝑝 = �̂�𝑝 − 𝑘𝑝. The goal is then to define the adaptive laws for each of the 

control variables within the system to ensure stability and convergence. As shown in the previous 

two sections this can be done using either the direct or indirect adjustment of the controller 

parameters, but to combine the two methods additional steps must be taken. Therefore, closed-

loop estimation errors are introduced to link the two methods together [45]. These values are 

defined as: 

𝜖𝜃 = �̂�𝑝 + �̂�𝑝𝜃 − 𝑎𝑚 (26) 

𝜖𝑘 = �̂�𝑝𝑘 − 𝑘𝑚 (27) 

The closed-loop estimation errors are defined so that when both the identification and control 

parameters converge on their ideal values (𝑎𝑝 and 𝑘𝑝 for identification, and 𝜃∗ and 𝑘∗ as defined 

in (6) for control), the closed-loop estimation errors converge to zero. Therefore, the closed-loop 

estimation errors will reflect if either of the two combined methods are in error. This creates the 

link between the direct and indirect methodologies. 

 

The adaptive laws for the control and identification parameters can then be developed using 

the closed-loop estimation errors as: 

�̇� = −𝑠𝑔𝑛(𝑘𝑝)[𝑒𝑐𝑥𝑝 + 𝜖𝜃] (28) 

�̇� = −𝑠𝑔𝑛(𝑘𝑝)[𝑒𝑐𝑟 + 𝜖𝑘] (29) 

�̇̂�𝑝 = 𝑒𝑖𝑥𝑝 − 𝜖𝜃 (30) 

�̇̂�𝑝 = 𝑒𝑖𝑢 − 𝜃𝜖𝜃 − 𝑘𝜖𝑘 (31) 

As shown in the above equations, the adaptive laws for the control and identification parameters 

are now formulated to incorporate the respective error for each type of parameter along with one 

or both closed-loop estimation errors [45]. 
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To show that the stability of the system is maintained when incorporating the two methods, 

analysis can be conducted following the previous two algorithms. A Lyapunov function candidate 

can be chosen that includes the error parameters of the system to see if they are stable at the origin. 

In this scheme, the Lyapunov function candidate can be chosen as: 

𝑉 =
1

2
[𝑒𝑐

2 + 𝑒𝑖
2 + |𝑘𝑝|(𝜙

2 + 𝜓2) + �̃�𝑝
2 + �̃�𝑝

2] (32) 

The next step is to take the derivative of the Lyapunov function and substitute the values in for the 

derivative of each error parameter. The error models from (24) and (25) can be used for �̇�𝑐 and �̇�𝑖, 

and the adaptive laws from (28)-(31) can be used for the control and identification parameters. 

After applying these values to the equation and simplifying, the derivative of the Lyapunov 

function is reduced to: 

�̇� = 𝑎𝑚𝑒𝑐
2 + 𝑎𝑚𝑒𝑖

2 − 𝑘𝑝(𝜙𝜖𝜃 + 𝜓𝜖𝑘) − �̃�𝑝𝜖𝜃 − �̃�𝑝(𝜃𝜖𝜃 + 𝑘𝜖𝑘) (33) 

To further reduce the equation, the definitions for the control and identification parameter errors 

(𝜙,𝜓, �̃�𝑝, and �̃�𝑝) can be substituted in. Additionally, the variables 𝜃∗ and 𝑘∗ produced by this 

substitution can be replaced with their definitions from (6). This allows for elimination of some of 

the terms of the equation, resulting in: 

�̇� = 𝑎𝑚𝑒𝑐
2 + 𝑎𝑚𝑒𝑖

2 + 𝜖𝜃(𝑎𝑚 − �̂�𝑝 − �̂�𝑝𝜃) + 𝜖𝑘(𝑘𝑚 − �̂�𝑝𝑘) (34) 

Looking at the definitions of the closed-loop estimation errors from (26) and (27), it is apparent 

that the terms in the first and second set of parentheses are (−𝜖𝜃) and (−𝜖𝑘), respectively. This 

reduces the equation to its final form as: 

�̇� = 𝑎𝑚𝑒𝑐
2 + 𝑎𝑚𝑒𝑖

2 − 𝜖𝜃
2 − 𝜖𝑘

2 (35) 

Since 𝑎𝑚 needs to be a negative value to create a stable reference model, this means that �̇� ≤ 0. 

Since the derivative of the Lyapunov function is negative semi-definite, we can say that the origin 

is stable for this function. We can also conclude that all of the error signals in the scheme are 

bounded and the overall system is stable. 

 

Additionally, �̇� can be differentiated again to provide additional information about the 

error signals within the system. After the derivation, it can be shown that �̈� is bounded, and 

therefore �̇� is uniformly continuous. Since 𝑉 is bounded according to the Lyapunov stability 

analysis and �̇� is uniformly continuous, the conditions of Barbalat’s lemma are met to show that 
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as 𝑡 → ∞, �̇� must go to zero. Since (35) shows that �̇� is the summation of four negative terms, this 

implies that lim
𝑡→∞

𝑒𝑐 = lim
𝑡→∞

𝑒𝑖 = lim
𝑡→∞

𝜖𝜃 = lim
𝑡→∞

𝜖𝑘 = 0. 
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CHAPTER 3 

 

SIMULATED SYSTEMS FOR CONTROL ALGORITHM VALIDATION 

 

 
3.1 First Order Plant 

 

Since we have already determined the stability of the combined model reference control 

algorithm from a theoretical standpoint, the algorithm can be applied to notional systems to 

determine the performance of the control and validate the stability. In the most basic scenario, the 

algorithm can be applied to a single converter to observe how the control performs on its own 

without any outside interactions affecting its performance. Additionally, since the control 

algorithm is operating at system level, the converter model can be further simplified since the fast 

dynamics of the power electronics devices do not need to be modeled for the performance analysis. 

 

Since the transients coming from the power electronics are neglected, the transfer function 

for the converter can simply be modeled as a delay between the reference input and the voltage 

output. This leads to a transfer function for the output voltage of the converter in response to a 

voltage reference change in the form: 

𝐺𝐶,𝑣 =
1

1 + 𝜏𝑣𝑠
 (36) 

Where 𝜏𝑣 is the time constant for the voltage response of the converter. Similarly, (1) shows that 

increasing the droop resistance for a converter would increase the voltage drop for a constant 

current level. This would lead to a lower output voltage for the converter. Since we are again 

neglecting the dynamics of the power electronics, this relationship can be expressed in the same 

manner as (36) with an inverted response. Therefore, the transfer function representing the output 

voltage response to a change in droop resistance can be described as: 

𝐺𝐶,𝑖 = −
1

1 + 𝜏𝑖𝑠
 (37) 

Based on the above two functions, the reference models for the converters can be developed so 

that the response matches the desired steady-state output and takes the desired amount of time to 

reach this value by adjusting the gain and time constants of the transfer functions, respectively. 
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After the reference models are developed for the system, the control algorithm can be 

applied following Fig. 10, with the reference input feeding the reference model, while the control 

input is used for the plant and identification model. The state variables and error signals are fed 

into the closed-loop estimation errors which are used for the adaptive laws. The adaptive laws then 

update the controller and identification parameters on-line to force the plant to track the reference 

model.  

 

 

 

Fig. 10: Combined Model Reference Control of First-Order Plant 

 

 

The simulation results for a notional plant with parameters 𝑘𝑝 = 15, 𝑎𝑝 = −20 are shown 

in Fig. 11 and Fig. 12 for the response to a step input. In this case, the reference model parameters 

are 𝑘𝑚 = 50, 𝑎𝑚 = −50. As seen in Fig. 11(a), the response of the plant is altered from its natural 

output by the controller to follow the reference model. However, the results in Fig. 12 (a) and (b) 

show that the control and identification parameters do not go to their expected values from the 

plant parameters and (6). The reason the parameters do not converge to their expected values is 

due to a lack of persistent excitation in the input [50].  

 



36 

 

Fig. 11: (a) Plant Response; (b) Control and Identification Errors for Step Input 

 

 

As a comparison to a persistently exciting input, the response to a sinusoidal reference for 

the same system is shown in Fig. 13 and Fig. 14. Once again, the response of the plant is modified 

by the controller to track the reference model and the control and identification errors converge to 

zero as the algorithm adapts to the plant’s parameters. However, the sinusoidal reference is 

persistently exciting – unlike the step input – and the parameters can now converge to their 

expected values. The convergence of the parameters requires approximately 0.2 s to adapt to their 

optimal values, which is slower than what was seen using the step input. However, the parameters 

stop adapting with the step function reference input because the plant and reference model outputs 

are equal, rather than because they have reached the optimal values. 
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Fig. 12: (a) Controller Parameters; (b) Identification Parameters; (c) Closed-Loop Estimation 

Errors for Step Reference 

 

 

Uncertainty can be introduced in the plant by modifying its parameters, whether by creating 

an initial modeling error through plant/reference model mismatch or by introducing time-varying 

parameters. The latter can be accomplished through modifying the plant parameters directly, or 

through introducing a multiplicative uncertainty into the plant that can contribute to the plant’s 

transfer function. This uncertainty would take the form: 

∆𝑃(𝑠) =
0.2

10−5𝑠2 + 5 × 10−5𝑠 + 1
 (38) 
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And could be used to introduce variation into the plant characteristic by modifying the combined 

transfer function. The equation for the plant in this scenario would take the form: 

�̇�𝑝 = 𝑎𝑝𝑥𝑝 + 𝑘𝑝[1 + ∆𝑃(𝑠)]𝑢 (39) 

 

 

 

Fig. 13: (a) Plant Response; (b) Control and Identification Errors for Sinusoidal Input 

 

 

Due to the uncertainty transfer function being added to the original plant model. The 

addition of the uncertainty term into the plant transfer function also results in different error models 

for the system than for the previous methods. Solving for the control and identification errors for 

the modified plant equation results in the following error models, respectively: 
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�̇�𝑐 = 𝑎𝑚𝑒𝑐 + (1 + Δ𝑝)(𝑘𝑝𝜓𝑟 + 𝑘𝑝𝜙𝑥𝑝) + Δ𝑝𝑥𝑝(𝑎𝑚 − 𝑎𝑝) + Δ𝑝𝑘𝑚𝑟 (40) 

�̇�𝑖 = 𝑎𝑚𝑒𝑖 − �̃�𝑝𝑥𝑝 − �̃�𝑝𝑢 + Δ𝑝𝑘𝑝𝑢 (41) 

These equations can then be used in place of the original error models from (24) and (25) to 

substitute into the Lyapunov candidate function from (32) along with the parameter adaptive laws 

to perform stability analysis as it was previously conducted for the system without the uncertainty 

term. 

 

 

 

Fig. 14: (a) Controller Parameters; (b) Identification Parameters; (c) Closed-Loop Estimation 

Errors for Sinusoidal Reference 
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3.2 Two Converter System 

 

The next step in evaluating the performance of the control algorithm consists of testing the 

controller when applied to a detailed converter model and observing the effects of the control when 

multiple converters are interacting with each other. Therefore, a system can be simulated that 

consists of two distributed resources being paralleled to a common bus with a single load also 

being attached to the bus. This system will be able to demonstrate both the stability and 

performance of the control algorithm, along with determining if the overall goals of power sharing 

and bus voltage regulation are being achieved. The electrical connections of the system can be 

seen in Fig. 15.  

 

The two distributed resources are modeled as ideal AC voltage sources that are connected 

to neutral-point clamped (NPC) converters to rectify the voltage to DC and connect to the DC bus 

through cables consisting of a series resistance and inductance. The load is modeled as a 

controllable current source to sink the required amount of current from the DC bus. The specific 

quantities for the parameters in the DC microgrid system can be viewed in Table 1. For the 

performance analysis, it is important to note that the nominal output voltage for both converters is 

set to 400 V. Additionally, due to the power ratings of the converters, it is expected that they supply 

the load current with a 2:1 sharing ratio. 

 

 

 

Fig. 15: Two-Converter DC Microgrid Electrical Topology 
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The two NPC converters in the system are modeled using the PLECS blockset for 

MATLAB/Simulink to have switching models that can show the dynamics of the power electronics 

devices within the system. The NPC converter topology can be seen in Fig. 16. The three-phase 

AC input is rectified to DC using a converter leg for each phase. Each phase leg consists of four 

IGBT semiconductors that are actively switched to control the output voltage of the converter. The 

NPC converters were chosen over two-level converters for their improved performance in terms 

of DC output voltage regulation and impact on the three-phase AC input currents. 

 

 

Table 1: DC Microgrid Properties 

Symbol Description Value 

𝑉𝐿−𝐿 NPC Input Voltage 208 V (60 Hz) 

𝑉𝐷𝐶 NPC Output Voltage 400 V 

𝑓 Switching Frequency 20 kHz 

𝑅𝑖 Cable Resistance 0.5 Ω 

𝐿𝑖 Cable Inductance 3 mH 

𝑃𝑁𝑃𝐶1 NPC1 Nominal Power 4 kW 

𝑃𝑁𝑃𝐶2 NPC2 Nominal Power 2 kW 

 

 

The droop control algorithm is applied to this system by supplying the inputs to the device 

level control for each of the NPC converters. The device level control manages the modulation of 

the individual switches to achieve the voltage reference provided by the power management layer. 

Therefore, the adaptive control algorithm is applied in the power management layer to adjust the 

voltage reference to each converter to achieve the desired current sharing proportionality and 

output voltage required by the system. Fig. 17 shows how this process is achieved. The reference 

models derived from the relationships between the droop resistance and voltage reference to the 

output voltage from (36) and (37) are used for two control loops. The current control loop 

manipulates the droop resistance of the converter to achieve accurate current sharing between the 

two converters of the system. The voltage control loop adjusts the reference voltage directly to 



42 

ensure that the bus voltage is maintained at the nominal voltage by driving the average of the 

converter output voltages to the reference value. 

 

 

 

Fig. 16: NPC Converter Topology 

 

 

The voltage reference output of the controller can be described as: 

𝑉𝑖
𝑟𝑒𝑓

= 𝑉𝑖
𝑟𝑒𝑓,0

+ 𝐷𝑉𝑖 − 𝐼𝑖(𝑅𝑑𝐼𝑖,0 + Δ𝑅𝑑𝐼𝑖) (42) 

Where 𝑉𝑖
𝑟𝑒𝑓,0

 and 𝑅𝑑𝐼𝑖,0 are the initial voltage reference and droop resistance for converter 𝑖, 

respectively. The adaptive voltage control loop supplies the change in voltage reference, 𝐷𝑉𝑖 , and 

the adaptive current control loop provides the change in droop resistance, Δ𝑅𝑑𝐼𝑖, for each 

converter. The control modifications to the fixed droop values can also be viewed graphically 

through Fig. 18. The original droop resistance is shown by the slope of the black line representing 

the fixed droop characteristic. The initial voltage reference for the converter is at the y-intercept 

of the graph, with no modifications or effect from the droop control. The effects of the adaptive 

current control loop can be seen through the red lines on the figure. Modifying the Δ𝑅𝐷𝐼𝑖 term will 

either increase or decrease the droop resistance depending on whether it is positive or negative. 

This will cause the slope of the droop characteristic line to increase or decrease. 
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Fig. 17: Adaptive Control Application to Power Management Layer 

 

 

Similarly, the effects of the voltage control loop are represented by the blue lines in the 

figure. Increasing or decreasing the 𝐷𝑉𝑖
 term will raise or lower the entire droop characteristic line 

without affecting the slope. The combination of these two modifications allows the controller to 

set the current sharing between converters by modifying the slope of their droop characteristic 

lines, and regulate the voltage by increasing or decreasing the voltage reference supplied to each 

converter. 
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Fig. 18: Droop Characteristic Modification 
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Additionally, communication is used between the two controllers to create the distributed 

control and derive the system state parameters. The controller receives the voltage and current 

information from its device and sends it to the other controller after converting the measurements 

to per unit. This way, both controllers know the current and voltage information from both 

converters. This allows the controllers to average the current and voltage values in per unit to 

create the desired current sharing ratio and bus voltage. While the communication network for this 

scenario is quite simple, the method can be extended to larger systems with varying interfaces 

between nodes. The information exchange would depend on the communication graph topology, 

and the current and voltage averaging in the controller would consider the connectivity of the 

nodes when performing its calculations via an adjacency matrix. 

 

The testing scenarios for this model included the activation of the control scheme and a 

nonlinear load change in the system. These tests were chosen to illustrate the performance of the 

control algorithm compared to a traditional droop control scheme and to show the transient 

performance of the algorithm in response to changes in operating point. The first scenario begins 

with the two converters operating under a traditional, fixed droop control scheme before the 

adaptive current control loop and adaptive voltage control loops are activated sequentially. The 

results from this scenario are shown in Fig. 19 and Fig. 20. The current loop is activated first, 

causing the droop resistance values to change while maintaining the same initial voltage reference, 

shown in the plots of Fig. 20. The droop resistances are adjusted to ensure that the converters are 

sharing in the specified 2:1 ratio for their power ratings. As seen in the top plot of Fig. 19, the 

output currents of the converters go from 4.7 A and 2.8 A to 5 A and 2.5 A, establishing the correct 

output power ratio of the converters. After the current control has reached steady-state, the voltage 

control loop is activated to drive the bus voltage to the nominal 400 V at 2.5 s.  

 

Once the voltage control is activated, the voltage reference supplied to each converter is 

adjusted to make the average output voltage equal to the required 400 V. Before the activation, the 

bus voltage was at 393 V (bottom plot in Fig. 19), and the controller adjusted the reference values 

to the converters (top plot in Fig. 20) to bring the bus voltage up to 400 V. 
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Fig. 19: Control Activation: Voltage and Current Response 

 

 

The activation stages show how the two control loops can act independently to adjust the 

current or voltage when there is a deviation from the expected value. When the voltage control is 

activated, the droop resistances are not affected because the sharing ratio has already been set by 

the current control loop and the current outputs are at their desired values. Since there is only a 

voltage mismatch in this scenario, the voltage reference is the only parameter that is adjusted by 

the voltage controller to bring the bus voltage to its desired point. 
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Fig. 20: Control Activation: Control Variables 

 

 

The second test scenario consisted of creating a nonlinear load change in the system while 

both the current and voltage controllers were active. The goal of this scenario was to view the 

transient response of the controllers during a change in operating point and to see how the 

controllers worked together to maintain the performance and stability of the system. Once again, 

the voltage and current response of the system and the control variables are shown in Fig. 21 and 

Fig. 22, respectively.  
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Fig. 21: Load Change: Voltage and Current Response 

 

 

In these figures, the adaptive controllers have already been activated when the load change 

occurs at 3 s. The load steps from 3 kW to 6 kW and the controllers react to increase the output 

current of the converters while maintaining the bus voltage at 400 V. Fig. 21 shows that both the 

voltage and current in the system react to the load change within approximately 0.25 s, and the 

control requirements are met both before and after the load change. When the load change occurs, 

there is a voltage sag reflecting the sudden increase in load as the converters attempt to meet the 

new demand, but after the transient period the converter currents return to the prescribed 2:1 

current sharing ratio and the bus voltage is restored to the nominal 400 V. The control variables 

act conjointly in this scenario since the load change causes errors in both current and voltage 
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values, as shown in Fig. 22. The droop resistances are modified to maintain the current sharing 

ratio, and the reference voltage for each converter must increase to compensate for the additional 

voltage drop along the lines connecting the resources to the DC bus caused by the increase in 

current. 

 

 

 

Fig. 22: Load Change: Control Variables 

 

Both above scenarios show the performance of the algorithm when applied to a simple 

system and the benefits possible over the conventional droop control scheme. However, further 

investigation is required to fully validate the control algorithm’s performance in systems with a 

higher degree of complexity and in larger scale, as would be expected for a real application. 
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3.3 Notional 4-Zone MVDC System 

 

To further demonstrate the capabilities of the adaptive droop control scheme, and to 

validate the scalability of the algorithm, another model is developed following the reference 

MVDC ship system architecture from Fig. 1. The model has been developed using the 

MATLAB/Simulink environment like the previously covered systems. To simplify the modeling 

process, a notional equivalent was created with similar structure and power ratings to highlight the 

behavior of the components and allow for the testing of the system level controls. Fig. 23 shows 

the top-level diagram of the ship power system. 

 

 

 

Fig. 23: Notional 4-Zone MVDC Ship Power System 

 

 

As seen in the above figure, many of the components from the reference architecture are 

present in the developed model, albeit with simplified versions. Some of the assumptions that were 

made in the modeling process can be seen in Fig. 24 – Fig. 26. As shown in the figures, the PGMs 

were modeled as controllable DC voltage sources with an internal fixed droop resistance value 

provided by the specifications in [4]. Because of the expectation for dual winding generators, each 

of the windings was modeled as a separate voltage source to achieve independent operation. This 

also requires that each PGM has two control inputs from the external control algorithm, one for 

each winding. The PGM model was simplified by assuming that the behavior of the real machine 
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along with the active rectifier connecting it to the main DC bus could be represented using the 

ideal DC voltage source with droop resistance. This also allowed the PGM to be modeled without 

needing the switching model and associated controls for the active rectifier section of the module. 

The droop resistance values for each PGM were derived from the power ratings of the main and 

auxiliary units, along with the no-load and full-load voltage requirements. 

 

 

 

Fig. 24: Power Generation Module Behavioral Model 

 

 

 

Fig. 25: Power Conversion Module Behavioral Model 
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Additionally, the power conversion modules were simplified by being modeled as an ideal 

DC/DC conversion from the 12 kV main bus to the 1 kV inter-zonal connection as shown in Fig. 

25. On the primary side, a controllable current source was used to represent the power draw from 

the main system. This value was then scaled by the conversion ratio 𝑛 and supplied to a 

controllable DC voltage source on the secondary side of the DC/DC transformer. The current being 

drawn from this source by the zonal loads was then scaled by the conversion ratio and supplied as 

the input for the current source on the primary side. The controlled voltage source also had an 

internal fixed droop resistance to manage the power sharing between the interconnected PCMs. 

An energy storage, modeled as an ideal current source able to sink and source power into the zone, 

was also included on the secondary side of each PCM. The energy storage module accepts an 

external input to control the amount of power being supplied or consumed by the device to control 

the charging and discharging behavior of the storage device. This allows for the option of an energy 

management algorithm to coordinate the distributed energy storage modules to supply extra power 

to the system and limit the ramp rate and power output requirements of the generators in the case 

of peak loading conditions or during large transients such as the operation of the electromagnetic 

railgun. 

 

 

 

Fig. 26: Constant Power Load Model 

 

 

The various loads throughout the system were modeled as controllable, constant power 

loads. This allowed for a common modeling process for all the loads, but variation was introduced 

through the power profiles provided for the individual types of system loads. To accomplish this, 

a controllable DC current source was used to sink the required amount of current based on the 
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external power reference input. This reference was divided by the measured terminal voltage at 

the load and supplied as the current reference to the ideal source. 

 

In addition to the main system components, simplified models were also created for the 

connecting infrastructure such as the cables and switchboards. The cables throughout the system 

were modeled as series impedances with resistive and inductive components. The switchboards, 

located at the periphery of each zone, were modeled as groups of ideal switches with an external 

switch state reference for each connection. This provides the option to reconfigure the system 

under different operating conditions for case studies such as fault isolation and reconfiguration. 

This could also allow for the disconnection of the various sources and loads when operating under 

an energy management algorithm focused on optimizing the efficiency of the generators for a 

given loading condition, or for disconnecting the various loads during peak conditions using a load 

shedding strategy. 

 

A highlight of the important system values and ratings can be found in Table 2. The power 

ratings for the main and auxiliary PGM units were used to determine the fixed droop resistance 

values for each winding. The internal droop resistance for each PCM was also found using the 

same strategy for the same no-load and full-load values. 

 

Additionally, the major mission loads were controlled using power profiles representing a 

notional battle scenario. In these profiles the electromagnetic railgun and LASER systems are fired 

numerous times throughout the scenario as expected in an actual encounter. The propulsion and 

zonal service loads are also varied throughout the case. The individual load profiles for the battle 

scenario can be seen in Fig. 27, with the aggregate load also being shown. The propulsion and 

service loads are split between the two PMMs and four zonal loads, respectively. The railgun and 

LASER profiles are applied to the individual loads located in zone 2 and zone 4, respectively. 

 

As seen in the figure, the propulsion motors present the largest load in the system, peaking 

at approximately 35 MW, and the railgun presents the main pulsed load to the system firing in four 

bursts of ten shots requiring 20 MW of power over the course of the scenario. The LASER is also 

active at two different times in the case study, presenting a pulse load of 1 MW while it is in 



53 

operation. Finally, the service load distributed throughout the zones increases for a period before 

returning to its original value and varies randomly within approximately 1 MW from its base value 

of the course of the study. 

 

 

Table 2: 4-Zone MVDC Ship System Parameters 

Description Value 

MPGM Rated Power (MW) 34.48 

APGM Rated Power (MW) 4.48 

PGM Nominal Voltage (kV) 12 

PGM No-Load Voltage (p.u.) 1.05 

PGM Full-Load Voltage (p.u.) 0.97 

 Zone 1 Zone 2 Zone 3 Zone 4 

PCM Rated Power (MW) 10.64 10.64 9.17 9.17 

Energy Storage Capacity (MJ) 5 5 5 5 

Zonal Load Nominal Power (MW) 2.73 4.17 2.91 2.8 

 

 

 

Fig. 27: MVDC Ship System Loads 
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To validate the performance of the control algorithm, the adaptive droop method was first 

implemented in the MATLAB/Simulink environment along with the ship system model so that the 

control could be run at the same time step as the rest of the model. This also allowed the use of 

multiple cores on the Opal-RT simulator for running the real-time simulation. The control 

algorithm was implemented like the two-converter simulation presented in Fig. 17, but the 

additional generators required a larger number of control implementations along with a larger 

communication network. This communication network is shown in Fig. 28. As seen in the figure, 

the two-winding generators required an adaptive controller for each winding, so each PGM was 

split into separate controllers for the port and starboard sides. A logical ring network was used to 

determine which controllers would communicate with each other to achieve consensus in the 

voltage and current values being controlled. To accomplish the ring, each controller communicated 

with the opposite winding of its respective PGM along with another PGM winding that was as 

close to the controller as possible. 

 

 

 

Fig. 28: Ship System Power Management Communication Architecture 

 

 

As in the previous case studies, the state variables for each controller were created by 

converting the voltage and current of each device into per unit based on the voltage and power 

ratings for each PGM. The voltage state was created by averaging the controller’s local voltage 
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value with the values provided by its neighboring controllers and was driven to a reference value 

of 1 p.u. for the average of each three sets of controllers. The current for the set of three neighbors 

was also averaged, and this average was used as the reference value for the controller, with the 

state variable being the controllers local current value. This forces each of the controllers to drive 

their device’s output per unit current to the average of all the other per unit current outputs in the 

system, creating a proportional current sharing among all the devices in the system based on their 

power ratings. 

 

The battle load scenario, along with the 10 adaptive controllers were implemented in two 

cores on the Opal-RT simulator running at a 50 µs time step. The simulation was run in real-time, 

and the results from the case can be seen in Fig. 29 – Fig. 31.  

 

 

 

Fig. 29: PGM Current – Simulated 

 

 

The first of the plots shows the current of each PGM winding for the battle scenario. The 

current output clearly follows the aggregate load profile from Fig. 27 for the scenario since there 

is no energy storage being used in the system to sink or source power for the pulsed loads. 
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Additionally, the current outputs can be seen at two different levels, showing the proportional 

current sharing created by the averaging of the per unit values. The six MPGM windings share 

equally at a higher output level than the four APGM windings due to their higher power rating. 

Fig. 30 shows a zoomed section of the current plot, highlighting the current sharing during railgun 

operation. As shown in this figure, the current output of each PGM follows the transient of 

switching between the charging and discharging of the energy storage for the EMRG and has a 

small amount of error in the current sharing immediately following each change before being 

regulated back to the correct values. 

 

 

 

Fig. 30: PGM Current – Simulated (Zoom) 

 

 

Additionally, the voltage profile for each PGM winding can be seen in Fig. 31 over the 

course of the battle scenario. As shown in the figure, the adaptive voltage control loop regulates 

the voltage of all the PGMs well within the bounds created by the internal droop resistances of the 

devices. Rather than the 8% voltage variation allowed by the conventional droop scheme, the 

adaptive controllers regulate the voltage to within 1% of the nominal 12 kV bus voltage over the 

entire operating range. The highest degree of voltage variation can be seen during the operation of 
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the EMRG as expected, but the voltage controllers quickly drive the average value of the voltages 

back to their reference value. 

 

 

 

Fig. 31: PGM Voltage – Simulated 
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CHAPTER 4 

 

EXPERIMENTAL VALIDATION 

 

 
4.1 Power Management Implementation 

 

The next step in the development and testing of the adaptive control algorithm was to 

deploy the code into hardware on distributed controllers and interface with the ship system model 

running in the real-time simulator. This allows for validation of the control’s performance when 

faced with real-world issues such as hardware limitations and communication delays, creating a 

more realistic scenario to test the control. 

 

The first step in this process was to restructure the model of the ship power system to be 

able to send and receive data through communication with the distributed controllers. The 

architecture of the Opal-RT unit being used for the experiments is shown in Fig. 32. In the previous 

studies, the system and the various controllers being used were all deployed onto the multicore 

CPU of the OP4510 unit, with the visualization of the data being sent back to the host computer 

via the ethernet connection. To interface with the external controllers, additional modifications 

needed to be made to remove the adaptive control from the system model and incorporate the 

communication protocols used to exchange data with the external hardware. 

 

 

 

Fig. 32: OP4510 Real-Time Simulator Architecture [51] 
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Additionally, the code developed in the MATLAB/Simulink environment needed to be 

converted into a useable form for the hardware controllers that were available to use. Since the 

available hardware for the distributed controller implementation was comprised on National 

Instruments RIO devices, this meant converting the control code from MATLAB/Simulink into 

LabVIEW. Specifically, a combination of sbRIO and myRIO devices were used for the control 

implementation, with the common RIO architecture being shown in Fig. 33. Due to the available 

hardware, the MPGM controllers were to be implemented using sbRIOs, and the APGM 

controllers used myRIOs. The main differences between the two types of devices are the amount 

of FPGA space available for user programming, but since the code did not fill the FPGA on the 

myRIOs, the function was essentially the same for the experiment. 

 

 

 

Fig. 33: RIO Platform Architecture [52] 

 

 

The communication for all the devices was over ethernet connections, but various standards 

were used depending on the devices that were communicating. To interface with the Opal-RT unit, 

UDP was used to send and receive the state information from the physical system and the control 

input from the power management layer. The communication over the ring network between the 

distributed controllers was accomplished using the data distribution service (DDS) specification. 

This publish-subscribe method allows for easy scalability of the system and real-time 

communications among the devices [53]. 
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The first scenario that was tested for the experimental validation was the same as in the 

simulated system. All the PGM units were active and proportional load sharing was desired, along 

with regulating the voltages in the system near the nominal 12 kV. Once again, the energy storage 

devices distributed throughout the ship system were not employed to provide any load 

management strategies since the goal of the experiment was to validate the hardware controllers 

against the simulated performance. The power system model running on the Opal-RT was solved 

at the same 50 µs time step as in the simulation, but due to the new hardware constraints the power 

management layer needed to be executed at a slower rate of 2 ms. This was primarily due to the 

timing required for the communication protocols to execute the transfer of data, instead of the 

core-to-core communication used in the simulated system. The results from this study are shown 

in Fig. 34 – Fig. 36. The effects of the slower time step for the execution of the power management 

layer can easily be seen when compared to the results from the simulated system. 

 

 

 

Fig. 34: PGM Current – Experimental (No Energy Storage) 

 

 

Looking at the long-term current plot in Fig. 34, the results appear similar to the simulated 

system, albeit with a bit more variation during the operation of the EMRG. However, the 
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proportional current sharing is still achieved between the main and auxiliary PGM units. When 

zoomed in to observe the system’s behavior during the firing of the EMRG some differences can 

be noted. Primarily, due to the slower time step of the power management in the experimental 

scenario, the current control does not respond as quickly as in simulation. This factor is most 

apparent in the first cycle of the railgun, where there is a clearly distinguishable error in the current 

sharing performance. However, as the railgun continues to cycle the adaptive control scheme 

adjusts the control parameters to improve the performance over time. This can be seen in Fig. 35 

as the current sharing becomes more accurate as the railgun continues to fire. Quantitatively, the 

percent error in the current sharing can be calculated by taking the mean percent error of each 

PGM winding’s current output from the average of all the currents in per unit. This calculation 

shows that the mean percent error in the current sharing starts at 5.38% for the first pulse, followed 

by 2.66%, 1.66%, and 1.21% for the next three pulses as the control parameters are adapted. 

 

 

 

Fig. 35: PGM Current – Experimental (No Energy Storage, Zoom) 

 

 

The effect of the slower control time step for the power management algorithm can also be 

seen in the voltage plot of Fig. 36. While the voltage is still regulated closely to the nominal 12 
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kV of the DC bus, there is an increased amount of variation that can be seen during the operation 

of the railgun. Over the entire scenario the average percent error for the voltage control is 0.39%, 

but there are higher spikes in the error during the firing of the railgun. During these times, the error 

in the voltage regulation can spike up to 2.5%, showing the slower response of the control 

algorithm running at the slower time step. However, the steady-state regulation is quite accurate, 

and even during the transient periods the voltage remains well within the 8% variation allowed by 

the conventional droop scheme. 

 

 

 

Fig. 36: PGM Voltage – Experimental (No Energy Storage) 

 

 

These results validate the performance of the control algorithm when applied to the 

distributed hardware controllers. While the performance of the algorithm is lower than in the 

simulated scenario, this is to be expected due to the hardware constraints and additional delays 

introduced to the control scheme by the processing time of the controllers and the time required 

for the communication. However, the algorithm still performs as expected and successfully 

regulates the power sharing among the distributed PGMs while maintaining the bus voltage 

stability. 
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4.2 Implementation with Energy Management 

 

The next step in testing the control algorithm was to add in the use of the energy storage 

modules distributed throughout the ship to reduce the ramp rates on the PGMs during the system’s 

operation. Due to the idealized modeling of the components, there is no way to limit the ramp rate 

of the generators at the source side since they are ideal voltage sources. However, in a real ship 

power system it is expected that the generators have limits set for their ramp rates, reflecting the 

physical limitations of the machines, and preventing damage under rapidly changing conditions. 

Therefore, it is desired to implement a load-side management to inject power into the system to 

limit the ramp rate of the generators during sudden increases in load and absorb the extra power 

during load decreases. To accomplish this, another five RIO controllers were implemented for the 

distributed energy storage modules throughout the system (one in each zone and one at the 

EMRG). The method for the control algorithm is outlined in [54], [55]. The ramp rate set for this 

scenario was 1 MW/s per generator, leading to a total maximum ramp rate of 5 MW/s. The energy 

management algorithm controlled the storage devices to provide power whenever this ramp rate 

was breached, and then controlled the recharging of the devices when the system was within the 

operational limits. 

 

The results from this scenario are shown in Fig. 37 – Fig. 39. The main differences from 

the previous case study can be seen during the operation of the railgun. During steady-state, the 

energy storage modules are largely inactive, but when the railgun begins to fire and violates the 5 

MW/s ramp rate of the generators, the storage devices provide the required power to smooth out 

the load. While the main transients from the railgun are negated by the energy storage, the PGMs 

still ramp up their power output to support the load and recharge the storage devices between shots, 

leading to the increased current outputs seen during the railgun operation. Taking a closer look at 

the current outputs, Fig. 38 shows a zoomed in section of the plot while the railgun is in operation. 

As seen in the figure, there are still spikes in the output whenever the transients occur, but this is 

mostly offset by the energy storages and the overall ramp rate is limited quite well. This leads to a 

much higher performance by the power management layer since it is not having to track a rapidly 

changing reference value like in the previous case study. This is also reflected in the mean percent 

error for the current sharing performance. With the addition of the energy storage devices, the 
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percent error in the current sharing is an average of 0.91% over the case study and is 1.48% during 

the operation of the railgun. 

 

 

 

Fig. 37: PGM Current – Experimental (with Energy Storage) 

 

 

Similar results can be seen looking at the voltage plot of Fig. 39 for the case study. Once 

again, the voltage regulation of the power management is quite accurate over the entire scenario, 

averaging a percent error of only 0.16%. Additionally, the maximum errors encountered during 

load transients was reduced to 1%. By limiting the ramp rate of the generators, and thereby the 

transients in the load profiles, both the voltage and current management algorithms saw 

improvement in their performance for the same control time step. This also validates the 

performance of both algorithms for a realistic scenario in which there are physical limitations of 

the generation devices, requiring the coordination of both source and load control strategies to 

maintain the system requirements. 
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Fig. 38: PGM Current – Experimental (with Energy Storage, Zoom) 

 

 

 

Fig. 39: PGM Voltage – Experimental (with Energy Storage) 
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In addition to the energy management controlling the energy storage devices within the 

ship system, the power management needs to be able to receive power references for each device 

from an energy management algorithm that optimizes the allocation of the generators based on the 

mission profiles. Therefore, another experiment was conducted running the power management 

algorithm with varying power references for the PGM units based on a simulated energy 

management. Since it is assumed that the energy management layer will run at a slower time step 

than the power management algorithm, the power reference values coming from the optimization 

layer were used as the nominal power value for each PGM to establish proportional sharing 

between the devices based on the reference setpoints. This allows for changing load conditions in 

between execution cycles of the energy management where the reference values may not equal the 

load demand. 

 

 

 

Fig. 40: Current Profile with Varying Power Setpoints 

 

 

The load profile for this case was the same as in the previous experiments, and the energy 

storage devices were not used for buffering the required power during transient periods. The 

power references for the main PGM units were varied over the course of the battle scenario, 

starting with equal sharing for the first burst of railgun firing. Following this period, the rating 
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for MPGM1 was reduced to 20 MW, while MPGM2 and MPGM3 were set at 30 MW creating a 

2:3 sharing ratio for the MPGM units. The next setpoints tested were 25, 30, and 35 for MPGM1, 

MPGM2, and MPGM3, respectively to demonstrate the ability for the controllers to establish 

their independent setpoints. Finally, the references returned to equal sharing for the conclusion of 

the battle scenario. Fig. 40 and Fig. 41 show the results from this experiment, with the overall 

current profile in the first figure, and the latter highlighting the periods during railgun operation. 

As seen in the figures, the setpoints created by the simulated optimization layer were 

successfully established by the power management algorithm. Since the values were used to 

establish proportional sharing among the generators, the power management was able to 

maintain the sharing ratio even during large load changes that would result in the energy 

management references not meeting the load flow constraints for the system, such as during the 

operation of the railgun. This method allows the power management to maintain the stability of 

the system during rapid load changes that would occur within the time step of an energy 

management algorithm. 

 

Fig. 41: Railgun Operation with Varying Power Setpoints 
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CHAPTER 5 

 

CONCLUSION 

 

 
This dissertation reports on the proposed distributed adaptive droop control method for 

power management in DC distribution systems, with this work focusing primarily on the naval 

ship power systems application. The goal of this algorithm is to accurately regulate the power 

sharing among distributed generation devices, while also maintaining the bus voltage stability of 

the distribution system. 

 

Multiple types of control architectures and methodologies are presented in this report, with 

a focus on the hierarchical control strategy proposed for energy and power management in the 

future MVDC ship power systems. This architecture incorporates the distributed control developed 

for use in the power management layer. A review of the classical power management method for 

DC systems, droop control, was presented along with recent methods of improving the 

performance of the control scheme. Ultimately, adaptive control was chosen as the primary 

candidate for this application for its stability properties and on-line tuning of control parameters. 

 

The preliminaries for adaptive control were presented, along with the three main methods 

for model reference adaptive control. The stability of each algorithm was proven and the 

differences between the three was discussed. Combined model reference adaptive control was 

chosen for implementation for its robustness and performance benefits possible through the 

combination of the direct and indirect model reference adaptive control methods. 

 

Multiple simulated systems were developed for testing the adaptive control algorithm, 

starting with a simple first-order plant example, and then building in complexity and scale. This 

development led to the creation of a notional 4-zone MVDC ship power system for testing the 

power management algorithm under various operating conditions and loads representative of a 

real-world scenario. The performance of the adaptive control scheme was tested for each of the 

systems and was validated to achieve the goals of the power management layer. 
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Finally, the control algorithm and ship power system model were restructured to facilitate 

experimental testing of the algorithm in distributed hardware. The adaptive control algorithm was 

deployed onto 10 distributed controllers with a communication network between the agents and 

the system running in the real-time simulator. The power management algorithm was tested for 

the same scenarios as in simulation with the constraints imposed by the physical hardware’s 

capabilities and communication latencies. The results from the experimental testing were 

compared to the simulated system, and the performance of the algorithm was again validated. 

Additionally, the method was tested in conjunction with an energy management layer for energy 

storage devices to buffer the pulsed loads on the system for a more realistic operational scenario, 

and for testing the reference tracking of the power management algorithm through a simulated 

optimization layer of energy management. 

 

In summary, this dissertation has shown the necessity of advanced controls for future 

MVDC ship power systems and has developed an adaptive droop control for application in the 

power management layer. The algorithm has been proven stable and the performance has been 

validated in multiple scenarios, both simulated and experimental. In all cases, the adaptive droop 

control has been shown to accurately regulate the current sharing among distributed generation 

sources and has maintained the bus voltage of the system well within what is achievable through 

the conventional droop control method. 

 

Recommendations for future work include the investigation of higher-order models for the 

plant and reference model in the adaptive control algorithm. While this will add computational 

complexity to the system, the performance benefits of the additional information have yet to be 

determined. Additionally, further study into the effects of the communication latency and 

execution time step on the performance of the control to see if the benefits of a faster execution 

cycle would outweigh the associated costs for hardware selection and implementation. Finally, 

while the control has been proven for the notional MVDC ship system, one of the main areas that 

has not been addressed is how the power management layer will react to reconfigurability. Every 

study thus far has been focused on a static ship system, so future work could look at the impacts 

of ship system configuration on the power management layer’s performance, and what needs to be 
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modified in the control architecture to successfully control different loads and sources being 

disconnected and reconnected as the system reacts to fault or damage conditions. 
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