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ABSTRACT 

 

The increase of electric power demand for advanced weapons and combat systems in all-electric 

ships (AES) including electrical propulsions, electromagnetic rail-guns, lasers, radars, and sensors 

relies on future advanced integrated power systems. The U.S. Navy has predicted that future 

integrated shipboard power systems will be DC power distribution systems (DC microgrids). To 

achieve the system’s objectives or missions, power flows among distributed resources (DR) and 

load devices in these systems have to be properly regulated. 

 Therefore, the main objective of this dissertation is to control the power flows among 

distributed devices in DC microgrids. Control of the power flows in DC microgrids involves 

controlling the current sharing among DR and stabilizing the DC bus voltage. To fulfill these 

control objectives, voltage droop control has been utilized. However, there is a tradeoff between 

current sharing among DR and DC bus voltage stability when droop control is used in DC 

microgrids, as current sharing approaches set points, bus voltage deviation increases.  

Previous studies have suggested using secondary control utilizing linear controllers to 

overcome the drawbacks of droop control. However, linear control design depends on an accurate 

model for systems. In many other applications, where the parameters of systems are known, the 

linear control techniques are superior. Nevertheless, the derivation of such an accurate model is 

challenging in DC microgrids because the noise and disturbances caused by the coupling between 

sources, loads, and switches in microgrids are under-represented. This under-representation makes 

linear modelling and control insufficient. Hence, the adaptive control is a worthy choice because 

of its ability to deal with the model uncertainty. 

The robust adaptive control method developed and utilized in the Dissertation is based on 

model reference adaptive control (MRAC) because it provides DC microgrids the ability to deal 

with the uncertainty and ensures the system's stability. However, the main problem of the 

conventional adaptive method is that the high-speed adaptation results in a high oscillation of the 

transient response in adaptive systems. The limitations in the conventional method limit itself from 

applications. Thus, a new class of adaptive method based on the closed-loop reference models 

(CRM) has been suggested in literature to minimize the oscillatory effect of the conventional 
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method, specifically for aircraft systems. Yet, the CRM with fixed adaptation gain still finds 

challenges in dealing with different operating points and is sensitive to noise and disturbance. 

Therefore, this research proposes a modified CRM for a robust response in the system. The first 

modification made is the integration of the normalization technique and parameters projection 

algorithm in the CRM. The next modification made is scheduling the adaptation gain for various 

operating points in the system. These modifications are proved to be stable following Lyapunov. 

Finally, the application of the developed robust adaptive method in a distributed control 

framework to adjust the droop characteristics to satisfy both current sharing and DC bus voltage 

stability criteria in DC microgrids is proposed and analyzed. Simulation results and experimental 

validation on a 400 �  microgrid show that the adaptive method precisely shares current between 

two DR and maintains the nominal bus voltage in various scenarios of islanded mode and grid-

connected mode. 
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CHAPTER 1 

INTRODUCTION 

 

Future AES will incorporate advanced electrical, electronic weapons and combat systems, which 

are electromagnetic railguns [1], air and mission defense radars [2], high-energy military lasers 

[3], and electrical propulsion motors [4]. The increase of electric power demand for these devices 

together with the limited energy capability in the local electric power generations for essential 

supports has prompted the development of the next generation integrated power systems (NGIPS) 

for AES [5]-[6]. Therefore, development of future AES requires advanced control systems to 

ensure the system’s operation. In this chapter, an overview of electric ship power systems is given. 

Then, literature review on existing control architectures and control schemes for microgrids are 

conducted and discussed for the technology gaps. Next, research motivation of distributed adaptive 

control for these systems to fulfill the gaps is presented. Last, contributions and outline of the 

dissertation are summarized. 

1.1 Next Generation Integrated Power Systems 

 The NGIPS technology road map indicates that the advanced electric weapons and combat 

systems integrated in AES and submarines require improvements of the power density and energy 

affordability of Navy power systems. The implementation of appropriate electrical architectures, 

systems, and components must be developed and accomplished. An appropriate architecture 

includes the use of common elements such as electrical distribution systems, energy conversion 

units, and power control units.  

In the evolution trend indicated in NGIPS technology roadmap, there are multiple 

distribution systems under consideration for the future AES such as medium voltage AC (MVAC) 

systems, high frequency AC (HFAC) systems, and medium voltage DC (MVDC) systems. The 

consideration of these systems depends on the limitation of technology.  Indicated in the roadmap, 

DC distribution systems are under consideration to replace all AC systems for the future AES 

generations. DC distribution systems provide competitive advantages compared to the AC 

distribution systems, such as power loss reduction, reduced number of control parameters, and less 

complexity in power analysis [7]. Following the roadmap, there has been research in system 
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architectures, control methods, modeling and fault protection for AES [8]-[11]. An example of 

such an MVDC power distribution system for AES, which is the “IEEE Recommended Practice 

for 1 kV to 35 kV Medium-Voltage DC Power Systems on Ships.” is recommended in [11]. The 

recommended MVDC system includes distributed generators, an energy storage, propulsion 

motors, a defense radar, and a pulsed-power load (electromagnetic rail-gun) shown in Fig. 1.1. 

 In general, MVDC ship power systems are understood as islanded DC distribution systems 

(DC microgrids) that can consist of the following essential electrical components: 

- Power generation modules (PGM): These modules are main and auxiliary gas-turbine 

generators (MTG and ATG), which interconnect to the distribution system through the 

power conversion devices (AC/DC rectifiers) to supply power to the system.  

- Energy storage modules (ESM): These modules are essential as backup power resources to 

support the power systems when necessary. An example of conditions, in which ESM is 

used is when demands of load devices exceed the supply capability of PGM.    

- DC Power distribution modules (PDM): These modules include cables and switchgears to 

form two main distribution buses, the port bus and the starboard bus for distributing power 

from sources to loads.  
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Fig. 1.1. The SPS DC architecture. 
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- Propulsion motor modules (PMM): These modules are the primary movers including 

propulsion motors and electric drive systems to drive ships. 

- Power load modules (PLM): These modules can be categorized into uninterruptible, short-

term interrupt, and long-term interrupt types. Examples of uninterruptible loads are the 

combat systems, which are propulsions and radars. The short-term and long-term 

interruptible loads could be the electromagnetic rail-gun because it operates only when 

there is an opponent in combat mode. Load devices can also be classified into battle loads 

(radars, rail-guns, and lasers) and service loads (propulsion and hotel loads.) 

- Power control modules (PCON): These modules play a role as a brain of the system. It 

comprises of control and management algorithms, which co-ordinate the operations of the 

previous module to ensure that all missions of the system are achieved. 

As observed, MVDC ship power systems are complex and highly nonlinear as they contain 

numerous nonlinear devices, which are switchgears, power switching devices, nonlinear load 

devices. Moreover, there are high power devices such as lasers, rail-guns, and propulsion motors 

incorporated in these systems. The energization of these nonlinear high power devices results in 

the fluctuation of the system bus voltage, which may cause the system to collapse. The nonlinear 

nature in the system accounts for various problems happening inside the system including the 

system’s stability, control, and optimization. Therefore, research has been made to investigate the 

system’s behavior and performance through simulation tools, hardware-in-the-loop techniques, 

and small-scale experiments. However, there is still a poor understanding in the field of modeling, 

analysis, and control for these systems. Thus, there is a need to have a deeper understanding of the 

system’s behavior and performance through system modeling to design a control scheme for the 

system, which maintains systems’ stability, increases the systems’ resiliency, efficiency and 

ensures the missions achievable in an optimal manner. 

1.2 DC Microgrids: Representation of MVDC Ship Power Systems 

As introduced previously, MVDC ship power systems are islanded DC microgrids. Hence, 

this section gives an overview about microgrids, and conducts a literature review on existing 

control architectures and current research trends for microgrids, especially for DC microgrids.  
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1.2.1 Microgrids Concepts and Operations 

The definition of microgrids is that they are small power systems consisting of clusters of 

DR, which provide power to their local area [12]-[23]. In addition, microgrids play very important 

roles in residential power systems. They increase the quality of environment by using friendlier 

DR (renewable energy systems). Moreover, they contribute to create the smart grids concept, 

which increases the power grid flexibility (plug-n-play) and efficiency as they can operate on 

different modes and scenarios. Therefore, microgrids can benefit both the customers and utility. 

Microgrids engage the following main components: First, a microgrid must come with a 

power distribution system to supply power to its local area. AC distribution systems characterize 

systems as AC microgrids, and DC distribution systems characterize systems as DC microgrids. 

Second, the most important part in microgrids is the integration of DR. Common types of DR 

include distributed power generation (DG) systems and distributed energy storages (ES). These 

DG refer to fuel-based generators such as gas and diesel generators, and renewable energy 

resources such as wind energy, and solar energy systems. The ES are the batteries, fuel cells, 

flywheel, and super capacitors. The last parts in microgrids are the distributed load devices across 

the distribution system, which can be AC and DC load types. 

Microgrids have two main operation modes, which are the grid-connected mode and 

islanded mode. In the first mode, the microgrids are required to interchange power with utility. In 

the second mode, there is no interconnection or power interchange between microgrids and utility. 

The mode of operation is determined by a control system, which operates based on the objectives 

of the system. 

1.2.2 Power Control and Energy Management 

In microgrids, there are various types of DR and loads with various dynamics and 

depending on modes of operation. Thus, real-time energy management and power control 

strategies are required to ensure an autonomous operation of the system and to guarantee the 

system’s performance. A general management and control architecture for a microgrid is indicated 

in Fig. 1.2. In this architecture, the control systems are classified hierarchically into two main 

control levels. The upper level is specified as an energy management system and the lower level 

is specified as power control system. Each level has its own tasks to ensure the operation of 

microgrids based on the requirements of these systems. 
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1.2.2.1 Energy management 

There are various energy management strategies, which can be found in [16], [18]. In such 

management systems, there are critical data resources required to provide the energy solutions. For 

example, in the energy management strategy for improving economic performance, data from 

customer load (both historical and present data) is needed for the purposed demand forecasting. 

The information from sources is also necessary for source power and energy prediction purposes. 

The acquired information together with market information [16] or load demand [21] is processed 

and optimized in the real-time management unit for the optimal control commands sent back to 

the local controllers of sources and loads to minimize the economic cost of operation.  

 

Fig. 1.2. Microgrids power and energy management. 
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 There are key benefits that microgrids receive from a real-time energy management system 

in different modes of operation. First, the management system helps microgrids to operate in the 

islanded mode as well as in the grid-connected mode. Second, it is based on the forecasted 

information to subsequently control the power sharing between DR in order to meet load demand 

or to shed the non-critical loads when there is a lacking power/energy support from the DR. Third, 

it also stabilizes the output voltage/frequency including damping the oscillation and restoring the 

nominal levels. Last but not least, in the long-term it helps microgrids to optimize the process of 

operation including minimizing the economic cost, and maximizing the power output of renewable 

energy units.  

It is denoted that the energy management plays a role in scheduling the working mode of 

components in microgrids. Results of scheduling are the power references, which are regulated in 

the power control level underneath. 

1.2.2.2 Control of microgrids 

To follow the power references from the energy management system, control systems for 

physical devices level and system level are required. Therefore, control in microgrids can be 

divided into two main control levels, which are the device control and system control (power 

control). 

In device level, the utilization of power electronics interfaces (PEI) in microgrids is 

essential. Primary use of PEI is to provide power to the system and to ensure the nominal bus 

voltage, and frequency [15]. A DR often connects to the distribution system of microgrids through 

a PEI to manipulate the energy exchange at the point between DR and the systems (IEEE 1547). 

There are various types of power electronic interfaces that manage the power flow of DR. [16] 

lists PEI available for the most common types of resources in microgrids such as photovoltaic (PV) 

systems, batteries, or turbine generators. To ensure the functionalities of PEI, a control system 

called device control must be deployed. For example, each PEI in AC microgrids is required to 

control the AC voltage and frequency at its terminal. In DC microgrids, each PEI is required to 

control the DC bus voltage at its terminal. 

There are multiple DR with multiple PEI in microgrids in connection with each other, 

which likely causes a circulating power flow in the systems. The circulating power flow causes 

unexpected voltage and frequency fluctuation and deviation in the system, which may drive the 
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system into instability. Therefore, a control algorithm, which is the power control level located 

above the device control level to coordinate the operation of DR to regulate the power circulation 

in the systems is mandatory. The power control level adjusts the outputs (voltage and frequency) 

of  one individual DR in coordination with other DR to share appropriate power portions of each 

DR. Sharing power among DR partially guarantees the desired bus voltage and frequency stability 

[20]-[24]. Specifically, in AC microgrids, the power control level maintains the system frequency, 

stabilizes the AC distribution bus voltage, and shares real and reactive power among DR. In DC 

microgrids, the power control level stabilizes the DC distribution bus voltage and shares power 

among DR. 

1.2.3 DC Microgrids  

More attention has been devoted to AC microgrids. However, there are numerous issues in 

AC microgrids that make them less competitive to the DC microgrids, such as AC voltage and 

frequency synchronization among DR, the inrush current caused by transformers, reactive power 

Table 1.1: Comparision between AC and DC Distribution Systems 

Types AC Distribution DC Distribution 

Control - Real, reactive power control 

- Voltage, frequency monitoring  

- Less requirement in power 

conversion 

- Real power control 

- Voltage monitoring 

- Strict requirement in power conversion 

Impedance 

 

- Large resistance caused by three-

line or four-line structure and skin 

effect in AC current flow 

- Reactance in the line 

- Present high loss due to high 

resistance 

- Small resistance because of the two-line 

structure and no skin effect in DC 

current flow 

- Reactance does not exist 

- Produce low loss due to small resistance 

Power 

Analysis 

- Existing reactance and reactive 

power must be included in power 

analysis  

- Magnitude and phase are included in 

the voltage and current analysis 

- Complex analysis of the unbalance 

in three-phase system 

- No reactance and no reactive power are 

involved in power analysis 

- Only magnitude is cared in the voltage 

and current analysis 

- Non-existing unbalanced phenomenon 
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flow, and unbalanced three-phase loads. In contrast, DC microgrids do not need to control the grid 

frequency. They have pure active power and two-wire transmission systems. Moreover, the need 

to use primary DC output sources, such as PV modules and fuel cells, make DC microgrids much 

more attractive and promising [24]. The advantages of DC microgrids over AC microgrids are 

analyzed in TABLE 1.1 [25].  

In addition to the analyzed advantages of DC microgrids, other factors that contribute to 

increase the applicability of DC microgrids have been made including the current advancement of 

power electronics for power and energy conversion technology, the popularity of renewable energy 

resources, and development of energy storages with higher power and energy density. Examples 

of the current DC microgrids applications are solar energy systems, wind energy systems [26], and 

commercial facilities such as office buildings, banks, and data centers [27]-[29]. A basic structure 

of DC microgrids consists of DC distribution systems, DR, power electronic converters, and 

distributed loads with the following properties: 

- Distribution system: DC distribution feeders, which contain a point of common coupling 

(PCC) for possible utility grid connected or islanded modes. 

- DR: Fuel-based generators, including gas turbine and diesel types; renewable energy 

resources including solar and wind energy systems; and energy storages including fuel cell, 

batteries, and super-capacitors. 

- Power electronic interfaces: Rectifiers for AC resources, inverters for AC loads, and 

DC/DC converters for DC resources and loads are the main types of power electronic 

interfaces utilized in DC microgrids. 

- Distributed loads: DC loads, AC loads. 

Aforementioned, the coupling among DR in DC microgrids may cause unexpected power 

circulation. The power circulation causes bus voltage deviation and leads the systems into 

instability. Therefore, the main objective of control in DC microgrids is to coordinate all DR to 

ensure power (current) sharing among them and to ensure the stability of DC distribution voltage. 

In order to fulfill these control objectives, a control system architecture and deployment of a 

control scheme are required to coordinate the operation of DR. 
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1.3 Distributed Adaptive Control Motivation 

A microgrid, through its control system, must ensure all of the subset functions in different 

scenarios, such as satisfying load demand and improving the system’s efficiency. As mentioned, 

the main control concerns in DC microgrids are power sharing between DR and the bus voltage 

stability. In order to obtain the objectives, a control architecture to coordinate the operation of 

devices is required. These objectives could be accomplished through one of the three main types 

of control architectures, which are centralized, decentralized, and distributed controls. Deployed 

in each control architecture are the controllers with a control algorithm to ensure that the overall 

control system meets the requirements. Control algorithms applied in the system vary from linear 

control such as proportional integral (PI) and linear quadratic regulator (LQR) controllers to 

nonlinear control such as hysteresis and adaptive controllers. 

1.3.1 Control Architectures Review 

1.3.1.1 Centralized control 

The centralized control may be understood as a centralized hierarchical control [16], [24], 

[30]. This architecture consists of two control levels, which are the local control and central 

control. An example of such a structure is shown in Fig. 1.3. In this figure, the local controllers in 

the first level include local source controllers (LCS ) ( = , , … ,  to do the droop control 
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Fig. 1.3. Centralized control architecture. 
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method and local load controllers (LCL ) ( = , , … , . The second control level includes a 

microgrid’s central controller (MGCC). 

In details, the MGCC is responsible for managing the microgrid’s operational performances 

such as voltage stability, as well as the efficiency and economic performance. It receives the 

information from local controllers and from a data acquisition system to carry out energy 

management strategies and then sends the commands to the local controllers, which is the power 

dispatch information and voltage information to the DR or shedding information to loads. The 

local controller LCS  associated with DR  operates based on the power electronic interfaces to 

perform the voltage and current control based on the commands received from the MGCC. Another 

local controller LCL  installed at a controllable load  could also perform the power commands 

such as load shedding received from the MGCC.  

 As analyzed, the centralized control has advantages in terms of central information 

processed in a central controller. Therefore, it needs no synchronizations in the acquired 

information. However, the central architecture exposes many problems such as the need for large 

number of sensor and control cables, and computational challenge for the central controller to 

execute real-time power and energy management strategies. Moreover, the reliability of the 

architecture is low, because any of the MGCC’s issues resulting from sensors or error in control 

information could lead the system to instability. 
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Fig. 1.4. Decentralized control in microgrids. 
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1.3.1.2 Decentralized control 

Another type of control architecture, the decentralized one is a control method with little 

or no communication, shown in Fig. 1.4. Fundamentally, this is a control architecture, where each 

local controller (LCS or LCL) performs its own objectives instead of that of the global system’s 

[31]-[33]. In decentralized control, each local controller of each DR will keep its converter 

operating independently within a specified voltage range and do the droop control method. The 

voltage deviations are proportional to the droop resistances and lead to the choice of reduced droop 

resistances in order to avoid the large voltage deviations, which causes the system to be unstable. 

Additionally, this choice results in an undesirable current sharing between DR.  

 Analytically, the disadvantages in non-proportional power sharing between energy 

resources are caused by two main issues [41]. 

 The difference in DR output voltage: since each DR has its own dynamic characteristic, 

the local controllers are likely to be different from each other. As a result, the voltage 

differences appear among DR. Because the reduced droop resistances are chosen for 

minimizing the voltage deviation, the resulting difference in voltage creates a large change 

in the power sharing. 

 Distributed loads: The loads in DC microgrids are distributed and have plug-n-play 

characteristics. The equivalent resistance of each energy resource is unpredictable and it 

varies every time the load turned on or turned off. A possible adjustment comes from 

increased droop resistances, which nevertheless create another problem in the voltage 

deviation. Consequently, droop resistances are preferred to be reduced again, which results 

in an unbalanced power sharing among DR. 

As discussed, little or no communication between energy resources is present in the 

decentralized control because it is simple in implementation and it has the advantage of low cost 

in communication investment. However, it is not effective in power sharing criterion and it does 

not guarantee the quality of the bus voltage. The potentially undesirable power sharing among DR 

degrades the local source performance in terms of over-power sharing or under-power sharing. As 

a result, the overall system’s performance is not ensured. 
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1.3.1.3 Distributed control 

As mentioned above, the centralized control method is complicated, costly in information 

cables, and it results in a computational burden on the control processor. The decentralized control 

is limited in information exchange, which decreases the overall system performance. Thus, the 

third type of control architecture, distributed control is taken into account. Distributed control 

results in a reduced computational burden caused by the centralized control. Moreover, it improves 

the system control performance, which is limited by the lack of information exchange in the 

decentralized control. Research papers from [34]-[40] introduce examples of distributed control 

from consensus algorithms to distributed model predictive control. In DC microgrids, the 

distributed controllers perform power sharing between DR and stabilize the bus voltage. In 

addition, the distributed controllers in distributed loads may also perform load shedding when 

necessary to achieve the system’s performance criteria. As reviewed, a distributed control system 

can provide multi-agent systems the following benefits: 

- High modularity: Distributed control allows the independent operation of distributed 

resources and loads in multiple scenarios. Hence, distributed control improves the 

reliability of the system. 

- Communication system: The information exchange among distributed controllers permits 

them to generate solutions for the overall system.  

A generalized distributed control architecture for DC microgrids is shown in Fig. 1.5, 

where a distributed secondary control layer handles the microgrid stability. This layer includes 

secondary control for the distributed sources (SCS), secondary control for the distributed loads 

(SCL), and secondary control for the point of common coupling (SCC). 

Distributed control has been investigated more extensively for microgrid applications. 

[41]-[48] present the distributed control for microgrids with the focus on DC microgrids found in 

[41]-[44]. The distributed control for a DC microgrid is first implemented in [41], where the 

distributed PI controllers exchange the supplying current information between distributed 

controllers via CAN communication to determine the average supplying current value and 

compensate the voltage mismatch between DC/DC converters. Authors in [42] access the 

distributed control problem from another point of view, in which a distributed secondary control 

layer is designed. The first layer is the droop control and the second layer is the combination of an 
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average voltage controller and an average current controller. Communication is utilized for voltage 

and current information exchange between two controllers in the secondary layer. Recently, [44]-

[46] investigated a distributed communication platform to support the previous distributed 

secondary controllers in information exchange based on a consensus algorithm presented in [34]. 

Although the experimental data in these papers prove the capability of these methods in some 

conditions, the controllers designed based on system modeling and stability criteria have not been 

investigated yet. Moreover, the uncertainty due to the coupling between resources, loads, and 

disturbance likely reduces the control performance of the system based on linear control methods. 

Hence, a robust adaptive control method is required for improving the distributed control 

performance. 

1.3.2 Control Strategies Review 

In DC microgrids, the traditional control methodology is the conventional voltage droop 

control. Different types of droop control can be found in the literature [47]. In [47], the authors 

review five different types of the droop control for power sharing and bus voltage control. The 

droop control method is simple for implementation. However, the limitation of the method is that 

the enhancement of droop control in current sharing control affects the DC bus voltage stability, 

which is demonstrated in [41], [42]. For instance, large droop resistances result in a high accuracy 
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Fig. 1.5 Distributed control architecture. 
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in current sharing but high bus voltage deviation. On the other hand, small droop resistances result 

in the low bus voltage drop but an inaccuracy in current sharing.  

The restriction of the droop method motivates researchers to find ways to satisfy both 

current sharing and bus voltage stability. Recent efforts based on secondary compensation are 

found in [41]-[47] with the use of secondary linear compensation for bus voltage compensation 

and current sharing compensation. Indeed, the secondary control is still limited in control 

architecture but lacking in control system design to ensure the system’s objective and stability. 

Another trend of control is to find optimal droop characteristics [49]-[54] by using heuristics or 

linear control methods. It is apparent that the rule-based method does not present an automatic 

and/or optimal approach in control systems. Moreover, the compensation in such methodologies 

is not accurate. The adaptive droop approach based on a linear compensator is still vague in control 

system formulation and design. 

As reviewed, heuristics-based improvements for droop characteristics do not present a 

precise way to satisfy the DC microgrids’ performance criteria. More advanced methods using 

linear controllers are introduced, with the limitations of control design procedure. This is 

understandable since DC microgrid models are uncertain with coupling between DRs, loads, and 

distribution systems; and load disturbances, sensor noise, and unavoidable plug-n-play 

phenomenon. Hence, a control methodology, which is robust to the system’s uncertainty, needs to 

be explored. Among the control methodologies, adaptive control seems to be the best candidate 

because of the adaptation and stabilization capability.  

Adaptive control has evolved over the last four decades [55]-[57]. The developments 

seemed to slow down in the 1990’s with the limitations of the conventional adaptive control in the 

sense that faster adaptation rates produce increased oscillatory state responses. However, the 

interest in adaptive control has been renewed for the past decade, with the adaptive control 

structure changed for transient improvements. The advancements in adaptive control can be found 

in [58]-[65]. The first improvement in [59] is for the fast adaptation rate and improved transient 

response. Indeed, the assumption of initial state errors, which are assumed to be zero, are always 

violated. Moreover, the use of ℒ∞ norms to determine the boundedness in transient performance 

is not practical. Others based on the CRM are proposed in [60] and further investigated in [61]-

[65], which prove the stability, robustness and transient performance using ℒ  norms. However, 
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recent advancements are still sensitive to noise and disturbance. Moreover, the fixed adaptation 

gain at various operating points, which is popular in DC microgrids with plug and play 

characteristics, results in the substantial differences in the transient output. Therefore, the 

improvements of the adaptive method will be made for robust adaptive responses. 

1.4 Contributions of the Dissertation 

As stated, DC microgrids are very uncertain with time-varying parameters, noise 

disturbances, and thus it is impossible to have an accurate linear model representing the system. 

Therefore, the heuristics or adaptive droops using linear control methods do not possess a superior 

property to deal with DC microgrids control. As a result, adaptive control is a competitive 

candidate to deal with the aforementioned issues in DC microgrids. Remaining chapters, which 

elaborate the contributions of the dissertation are as follow:  

Chapter 2: Typical power converters utilized in DC microgrids for interconnecting DR 

with distribution systems are introduced. Then the droop control and its limitations are presented. 

Linear time-varying (LTV) models based on droop control are derived to describe the relationships 

between (1) current sharing and droop resistances, and (2) terminal bus voltage and droop 

resistances. 

Chapter 3: This chapter first introduces a class of model reference adaptive control called 

CRM. Further improvements in CRM utilizing normalization technique, projection algorithm, and 

adaptation gain-scheduling are proposed. Lyapunov analysis is carried out to prove the stability of 

the proposed control algorithm.  

Chapter 4: The developed adaptive control is applied in a revised distributed secondary 

control layer of the DC microgrids for the first time. Simulations for typical cases to verify the 

accurate current sharing and bus voltage restoration control in the system are studied and 

discussed.  

Chapter 5: This chapter presents an experimental set up and procedure to test the typical 

cases discussed in Chapter 4. Experimental results are then analyzed and compared with simulation 

results obtained to validate the proposed control system. 
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Chapter 6: Conclusions based on achievements in the previous chapters are summarized. 

This leads to possible future works in adaptive control for DC microgrids and other applications. 
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CHAPTER 2 

DC MICROGRIDS CONTROL AND MODELING 

 

The purpose of this chapter is to introduce the basics of control and modeling for DC microgrids. 

Control in DC microgrids is categorized into device control level and system control level [20]. 

Therefore, this chapter first discusses the device control level, which includes the voltage and 

current control of a specific device to ensure its proper functionality in the system. Located above 

the device control level is the system control (power control), which maintains the bus voltage 

stability and regulates power sharing among DR in the system. 

2.1 Device Level Control 

Aforementioned in the first chapter, a power electronic interface is required as a power 

exchange interface at the point, where a DR connects DC distribution systems. The connection 

point is called the point of DR connection, which is specified in the IEEE-1547 Interconnection 

Standard [11]. Power electronic interfaces with numerous topologies provide different dynamics 

and performances in the voltage and current responses. Therefore, suitable selections of interfaces 

to fulfill the design criteria of DC microgrids need to be considered. Since AC generators and 

energy storage are the common DR, the AC/DC and DC/DC interfaces are briefly reviewed for 

appropriate selections.  

2.1.1 AC Generator Interfaces 

To provide power to the DC distribution system, AC generators require rectifiers to 

convert AC voltage type to DC voltage type. There are two common types of rectifier, which are 

the passive and active ones. Overview of these types is carried out as follow: 

2.1.1.1 Passive rectifiers 

An example of a three-phase passive rectifier is the one that includes six diodes for three-

phase AC generation, which is shown in Fig. 2.1. Although diode rectifiers are simple in 

implementation, they produce the poor output voltage quality. For example, in heavy load 
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conditions, voltage drop and high harmonics are produced in the DC output voltage. However, in 

most of the cases, especially in the DC microgrid, the DC output voltage needed to be fully 

regulated in order to fulfill the objective of the system such as power regulation and bus voltage 
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Fig. 2.1. Diode rectifier. 

  

Fig. 2.2. Passive rectification. (a) Three-phase input current, and (b) DC output voltage. 

 

Table 2.1: Rectifier Parameters 

Parameters Values 

Input voltage ��−�) 208 V/60 Hz 

Input filter inductor ( ) 2.07 mH 

Input filter resistor ( ) 0.06 Ω 

NPC output capacitor (C) 380 μF 

Resistive load (R) 40 Ω 

 

(a)

IaIb Ic

278 V

15 V

(b)
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stability. Moreover, the harmonics in the AC generation side severely affect the electromagnetic 

torque of generators, which may cause damages or reduce lifetime in the generation system. 

Results from an example for a passive rectifier with parameters shown in Table 2.1 are indicated 

in Fig. 2.2. Results show that AC currents contain harmonics, as they are not sinusoidal. The non-

controllable DC output voltage has an average value of 278 V with a variation of 15 V (5.4 %). 

Thus, passive rectifiers are not preferred to achieve high-quality current and voltage in DC 

microgrids. 
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Fig. 2.3. Two-level active rectifier. 
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Fig. 2.4. Three-level active rectifier. 
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2.1.1.2 Active rectifiers 

Since there are limitations in the passive rectifiers, active rectifiers are utilized to overcome 

such limitations. Active rectifiers use the switching advantage of power electronic components 

such as IGBT, Transistor, and MOSFET to generate controllable DC output voltage and to 

eliminate harmonics in the AC generation side. There are various types of active rectifiers. Among 

these are common architectures introduced for the energy conversion from AC to DC such as the 

two-level active rectifier (Fig. 2.3) or the three-level active rectifier (Fig. 2.4). The three-level 

active rectifier is more complex than the two-level active rectifier, but there are advantages of 

using higher-level rectifiers. First, higher-level rectifiers support higher voltage levels conversion. 
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Fig. 2.5. Active rectifier control diagram. 

 

 

Fig. 2.6. Control loops of active rectifier. (a) d-q current control, (b) DC voltage control. 
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Second, they produce higher-quality DC output voltage with less harmonics in the AC generation 

side compared to lower-level active rectifiers. 

The common control diagram for two-level or three level active rectifiers is shown in Fig. 

2.5. In this diagram, the unity power factor algorithm is performed in the d-q reference frame. The 

PI voltage controller in the outer control loop based on the error between voltage reference �∗  

and feedback voltage �  to generate the current reference ∗  of the d-current controller in the inner 

control loop. The current reference for the q-current controller is designated as ∗ =  to achieve 

unity power factor in the three-phase input source. In the current controller, the term �  is chosen 

to eliminate the coupling effect in the current control level. Outputs of the current controllers are 

combined with input voltage sources ,  to generate the duty cycle for the pulse-width 

modulation block in order to manipulate the switching states of power electronic components 

inside the power electronic converter.  

  

  

Fig. 2.7. 400 V DC active rectification. (a) three-phase input current and (b) DC output voltage 

of a two-level active rectifier, (c) three-phase input current and (d) DC output voltage of a three-

level active rectifier. 
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In order to model DC microgrids, the relationship between the active rectifier DC output 

voltage �  and reference �∗  for the microgrid is necessary. The linear current and voltage control 

loops in the d-q reference frame of the active rectifiers are shown in Fig. 2.6.  

Because the dynamics in the system-level control are considered to be slower than the 

dynamics in power converters, the fast transient dynamics of these power electronic devices with 

multiple-order in the voltage-loop transfer function are neglected. This way, the transfer function 

can be considered as a delay, which is equivalent to the following reduced first-order model: 

� = ��∗ = + �  , (2.1)  

where �  is the time delay of the voltage control loop of the power converter.  

To have an overview on the performance of these rectifiers, examples of the active 

rectification for 400 V DC output with the system parameters indicated in Table 2.1 are shown in 

Fig. 2.7. In these examples, two validated power electronic rectifiers are introduced to have an 

overview of two-level and multi-level (three-level) types. Simulation results indicate that the 

magnitude of the voltage ripple in two-level converter is 3.3 V (Fig. 2.7a) while a reduced voltage 

ripple with 0.8 V in magnitude is achieved in the other one (Fig. 2.7c).  Moreover, the three-phase 

current voltage ripple in the three-level rectifier (Fig. 2.7d) exposed a 1.2 A ripple in magnitude, 

which is better than that of the 3.3 A ripple exposed in the two-level rectifier (Fig. 2.7b). As seen, 

the more levels the device has the better performance in terms of DC output voltage and AC input 

currents. However, other factors must be considered in considering the converter topologies such 

as the power conversion loss and the converter size. The more levels the more power electronic 

components being used, which creates higher loss in the system. Hence, there is a tradeoff between 

the electrical performance and efficiency, which need to be considered when selecting power 

electronic converters for rectification purpose. 

2.1.2 Energy Storage Interfaces 

One of the important DR in DC microgrids is the energy storage (ES) as it provides fast 

dynamic response, which is essential in supporting critical operations such as high bandwidth load 

changes. The common ES devices include batteries, super-capacitors, and fuel cells, which 

generate DC output voltage. Therefore, in order to make use of ES, proper DC/DC converters need 
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to be selected. There are various DC/DC converter topologies. However, this dissertation only 

gives an introduction to common types of DC/DC converters and an example of topology selection 

among them. The common types of DC/DC converters are buck, boost, buck/boost, and bi-

directional boost converters, which are indicated in Fig. 2.8. 

The voltage conversion ratio between the output voltage � and the input voltage �  for 

buck, boost, buck/boost, and bi-directional boost converters are expressed in (2.2), (2.3), (2.4), and 

(2.5) respectively as a function of the duty cycle .  

� = �  (2.2)  

� = − �  (2.3) 

� = − − �  (2.4)  

� = − �  (2.5) 

An example of a converter selection among the four basic converters is as follows: Because 

the DC bus voltage is normally higher than the one in the ES for the power loss reduction in the 

power distribution systems, the buck converter is not suitable for the ES interface. The buck/boost 

converter seems to be a better candidate because it is flexible in its output voltage operational 

+
-

L

C
Load

Vg

T

D
V

(a)
 

+
-

L

C Load

Vg T

D

V

(b)  

+
- L

C
Vg

T D

V

Load

(c)  

+
-

L

C
Vg T1

T2

+

-

DC bus

V

(d)
 

Fig. 2.8. DC/DC converters. (a) Buck converter, (b) Boost converter, (c) Buck-Boost converter, 

(d) Bi-directional boost converter. 
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range. However, the efficiency of the buck/boost converter is not competitive and the buck 

function may not be used because the distribution voltage is higher than the ES voltage. Hence, 

the boost converter is the more suitable type for the microgrid applications. However, the boost 

converter does not allow the regenerative operation, in which the power can flow back to the ES 

whenever necessary. Therefore, another type of DC/DC converter, the bidirectional 

charger/discharger shown in Fig. 2.8d is a more suitable candidate as it permits the power to flow 

from the ES to the microgrid or from the microgrid to the ES.  

In control point of view, a feedback control diagram is used to maintain the output voltage 

of the bidirectional DC/DC converter as shown in Fig. 2.9. Normally, the control system for the 

converter includes two control loops, which are current control with � �  controller in the inner 

loop and voltage control with � �  controller in the outer loop. The voltage controller generates 

a reference current ∗  needed to maintain the output voltage. The generated reference current is 

regulated by the inner current controller, which produces duty cycles for PWM modulation applied 

to the gate of the power electronic components  and . 

Since the dynamics of these DC/DC converters are much faster than the dynamics of the 

system-level control, the fast transient dynamics of devices with multiple-order in the voltage-loop 

transfer function are neglected. Therefore, the transfer function can be considered as a delay, which 

is equivalent to the following reduced first-order system: 
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Fig. 2.9. Voltage and current control diagram for bidirectional DC/DC boost converter. 



 

25 

 

� = ��∗ = + �  , (2.6)  

where �  is the time delay of the voltage control loop for the DC/DC converter of the energy 

storage. 

 It is important to note that the reduced first-order system for voltage source converters 

(VSC) expressed in (2.1) and (2.6) will be utilized to develop linear time-varying models 

representing DC microgrids in the next section.  

2.2 Droop Control and Modeling for DC Microgrids 

2.2.1 Droop Control 

In a DC microgrid, the current sharing (power sharing) among DR is inversely proportional 

to their line resistances. Since the equivalent line resistances from each DR to distributed loads are 

stochastic, there is an unbalanced power sharing among DR. The unbalanced power sharing can 

result in an unbalanced voltage drop among DR, where one has a small voltage drop while others 

have a large voltage drop, which may cause system to fail. Therefore, in the aspect of power 

management, the droop control method has been widely applied in DC microgrids to ensure that 

there is a roughly proportional power sharing among DR. Authors in [31] introduce the Thevenin 

equivalent circuit in order to illustrate the method.  

The equivalent circuit is shown in Fig. 2.10. In this figure,  and  represent the equivalent 

line resistance and inductance respectively from the DR to the load bus, �  represents the voltage 

source reference, and  represents the droop resistance. It is noted that the droop resistance   
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Fig. 2.10. Thevenin equivalent circuit for one DR. 
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is a virtual value and can be controlled to manipulate the current flow from the DR. In details, (2.7) 

derived from the Thevenin equivalent circuit in Fig. 2.10, shows that the desired current sharing 

can be achieved by manipulating the value of the droop resistance . 

 = �  − �+  . (2.7) 
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Fig. 2.11. Conventional droop control for DC microgrids. 
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Fig. 2.12. Parallel DR with droop control. 
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Fig. 2.13. Relationship of the current sharing and virtual droop resistances. 
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Based on (2.7), we have the new voltage reference for the converter in the droop control as 

 �∗ = �  − . (2.8) 

Fig. 2.11 elaborates the conventional droop control structure for (2.8), in which the current  flowing into the grid is multiplied by the droop constant  to create a new voltage reference for 

the DC voltage output produced by the power electronic converters (DC/DC or AC/DC converters). 

By doing that, the desired power sharing can be achieved.  

In an extended problem, consider a DC microgrid system including two parallel DR 

generating output voltage �  and � , as shown in Fig. 2.12. The steady-state relationship between 

current sharing and droop resistances is expressed as indicated in (2.9). 

 = ++  , (2.9) 

where  and  are the supplying currents,  and  are the equivalent line resitances from 

each power generation to the load, and  and  are the droop resistances. The installed droop 

resistances result in a new setpoint for the output voltage of each DR. The change in the DR output 

voltage regulates the current sharing between these resources.  

The relationship between current sharing and droop resistances is graphically shown in Fig. 

2.13 to show that the current sharing between DR is achieved by reducing their output voltage 

following droop characteristic lines +  and + . 

As seen, if the line resistances are considered to be small compared to the selected droop 

resistances, the power sharing is approximately inversely-proportional to the droop resistances as  

 = ++ ≈  . (2.10) 

It is noted here that the droop resistances are virtual values, which are changeable. 

Therefore, the current sharing between DR can be achieved by regulating these virtual quantities. 

Normally, these quantities are fixed based on the capability of generation. This, however, has some 

limitations, which will be discussed in the following subsection.  
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2.2.2 Performance and Restrictions 

Although droop control in DC distribution systems is simple by fixing a voltage drop in 

percentage using predefined virtual resistances for the current sharing purpose, it does not 

guarantee the voltage deviation criterion. National Electric Code (NEC) recommends that the bus 

voltage acceptable range is 5% of the nominal voltage �  [66]. Therefore, the droop resistances 

simultaneously need to be relatively large enough to ensure the current sharing, but also not to be 

too large to avoid the bus voltage deviation. To avoid violating the maximum voltage deviation, 

droop control design may need to limit droop resistance values as ∆� ,,  , (2.11) 

where ∆� ,  is the maximum acceptable voltage deviation and ,  is the rated current 

generated by a specific resource . While widely ulilized in DC microgrid control, there are 

limitations in the conventional droop control method. There is a trade-off between the current 

sharing and DC bus voltage stability, which is commonly known through the two common ways of 

selecting the droop resistances. 

- First,  and   are set to the values, which are higher than the distribution line 

resistances. Hence the equation (2.10) holds, which has the advantage of being less 

sensitive to the variation of the microgrid’s resistances. As a result, the proportional current 

Table 2.2: Parallel DC Source Parameters 

Symbols Parameters Values �  Bus nominal voltage 400 V �  DC source 1 nominal power 4 kW �  DC source 1 nominal power  2 kW 

 Line 1 inductance 3.0 mH 

 Line 2 inductance 3.0 mH 

 Line 1 resistance  0.5 Ω 

 Line 2 resistance 0.5 Ω 

 Resistive load change 0.25 → 0.7 pu 
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sharing is maintained approximately. However, the relatively large droop resistances may 

cause the bus voltage to be out of the required boundary under heavy load conditions. 

 

 

Fig. 2.14. Small droop resistances. =  Ω, = .  Ω. Resistive load changes at 0.25s 

from 0.25 to 0.7 pu. 

 

Fig. 2.15. Large droop resistances. =  Ω, =  Ω. Resistive load changes at 0.25 s 

from 0.25 to 0.7 pu. 
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- Second,  and    are selected to be small, which are comparable to the line resistances 

to make sure that the voltage deviation stays in the acceptable range. Nevertheless, (2.10) 

does not hold. On the other hand, the current sharing is largely dependent on the microgrid 

resistances, which vary depending on operation modes of the system. 

To analyze the droop method and its control performance, consider a DC microgrid, which 

includes two DR with parameters indicated in Table 2.2. The droop control is setup to share the 

power proportional to DR rated powers. There were two scenarios made up to compare the control 

performance. The first scenario considered the small droop resistances as =  Ω, = .  Ω 

and the second scenario considered the large droop resistances as =  Ω, =  Ω. In both 

scenarios, the resistive load first operated at 0.25 pu and then operated at 0.7 pu at 0.25 s. 

Results of the first case in Fig. 2.14  indicate that the bus voltage before and after the load 

change operated at 0.994 pu and 0.984 pu respectively, which  has less than 5% voltage deviation 

from the nominal value. However, the current sharing between DR in this case is not proportional. 

At 0.25 pu load, first DR and second DR shared 0.23 pu and 0.33 pu respectively. At 0.7 pu load, 

they shared 0.61 pu and 0.85 pu respectively.  

In the second case, the current sharing between DR is closely proportional to their rated 

power (Fig. 2.15).  At 0.25 pu load, the first DR and second DR share 0.25 pu and 0.27 pu current 

respectively. At 0.7 pu load, they share 0.67 pu and 0.68 pu respectively.  However, at 0.7 pu load, 

the bus voltage deviated to 0.928 pu, which is 7.2 % deviated from the norminal value.  

Consequenly, there is a tradeoff between current sharing and bus voltage stability in the 

conventional droop control and its recent improvement will be disscussed in the next section. 

2.2.3 Advanced Control Methods 

2.2.3.1 Distributed secondary control 

In order to solve the tradeoff issue caused by the conventional droop control, previous 

research proposed advanced control methods to satisfy the bus voltage stability and current sharing 

criteria [41]-[42].  

In [41], there are two buck converters used as the power electronic interfaces of two DR to 

perform the current sharing function. In that paper, the authors used high droop resistances for 

high precision of current sharing. The problem of large voltage deviation was then solved by 
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adjusting the droop characteristics. Specifically, the characteristic lines in the conventional method 

are shifted along the voltage axis by an amount of ∆� , , which creates new voltage settings �∗ as 

�∗ = � − + ∆� , , (2.12) 

for the buck converter  and compensates the voltage deviation from the nominal values.  

Another improvement based on communication that produces more accurate current 

sharing and ideal voltage operation (Fig. 2.16) is proposed in [42]. The idea of the paper is to first 

utilize the conventional droop control as a primary control level to approximately obtain the 

current sharing between DR. Then, each converter in the system will acquire the voltage and 

current information and transfer the information to the others through the low bandwidth 

communication (LBC) network. Based on the obtained information, secondary control level is set 

up. In this control level, the PI voltage controller PIV regulates the average voltage value of the 

overall system to track a specified nominal value, and the PI current controller PII  tracks the 

current reference value to ensure the proportional current sharing between DR. The outputs of 

these PI controllers were combined together to create a new voltage reference for the power 

converter of DR  as 

�∗ = � − + � + � , (2.13) 

where �   is a fixed voltage reference, �∗ is the modified reference of the converter,  is the 

droop constant, �  and �  are the outputs of the secondary voltage and current controllers. 

The above advanced control methods using an upper control level propose promising 

approaches for the power sharing and voltage stability. The control design procedure based on 
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Fig. 2.16. Secondary control. 
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these methods to ensure the system’s stability relies on a precise analytical model for the system. 

However, the system model is not shown in the previous researches because it contains 

uncertainties such as plug-n-play phenomenon, load changes, and system structure changes. These 

uncertainties make the control design based on linear method challenging. 

2.2.3.2 Adaptive Droop 

Besides using a secondary control, adaptive droop is a different way to approach the DC 

microgrid control problem. A general structure for droop adaptation is presented in Fig. 2.17, in 

which the droop resistance  for converter CONV  of DR  is varied to obtain the desirable control 

objectives.  

Recently, the main adaptive efforts in modifying the droop characteristics to obtain the 

accurate current sharing and maintain the DC bus voltage stability have been based on the use of 

rule-based methods (heuristics) and several linear compensators. The adaptive droops based on 

heuristics are found in [49]-[53]. The droop resistances in [49]-[51] are increased in heavy load 

operations to achieve more accurate current sharing among DR. Nevertheless, the voltage stability 

in these methods is certainly violated due to the high droop resistances. [52] proposes a 

proportional controller with variable parameters for droop implementation, which provides an 

adaptive transient response for the system, but results in low performance in current sharing 

because there is a lack of steady-state error elimination using integration. Another rule-based 

method in [53] is applied to improve the charge and discharge characteristics of battery systems, 

which however is not the DC microgrids’ interest. It is obvious that rule-based techniques are not 

capable in automatically tracking the desirable references. Related to applying control approaches 

for adaptive droop, [54] uses PI controllers to vary the droop resistances to achieve the current 
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Fig. 2.17. Adaptive droop. 
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sharing, and uses other PI controllers to compensate the bus voltage deviation. Nevertheless, the 

basis of the control system design was not presented and the adapted droop in the method was for 

only the current sharing criterion and results in high values for the droop resistances, by which the 

bus voltage stability may be compromised due to the large changes in distributed loads.  

2.2.4 LTV Model with Droop Method 

 As reviewed, the previous studies still struggle with linear controller design in secondary 

control or have not presented a promising approach using heuristics in adaptive droop approach. 

Thus, adaptive control method has been introduced as the proposed method for microgrids control 

in this dissertation. This part analyzes the droop control to derive the LTV models to have an 

insight of the relationships between parameters insides the system. The understanding of droop 

control and relationships (1) between the virtual resistances and current sharing, and (2) between 

virtual resistances and bus voltage in DC microgrids, give a procedure for the adaptive droop 

design. 

Consider a DC microgrid, which includes two parallel DR as shown in Fig. 2.12. The main 

components in DC microgrids for model derivation are DR, distribution systems, and loads. The 

droop control for the DR results in the following equations: 

� = �∗� = (� − )�  � = �∗� = (� − )� s , (2.14) 

where � and �  are the initial voltage references of the two DR, and �  and �  are 

the transfer functions describing the relationships between voltage reference and output voltage of 

each DR. The interconnecting cables are expressed as a series combination of resistance and 

inductance with the relationship 

� − � = +   
� − � = +  . (2.15) 
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The load with power consumption �� in the relationship with the previous components is expressed 

as 

� = +   � � = �� , (2.16) 

where � is the load current. Therefore, the matrix forms written to generalize relationships in 

(2.14) and (2.15) are as follows: 

[�] = [� ][� ] − [� ][ ][ ] (2.17) 

[�] − [� ] =  ([ ] + [ ]  ) [ ], (2.18) 

where 

[�] = [� � ] ; [� ] = [� � ] ; [ ] = [ ] ; 
[� ] = [� � ] ; [ ] = [ ] ; [ ] = [ ] 

[ ] = [ ] ;  [� ] = [� � ]. 
(2.19) 

In order to see the effect of droop change to the current sharing and bus voltage, the first 

analysis is to vary the droop parameter [ ] by a small variation [ ̂ ]. Applying the small-signal 

analysis for (2.17), and (2.18), one obtains: 

[�] + [ ̂] = [� ][� ] − [� ] [ ] + [ ̂ ] [ ] + [�̂]  (2.20) 

[�] + [ ̂] − [� ] − [ ̂ ] =  ([ ] + [ ] ) [ ] + [�̂] , (2.21) 

where [ ̂], [ ̂ ], and [�̂] are the small signals of [�], [� ], and [ ], respectively. The relationships 

are simplified as 
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[ ̂] = −[� ] [ ̂ ][ ] + [ ][�̂] + [ ̂ ][�̂]  (2.22) 

[ ̂] = [ ̂ ] + ([ ] + [ ] ) [�̂]. (2.23) 

The parameters [�̂] and [ ̂ ] are small values, which makes [ ̂ ][�̂] ≈ . Therefore, (2.22) is 

simplified as 

[ ̂] = −[� ] [ ̂ ][ ] + [ ][�̂] . (2.24) 

As seen, if the variation of current [�̂] is ignored ([�̂] = [ ]) and [ ̂ ] is taken as a main 

control signal, (2.22) and (2.23) become: 

[ ̂] = −[� ] [ ][ ̂ ]  (2.25) [ ̂] = [ ̂ ]. (2.26) 

Thus, the following transfer function for the relationship between the bus voltage [ ̂ ] and the 

droop constant variation [ ̂ ] is expressed as 

[ ̂ ] = −[ ][� ][ ̂ ]|[�̂]=[ ]. (2.27) 

If the variation [ ̂ ] is ignored ([ ̂ ] = [ ]) (2.22) and (2.23) become: 

[ ̂] = −[� ] [ ][ ̂ ] + [ ][�̂]  (2.28) 

[ ̂] = ([ ] + [ ] ) [�̂]. (2.29) 

Thus, the following transfer function for the relationship between the current sharing [�̂] and the 

droop constant [ ̂ ]  is expressed as 

[�̂] = − [ ] + [ ] + s[ ] − [� ][ ][ ̂ ]|[ ̂�]=[ ]. (2.30) 

It is important to note that the relationships in (2.27) and (2.30) reflect the dynamic 

behavior of the bus voltage and current sharing on the droop resistance variation. As seen, the 
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current [ ] and droop resistance [ ] are time varying parameters. Therefore, The relationships 

(2.27) and (2.30) are linear time-varying, which leads to the consideration of adaptive reference 

models to be utilized in chapter 3 for a proposed adaptive control method and chapter 4 for a 

proposed distributed adaptive droop secondary control system for DC microgrids. 

2.3 Summary 

This chapter discussed control and modeling in DC microgrids. Device control and reduced 

order model for each DR are reviewed. In the system control level, droop control is performed and 

analyzed. LTV models from droop control were developed to relate (1) droop resistances to current 

sharing and (2) droop resistances to terminal bus voltage. These models will be combined with a 

robust adaptive control method developed in chapter 3 to design the adaptive droop control for DC 

microgrids performed in chapter 4.  
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CHAPTER 3 

PROPOSED ROBUST ADAPTIVE CONTROL ALGORITHM 

 

In this chapter, the contributions of the dissertation in control algorithm utilized in distributed 

controller are emphasized. The review and analysis of conventional MRAC and its improvement 

using error feedback for the control reference model (CRM) are performed first. Second, the 

contribution in the improvements of the CRM in combination with normalization technique and 

parameter projection algorithm is presented. Finally, a theorem about an adaptation gain 

scheduling technique is proposed for possible application in microgrids. 

3.1 Model Reference Adaptive Control 

The idea of adaptive control is to drive the system states to track the ones of a reference 

model with predefined desired dynamics via an online identification mechanism of control 

parameters. Therefore, the adaptive control method is also known as MRAC. The adaptive method 

is classified into two types, which are the indirect and direct MRAC. The indirect method 

formulates the system into a standard parametric model. Parameters of that model are first 

estimated and then used to update the control parameters using the certainty equivalent principle. 

The direct type otherwise estimates the control parameters directly based on a desired reference 

model and state feedback of the system without caring about parameters of the system. Because of 

the interchangeable characteristics of direct and indirect types in terms of parameters 

identification, this dissertation only focuses on the direct MRAC for analysis, development, and 

application. 

3.1.1 Parametric Model Development 

Generally, a parametric model that represents the system model is crucial in the MRAC 

method. The method utilizes identification techniques to identify the desired adaptive control 

parameters based on minimizing the error between state response of the system and state response 

of the reference model.  

Since the dynamics of the secondary control in DC microgrids are relatively slower than 

the dynamics of the power converters, it is not necessary to consider the multiple-order systems, 
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which represent all system dynamic. Thus, from now on, only first-order systems are considered 

for analysis and control design. Consider the following first-order system: �̇ = � +  

or 

� = − , (3.1) 

where � and  are the state variable and the control input, and  and  are unknown parameters 

but the sign of  is known. The control design criterion for this system is to generate the bounded 

control signal , by which the measured state � follows the state �  of a stable reference model, 

which is defined as  �̇ = � +  

or 

� = − , (3.2) 

where   is the desired reference signal of the control system, and parameters <  and  are 

known.  

The adaptive control update law is proposed as follows: = ∗� + ∗ , (3.3) 

where ∗, ∗ are the desired but unknown control parameters. Therefore, (3.1) becomes: �̇ = + ∗ � + ∗ . (3.4) 

Because the system state � is required to track the state �  of the reference model, the system (3.2) 

is equivalent to (3.4). Therefore, the equalization of these equations results in the following control 

parameters: 

∗ = − ,  ∗ =  . (3.5) 
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It is noted that the parameter ̅∗ = [ ∗  ∗]  is unknown, which makes the controller 

implementation based on (3.3) not feasible. As a result, the online time-varying estimates , 

 of control parameters ∗ and ∗ are used instead to update the control input  as = � + . (3.6) 

Define the estimate errors of the control parameters as ̃ = − ∗ and  ̃ =− ∗. Substitute these errors and (3.6) into (3.1) one obtains: 

�̇ = [ + ( ∗ + ̃)]� + ∗ + = � + + ̃� +  ̃ , (3.7) 

which can be reconstructed into a parametric model as �̇ = � + + − ∗ � +  − ∗  = � + + − ∗� − ∗ + . (3.8) 

Thus, 

� = − + − − ∗� − ∗ + . (3.9) 

Define the state tracking error  as = � − � . Therefore, substituting (3.2) into (3.9) 

gives the following error expression: 

= − − ∗� − ∗ +  

or ̇ = + − ∗� − ∗ + . (3.10) 

Substituting the control input  in (3.6) into (3.10) yields 

̇ = + ̃� +  ̃ . (3.11) 
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Define vectors ̅ = [ ] , ̅̃ = [ ̃ ̃] , � = [� ] . Equation (3.11) becomes 

̇ = + ̅̃ � 

or  

= − ̅̃ �. (3.12) 

The error parametric model (3.12) can be expressed by the control diagram in Fig. 3.1. The error 

model will be utilized for the development of the robust adaptive method in the next section of this 

chapter. 

3.1.2 Adaptation Mechanism 

The model (3.12) indicates a relationship of the state tracking error  and estimated 

parameter error ̅̃. These errors  and ̅̃ have equilibrium points at =  and ̅̃ = [ ] . Thus, 

consider a positive definite energy function, which represents a Lyapunov function as quadratic 

function of state tracking error and control parameter errors as 

� = ( + | | ̅̃ ̅̃), (3.13) 

where > . The derivative of � is given by: 

�̇ = ̇ + | | ̅̃ ̅̃̇ . (3.14) 

Substituting ̇ from (3.12) into (3.14) yields 

 

Fig. 3.1. Error model. 
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�̇ = + ̅̃ [ � + | | ̅̃̇ ]. (3.15) 

If the derivative of the controller’s parameter ̅̃̇  is chosen as 

̅̃̇ = − | | � = − � , (3.16) 

the derivative �̇ of the Lyapunov function � becomes 

�̇ = . (3.17) 

Therefore, the error signals  and ̅̃  with equilibrium = , ̅̃ = [ ]  is uniformly 

stable and these signals are bounded or ∞ and ̅̃ ∞. As a result, the adaptation mechanism 

will be chosen as 

̅̇ = ̅̃̇ = − � . (3.18) 

3.1.3 Tracking Proof 

In order to demonstrate the tracking performance of the algorithm, the following Lemma 

is introduced. 

- Barbalat’s Lemma [57]: If : + →  is uniformly continuous for  and lim→∞∫ | � | � exists and is finite then: 

lim→∞ =  (3.19) 

- Corollary: If ∩ ∞ and ̇  is bounded then: lim→∞ =  (3.20) 
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As analyzed previously in (3.17), the signals ℒ∞, ̅̃ ℒ∞ and � = −  are 

bounded. Therefore, � = � +  is bounded. Because � is non-increasing and positive definite, 

∫ |�̇ � | � = � − � � . (3.21) 

Substituting (3.17) into (3.20) gives the following  norm of : 

‖ ‖� = √∫ � � √�| | , (3.22) 

where �  is bounded. This indicates that ℒ . Hence, ℒ ∩ ℒ∞. Moreover, the derivative 

of  in (3.12) has all components bounded, which shows that ̇ ∞. Therefore, the corollary 

(3.20) demonstrates that lim→∞ = . This is the proof that the system state � tracks the reference �  asymptotically, and the parameter vector ̅ converges to [ ∗ ∗]  as → ∞. The established 

control algorithm is graphically shown in Fig. 3.2.  

An example for a system with parameters indicated Table 3.1 is shown in Fig. 3.3 with the 

free design parameter  increasing from 10 to 1000. Fig. 3.3 shows that the adaptation gain 

increasing results in a fast adaptation but high oscillation in the state response. Therefore, the main 

problem of the MRAC is that the nonlinear and time-varying parameters create unwanted high 

oscillations with fast adaptation, which may cause the system’s signals to go out of bounds or 

cause the system to go to instability. 

 

Table 3.1. First-Order System 

Parameters Values 

 -45 

 -90 

 -100 

 100 
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Plant

-

+

∏
 

∏
 

Adaptation mechanism  

Fig. 3.2. Conventional adaptation mechanism. 

 

 

 

Fig. 3.3. Performance of model reference adaptive 

control. (a) = , (b) = , (c) = . 
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3.2 Closed-loop Model Reference Control 

As stated before, the conventional adaptive control has a tradeoff effect between fast 

adaptation and high oscillations in the transient response. The limitation has been improved 

recently by a two trends in adaptive control. The first improvement is proposed in [59] for the fast 

adaptation rate and better transient response. However, the assumption that the initial state errors 

being zeros may not always hold. Moreover, the boundedness based on ℒ∞ norms does not usually 

reflect the transient performance of the system. The second trend of improvement is based on the 

CRM. CRM was first proposed in [60] and further investigated in [61]. More recently, [62]-[65] 

has systematically demonstrated that CRM ensures the stability, robustness and transient 

performance using ℒ  norms of adaptive systems. However, there may be limitations, which have 

not been investigated in the method yet, such as its sensitivity to large adaptation gains, model 

uncertainty and disturbance, and operating point dependence. Therefore, this section will analyze 

the CRM and propose improvements for the robust CRM including the integration of the 

normalization technique, parameter projection algorithm, and an adaptation gain-scheduling 

method. 

3.2.1 CRM Algorithm 

Following [60], the closed-loop reference model expressed in (3.2) is modified as �̇ = � + −  

or 

� = − − − , (3.23) 

where  is the error feedback gain and < . Suppose that the adaptation law (3.18) and control 

update (3.6) hold. Therefore, the error model derived from (3.9) and (3.23) is expressed as follows: 

= − − − ∗� − ∗ +  

or ̇ = + + − ∗� − ∗ + . (3.24) 
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Substituting the control input  by the expression in (3.6) yields 

̇ = + + ̅̃ � 

or  

= − − ̅̃ �. (3.25) 

To show the stability and tracking performance of the closed loop adaptive system, 

consider the following candidate Lyapunov function: 

� = ( + | | ̅̃ ̅̃), (3.26) 

which has the derivative 

�̇ = ̇ + | | ̅̃ ̅̃̇ =  + + ̅̃ � + | | ̅̃ ̅̃̇ . (3.27) 

If we keep the adaptation law (3.18), the derivative of the Lyapunov function becomes 

�̇ = + , (3.28) 

Plant

-

+

∏
 

∏
 

Adaptation mechanism

-

+

+

CRM

 

Fig. 3.4. Closed-loop reference model adaptive control. 
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which means that the state tracking error  and parameter error ̅̃  with equilibrium = , ̅̃ = [ ]  are uniformly stable and these errors are bounded or ℒ∞ and ̅̃ ℒ∞. In 

addition, because the Lyapunov function � is non-increasing and positive definite, 

∫ |�̇ � | � = � − � � . (3.29) 

 

 

 

Fig. 3.5. Performance of model reference adaptive control. (a) = , =− , (b) = , = − , (c) = , = − . 
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Based on (3.28) and (3.29), the ℒ  norm of  is derived as 

‖ ‖ℒ = √∫ � � √ �| + | . (3.30) 

The initial value �  being bounded indicates that the error ℒ . Hence, ℒ ∩ ℒ∞. 

Moreover, the derivative of  in (3.25) has all components bounded, which shows that ̇ ℒ∞. 

Therefore, based on the corollary (3.20) of Barbalat’s Lemma lim→∞ = , which together with 

(3.25), implies that lim→∞ ̅̃ = . As a result, the CRM keeps � tracking the reference state �  

asymptotically, and the parameter vector ̅ converges to [ ∗ ∗]  as → ∞. The block diagram 

of the control method is shown in Fig. 3.4. 

3.2.2 Transient Performance Improvement 

To evaluate the performance and limitations of CRM, simulation for the system with 

parameters indicated in Table 3.1 is considered. In the simulation, the adaptation gain  is selected 

to be high as 1000 as the one simulated in Fig. 3.3c to show that there might be an oscillation in 

the state response. The error feedback gain  is varied from -100 to -10000 as indicated in Fig. 3.5. 

The results shows that the high oscillation in the state response � resulted from conventional 

MRAC is reduced in the CRM as the absolute value of  increases. Therefore, CRM improves the 

transient response of the system, in which the high oscillation in the system state decreases during 

the fast adaptation. However, it is also observed from the figures that as  increases the state 

dynamics becomes slower. Thus, tuning the error gain  may be necessary when designing an 

adaptive system using CRM.  

In literature, CRM has not been investigated in cases of noise disturbances, unmodeled 

dynamics and unknown nonlinearities, which are inherent in DC microgrids. As indicated by [55], 

the types of instability phenomena happen due to parameter drift, high-gain instability, fast 

adaptation, high-frequency instability, and parameter variations. Therefore, it is beneficial to 

evaluate the stability and performance of CRM in these such conditions. To assess the CRM under 

one of these mentioned conditions, suppose that there is a model uncertainty and a state noise 

disturbance in the system model as 
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�̇ = � + [ + ∆� ]  

or 

� = − [ + ∆� ] , (3.31) 

where ∆�  is a multiplicative uncertainty. [55] proves that the plant uncertainty in the 

conventional adaptive system produces the disturbance in the system, and may lead the controller 

parameters to drift, which drives the system to instability because of unbounded signals. An 

example with the additional high frequency second-order multiplicative type (3.32)  is shown in 

Fig. 3.6. Results in the figure show that the system is unstable when time → ∞. Hence, the closed-

loop adaptive control system is still sensitive to the model uncertainty, which requires additional 

improvements to increase the robustness of the system. 

 

 

Fig. 3.6. CRM under model uncertainty, = , = − . (a) control parameters, 

(b) state response. 

(a)

(b)
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∆� = .−5 + × −5 +  (3.32) 

3.3 Proposed Robust Adaptive Control 

Robust adaptive control is introduced in [55] for conventional adaptive systems without an 

error feedback in the reference model. However, the investigation of the robust techniques applied 

to CRM has not yet been explored. [63], [64] present the projection algorithms for preventing 

parameter drift and the investigation is focused on noise disturbance instead of model uncertainty. 

Thus, this section discusses and evaluates the utilization of the robust adaptive techniques 

including normalization and projection algorithm in improving the robustness of the CRM under 

model uncertainty and noise disturbances. Moreover, a critical issue, which is the performance of 

the adaptive system using CRM under various operating points (reference signals) is studied and 

assessed. The assessment leads to a more robust CRM using a proposed adaptation gain scheduling 

technique. 

3.3.1 Normalization Technique for CRM 

3.3.1.1 Algorithm 

Suppose that there is a modelling error term . The error and signal vector �  are not 

guaranteed bounded, for example, the output of the unstable plant is unbounded. Hence, the 

normalization technique was introduced for conventional adaptive method to guarantee that the 

normalized modelling error term  and signal vector are bounded [55]. Similar to that, here I 

introduce the dynamic normalization for the closed-loop adaptive method. Error model in (3.24) 

is rewritten as: 

= ∗− − − ∗� − ∗ + , (3.33) 

where ∗ is the expected value of . The equation is equivalent to 

= ∗ − ̅∗ � + , (3.34) 
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where � = − − [� ]  and = − −  are the normalized signals of � and  

respectively. Equivalently, there is an estimation error ̂ of , which is expressed as 

̂  = − ̅ � + , (3.35) 

where  is the online estimate of ∗. Define the error parameter  as 

= − ̂, (3.36) 

where = √ + � � +   is the normalized term. Therefore, 
ϕ

,  ℒ∞.  

The identification of error model’s parameters requires identification of the unknown 

parameters ̅∗ and ∗. Therefore, to identify the parameters  and ̅ . Consider a cost function 

 (3.37), which reflects the error model identification through the model error  as 

, ̅ = = [ − − ̅ � + ]  , (3.37) 

which is well-posed. Applying the gradient method to minimize the cost function, which gives the 

online estimated derivatives of unknown parameters, yields the following adaptation rule: 

̅̇ = − �̅ = − �  ̇ = − = − ̅ � + ,  

(3.38) 

where >  and > . To simplify the algorithm, select − = − . As a result, the 

adaptation rule is rewritten as 

̅̃̇ = ̅̇ = − �  ̃̇ = ̇ = − ̅ � + . 
 

(3.39) 

Because the signals 
� , , ,  ̂ , ℒ∞, the derivative parameters  ̅̃̇ , ̃̇ , ̅̇ , ̇  ℒ∞. 
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3.3.1.2 Stability proof 

Consider a Lyapunov function, which relates the errors between expected control 

parameters and estimated control parameters as 

� = ̅̃ ̅̃ | ∗| + ̃  , (3.40) 

which has the derivative 

�̇ = − | ∗| ̅̃ � + ̃ − ̅ � +  = − ∗ ̅̃ � + ̃ − ̅ � + . (3.41) 

Because 

= ∗ − ̅∗ � + − − ̅ � +  

= − ∗ ̅∗ � + ̅ � − ̃ + ∗ ̅ � − ∗ ̅ �  = ∗ ̅̃ � − ̃ − ̅ � + , 

 

(3.42) 

the derivative of the Lyapunov function becomes 

�̇ = − ∗ ̅̃ � + ∗ ̅̃ � − = − . (3.43) 

Therefore, the signals ̃  and ̅̃  with equilibrium ̃ = , ̅̃ = [ ]  is uniformly 

stable and these signals are bounded or ̃ ℒ∞ and ̅̃ ℒ∞. 

The Lyapunov function � is non-increasing and positive definite, which results in 

∫ |�̇ � | � = � − � � . (3.44) 

Substituting (3.43) into (3.44), the ℒ  norm of  is derived as 
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‖ ‖ℒ = √∫ � √� . (3.45) 

The initial value �  bounded indicates that , ℒ . Hence, , ℒ ∩ ℒ∞. From this and 

(3.39) the following achieves: 

| ̅̃̇ | = | ̅̇ | = |� || | = |� | | | 
 | ̃̇| = |̅̇| = | − ̅ � + || | = | − ̅ � + | | |. 

 

(3.46) 

As a result, ̅̃̇ , ̃̇ ℒ  because 
� , ℒ∞, and ℒ . This in turn makes ̅̃̇ , ̃̇ ℒ ∩ ℒ∞.  

 The error  following (3.36) leads to 

= + ̂  = + − ̅ � + = + ̅̃ �  (3.47) 

which means that ℒ ∩ ℒ∞. Since that ̇ ℒ∞, based on Barbalat’s Lemma lim→∞ = . As 

a result, the normalized CRM keeps � tracking the reference �  asymptotically, and the parameters ̅ and  converge to ̅  ∗ and ∗as → ∞. 

The normalization technique guarantees the boundedness of modelling errors; however, it 

still could not guarantee the boundedness of signals, such as parameter drift due to the bounded 

disturbance. In a long-term operation, where there are varying reference signals and disturbances, 

the control parameters could be driven to infinity. Thus, the well-known parameter projection 

algorithm is utilized in the next subsection to restrain the drift in control parameters. 

3.3.2 Parameter Projection 

3.3.2.1 Algorithm 

It is well known that the modification in the adaptive law needs to be considered to prevent 

parameter drift due to the bounded disturbance and/or un-modeled dynamics based on some known 

properties of the system. Suppose that the knowledge about the system results in the statement that 

the control parameters must stay inside known convex sets as 
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�̅ = { ̅| ̅ = ̅ ̅ − �̅ } = { | = − }, (3.48) 

where �̅ and  are known parameters of these convex sets, and ̅  and  are functions 

to describe the constraint of control parameters. 

 To illustrate the idea of projection algorithm, take parameter ̅ as an example. Define that 

�̅ and  are the boundaries of convex sets �̅ and . Interiors of �̅ and  are �̅ and . 

The projection algorithm for ̅ can be illustrated in Fig. 3.7 that whenever the control parameter ̅ 
reaches the convex set boundary �̅ , the direction of  ̅ is changed by projecting its movement 

vector − �̅ to the tangent plane of the boundary �̅. Geometrically to confirm that this way of 

parameter projection ensures that the parameter  ̅ stays inside the boundary �̅ (inside convex 

set �̅). Similar explanation is applied for the parameter  with the convex set . Therefore, the 

algorithm can be formulated as 

� ̅ = − �̅ − �̅ �̅�̅ �̅  

� = − − = , (3.49) 

 

Fig. 3.7. Projection algorithm. 
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where � ̅  and �  are the projected part of ̅ and  respectively when these parameters reach 

to the boundaries. Combining the projection algorithm with the control update law of unconstraint 

case (3.38) yields the following new adaptation mechanism: 

 ̅̇ = { 
 ̅̇
� ̅  

if ̅ ̅ �̅  or if ̅ ̅ = �̅ and ̅̇ ̅  Otherwise 

(3.50) 

 ̇ = { 
  ̇
�  

if  or if =  and  ̇  

Otherwise, 

which is equivalent to 

 ̅̇ = {  
  ̅̇

− ̅ ̅̅ ̅ ̅̇  
if ̅ ̅ �̅  or if ̅ ̅ = �̅ and ̅̇ ̅  Otherwise 

(3.51) 

 ̇ = { ̇  if  or if =  and  ̇  

Otherwise, 

where ̅̇ = − � , ̇ = − ̅ � +  and  is the identity matrix. 

 

3.3.2.2 Stability and tracking proof 

Consider the Lyapunov function � that reflects errors in control parameters as 

� = ̅̃ ̅̃ | ∗| + ̃  . (3.52) 

Rewrite the control update with projection algorithm (3.51) as 
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̅̇ = − �̅ + 

+ − | �̅| max , − � ̅ �̅ �̅�̅ �̅ �̅ 

̇ = − + − | | max , − ̅ � + . 
 

(3.53) 

Thus, the derivative of the Lyapunov function is derived as 

�̇ = ̅̃ ̅̃̇ | ∗| + ̃ ̃̇ =  �̇ + �̇ , (3.54) 

where the derivatives �̇  and �̇  are given by 

�̇ = − ∗ ̅̃ � + ̃ − ̅ � +  

 

(3.55) 

�̇ = − | �̅| max , − � ̅ ̅̃ �̅ �̅�̅ �̅ �̅ 

+ − | | max , − ̅ � + ̃ . (3.56) 

Therefore, to prove  that �̇ , it is necessary to prove that �̇   and �̇ . 

The first part �̇  of the derivative of the Lyapunov function is equivalent to 

�̇ = − ∗ ̅∗ � + ̅ � − ̃ + ∗ ̅ � − ∗ ̅ �  = ∗ ̅̃ � − ̃ − ̅ � + . 
(3.57) 

Substituting 

= ∗ − ̅∗ � + − − ̅ � +  (3.58) 

into (3.57), gives the final expression for �̇  as 
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�̇ = − ∗ ̅̃ � + ∗ ̅̃ � − = − . (3.59) 

The following assumptions are made to prove that the second part �̇  of the derivative of 

the Lyapunov function �̇ : The first assumption considers that ̅ �̅ and . This 

obviously makes function �̇ = . The second assumption considers that ̅ �̅ and , �̇  becomes: 

�̇ = ̅̃ �̅ �̅�̅ �̅ �̅ = �̅ �̅ ̅̃ �̅ �̅  �̅  (3.60) 

The expected value ̅∗ �̅ and value ̅ �̅ (Fig. 3.7). Therefore, vector ̅̃  is in the same 

direction as vector �̅, which results in  ̅̃ �̅ . In this case, the convex property of �̅ 

makes �̅ move in the opposite direction of �̅. The opposite movements result in 

�̅  �̅ < . Hence, �̇  in the second assumption. The third assumption considers 

that  and ̅ �̅, and one attains as 

�̇ = ̃ . (3.61) 

The parameter ̃ develops in the opposite direction of , which results in �̇ = ̃ . 

Thus, �̇  in all assumptions.  

Consequently, the derivative of the Lyapunov function �̇ = �̇ + �̇  and the system 

is stable in the sense of Lyapunov. 

The first part �  of the Lyapunov function is also non-increasing and positive definite. 

Therefore, 

∫ |�̇ � | � = � − � � . (3.62) 

Substituting (3.59) into (3.62), gives the ℒ  norm of  as 
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‖ ‖ℒ = √∫ � √� . (3.63) 

The initial value �  bounded indicates that , ℒ . Hence, , ℒ ∩ ℒ∞. Therefore, 

the following equations achieve: 

| ̅̃̇ | = | ̅̇ | = |� || | = |� | | | 
 | ̃̇| = |̅̇| = | − ̅ � + || | = | − ̅ � + | | |. 

 

(3.64) 

As a result, ̅̃̇ , ̃̇ ℒ  because 
� , ℒ∞, and ℒ . This in turn makes ̅̃̇ , ̃̇ ℒ ∩ ℒ∞.  

 The error  following (3.36) leads to 

= + ̂  = + − ̅ � + = + ̅̃ � , (3.65) 

which means that ℒ ∩ ℒ∞. Since that ̇ ℒ∞, based on Barbalat’s Lemma we have lim→∞ = . As a result, the normalized CRM with projection algorithm ensures the system state � to track the model reference state �  asymptotically, and the parameters ̅ and  converge to ̅  ∗ and ∗as → ∞. 

3.3.3 CRM Performance with Normalization and Parameters Projection 

Consider the first-order system with parameters specified in Table 3.1 and with uncertainty 

(3.34)  for the simulation analysis. In this simulation for CRM in combination with normalization 

technique and projection algorithm, the convex set parameter �̅ is selected as �̅ = . . 

Compared to the results shown in Fig. 3.6, the simulation results shown in Fig. 3.8 demonstrate 

that the normalization technique with projection algorithm improved the CRM performance by 

limiting the controller parameters inside �̅. Therefore, the stability of the adaptive system is 

guaranteed.  

To test the limit of the adaptive control algorithm, another test case for the CRM with 

normalization technique and projection algorithm is conducted. As reference signal (operating 
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point)  varies in a wider operation range, the adaptive system illustrates varying performances 

with high oscillation as the reference  increases. In addition, at some points, the system goes to 

instability. For example, the simulation result in Fig. 3.9 shows that the adaptive system goes to 

instability at  = . Thus, the investigation on the effect of operating point  on the robustness 

of the adaptive system needs to be performed. 

3.3.4 Adaptation Gain Scheduling Technique 

3.3.4.1 Algorithm 

As observed, at various operating points, the adaptive system exhibits various dynamic 

behaviors. The increased reference (operating point) likely results in increased oscillations in the 

system’s state response. The oscillations in state response may drive the system to instability. In 

 

 

 

 

 

 

 

 

 

Fig. 3.8. Regular CRM, = , = −  . (a) Control parameters, (b) Output 

responses. 

   

 

(a)

(b)
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order to observe the system’s response due to the change in operating point, the control update is 

taken into account for analysis as  

= � ̅ = � ∫− � . (3.66) 

In the discrete-time domain: 

∆ = + − = � � [− ], (3.67) 

where  is the sampling time, and  is the time instant index. (3.67) shows that if there is a change 

in the reference signal  by a ratio , it creates a new reference  and approximately changes the 

state response to �, which leads to the following change in the control input: ∆ = + − = � � [− ], (3.68) 

which indicates that the control signal changes by  in each time step. Thus, the term � =[� ]  has a major impact on the control input  in terms of different desirable values of the 

reference  or operating point conditions. Therefore, maintaining the performance of control input 

 will likely result in the less oscillation in the state response. In order to maintain such a control 

performance in various operating conditions, the following modification for adaptation gain in 

control input update is made: 

∆ = + − = � � [− ] (3.69) 

 

Fig. 3.9. System’s performance with robust technique, = . 
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=  , 
where  is the adaptation gain at time instant , and  is the initial design adaptation gain for the 

initial desired reference signal = , = = . The modification technique can be observed 

to be as a gain-scheduling technique, which is another well-known adaptive control method. 

Therefore, the adaptation law is selected as 

 ̅̇ = {  
  ̅̇

− ̅ ̅̅ ̅ ̅̇  
if ̅ ̅ �̅  or if ̅ ̅ = �̅ and ̅̇ ̅  

Otherwise (3.70) 

 ̇ = { ̇  if  or if =  and  ̇  

Otherwise, 

where ̅̇ = − �  and  ̇ = − ̅ � + . 

Theorem 1: The adaptation law (3.70) with control update (3.6) guarantees that the system 

(3.1) is stable and the system state � tracks the reference model state �  asymptotically.  

The simulation in Fig. 3.10 for the system in Table 3.1 proves that the proposed adaptation 

gain scheduling improves the transient response and the system stability is maintained at various 

operating points. It is important to note that this improvement in adaptive control is critical in 

fulfilling the current control criteria because the current references change due to the load change 

and due to some other plug-n-play conditions, which are regular occurrences in DC microgrids.  

3.3.4.2 Stability and tracking proof 

To prove theorem 1, consider the following Lyapunov function: 

� = ̅̃ ̅̃ | ∗| + ̃  , (3.71) 
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which has the following derivative: 

�̇ = ̅̃ ̅̃̇ | ∗| + ̃ ̃̇ . (3.72) 

The control update (3.70) can be rewritten as 

̅̇ = − �̅ + 

− | �̅| × max , − � ̅ �̅ �̅�̅ �̅ �̅ 

̇ = − + − | | max , − ̅ � + . 
(3.73) 

Therefore, the derivative of the Lyapunov function is 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.10. Adaptation gain-scheduling CRM performance = , = − . (a) =[    ], (b) = [    ]. 
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�̇ = �̇ + �̇ , (3.74) 

where the derivatives �̇  and �̇  are given by 

�̇ = − ∗ ̅̃ � + ̃ − ̅ � +  �̇ = − | �̅| × 

max , − � ̅ ̅̃ �̅ �̅�̅ �̅ �̅ 

+ − | | max , − ̅ � + ̃ . 
(3.75) 

To prove that �̇ , it is necessary to prove that the derivatives �̇   and �̇ . 

 Substituting 

= ∗ − ̅∗ � + − − ̅ � +  

= − ∗ ̅∗ � + ̅ � − ̃ + ∗ ̅ � − ∗ ̅ �  = ∗ ̅̃ � − ̃ − ̅ � + . 
(3.76) 

into �̇  in (3.75), yields the final expression for �̇  as 

�̇ = − ∗ ̅̃ � + ∗ ̅̃ � − = − . (3.77) 

The following assumptions are made to prove that the second part �̇  of the derivative of 

the Lyapunov function �̇ . The first assumption considers that ̅ �̅ and . This 

obviously makes function �̇ = . The second assumption considers that ̅ �̅ and . 

Therefore, �̇  becomes: 

�̇ = ̅̃ �̅ �̅�̅ �̅ �̅ = �̅ �̅ ̅̃ �̅ �̅  �̅ . (3.78) 
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The desired parameter value ̅∗ �̅, and value ̅ �̅. Therefore, vector ̅̃  is in the same 

direction as gradient vector �̅, which results in  ̅̃ �̅ . In this case, the convex property 

of �̅ makes �̅ move in the opposite direction of �̅. The opposite movements result in 

�̅  �̅ < . Hence, �  in the second assumption. The third assumption considers 

that  and ̅ �̅, and one attains as 

�̇ = ̃ . (3.79) 

The parameter ̃ develops in the opposite direction of , which results in ̃ . Therefore, �̇  in the third assumption. Consequently, �̇  in all assumptions.  

Hence, the total derivative �̇ = �̇ + �̇  is negative and the system is stable in the 

sense of Lyapunov. 

Similar to the procedure in the previous subsection the signals , , ̅̃̇ , ̃̇ ℒ ∩ ℒ∞. 

Therefore, the error (3.36) ℒ ∩ ℒ∞. Also, the derivative ̇ ℒ∞, Barbalat’s Lemma results 

in lim→∞ = . Hence, the proposed adaptive control method keeps � tracking the reference �  

asymptotically, and the parameters ̅ and  converge to ̅  ∗ and ∗as → ∞. 

3.4 Summary 

This chapter introduced a typical type of adaptive control called model reference adaptive 

control and stated its main issues. The problem of the conventional adaptive control with high 

oscillation in output response was solved by previous efforts using error feedback for the reference 

model, the CRM. However, CRM still has robustness problems, which are solved by a 

normalization technique together with projection algorithm. Nevertheless, the improvement still 

encounters the robustness at a wide-range of reference signals, which was analyzed numerically. 

Therefore, the main improvement using adaptation gain scheduling for robust CRM was proposed. 

Stability analysis and simulation results have validated the proposed algorithm. In the next chapter, 

the developed robust CRM will be appropriately applied to the adaptive droop in DC microgrids 

in order to achieve the bus voltage stability and accurate current sharing criteria. 
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CHAPTER 4 

ADAPTIVE SECONDARY DROOP CONTROL FOR DC MICROGRIDS 

 

This chapter continues on the application of the proposed robust adaptive control algorithm 

(chapter 3) in DC microgrids based on the developed LTV models (chapter 2) for these systems. 

A distributed adaptive droop control methodology is proposed first for the adaptive current sharing 

and adaptive bus voltage restoration control. Then feature cases on a 400 �  microgrid are studied 

in simulation to demonstrate the effectiveness of the method. 

4.1 Distributed Adaptive Secondary Droop Control 

Distributed control for DC microgrids is composed of a distributed control framework and 

a control algorithm implemented in distributed controllers. The distributed control framework 

permits the information exchange among distributed controllers to ensure that the common 

objective of systems is achieved. The control algorithm is implemented in each distributed 

controller to guarantee the dynamic response of the system. 

4.1.1 Proposed Distributed Control Architecture 

Consider a DC microgrid, which includes parallel DR providing power to a resistive load 

(Fig. 2.12). The idea of the proposed adaptive droop is explained through the droop diagram in 

Fig. 4.1, where the initial droop characteristic lines are +  and +  with non-desired 

current sharing  and , and bus voltage deviation ∆� . 

The adaptive control is applied to appropriately move the droop characteristic lines to the 

position, which satisfies the DC microgrid control criteria. The movements can be presented in 

this work individually with two divided stages. The first stage is the adaptive current sharing 

control, where the initial droop lines are moved horizontally to the new positions ′ + , and ′ + , for the desired the current sharing ′ , and ′ . In the second stage, to minimize the bus 

voltage deviation the droop lines are controlled to move vertically to the new positions + , 

and + , at which the bus voltage reaches a reference value � = � . As a result, the new 
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Fig. 4.1. Two-stage adaptive droop characteristics. 
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Fig. 4.2. Adaptive droop secondary control for DC microgrids. 
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adapted droop value _  for distributed resource  ( = , , … , ) in a general DC microgrid 

is calculated through   

= + � + �  , (4.1) 

where  is the initial droop value, �  is the adaptive droop component for bus voltage  

restoration, and �  is the adaptive droop component for current sharing control. The adaptive 

droops �  and �  are implemented in a distributed secondary control (DSC) block DSC  (Fig. 

4.2).  

In the distributed architecture shown in Fig. 4.2, the DSC  sends its terminal per-unit voltage ,  and per-unit current ,  information to, and receives per-unit voltage ,  and per-unit 

current ,  information from its neighbor DSC  ( = , , … , ), ( ≠ ). Received current, 

voltage information and voltage feedback from the primary controller ,  are then processed for 

the reference current ,  and DC microgrid’s average bus voltage ̅ , . The reference current 

information ,  and feedback current information from the primary controller ,  are the inputs 

for the distributed adaptive current controller. The selected reference per-unit average bus voltage =  and calculated bus average voltage ̅ ,  are the inputs of the distributed adaptive voltage 

controller. 

The distributed control structure in Fig. 4.2 applies the distributed consensus information 

based on the communication graph, which can be shown in Fig. 4.3 [67]. It is supposed that the 

network of communication for DSC is represented by a directed graph � = �, ℰ , where � 

denotes the set of nodes � = , , … ,  and ℰ ⊂ � × � represents the set of edges. Neighbors of 

i

j

G = ( , ℰ )  

Fig. 4.3. Communication network graph. 
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node  belong to a set defined as = { � | ≠ , , ℰ}. The adjacency matrix � = [ ] 
is defined such that =  if , ℰ, and =  otherwise. Based on the communication 

graph, the reference current ,  and DC microgrids’ average bus voltage ̅ ,  are calculated as 

, = ∑ ,�=∑�=  (4.2) 

̅ , = , + ∑ ,�=+ ∑�=  , (4.3) 

which are used as the reference value for current sharing control and feedback value for bus voltage 

restoration in the adaptive mechanism.  

4.1.2 Adaptive Droop Mechanism for Current and Voltage Control 

4.1.2.1 Reference model and adaptation mechanism 

The prior knowledge of the system, which are the LTV models allows for adaptive control 

design. In the second chapter, the LTV models between the (1) current sharing and droop 

resistances, and (2) bus voltage responses and droop resistances were derived. These relationships 

give an insight about the dynamics of the system for specifying essential reference model 

developments. Rewrite the relationship for a single DR  as 

̂ = − � ̂ |�̂ =  (4.4) �̂ = − + + s − � ̂ |̂� = . (4.5) 

Therefore, ̂̂ |�̂ = = − �  (4.6) 

�̂̂ |̂� = = − � + + s  . (4.7) 
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The relationships are considered as the dynamic representations of the secondary control layer. 

The current parameter  is time-varying and its sign is considered to be known based on the load 

operation. Deriving the system-level models for microgrids, fast dynamics of power converters 

with multiple-order in the transfer function �   are neglected. Therefore, the voltage transfer 

function is assumed a first-order system as 

� = + �  . (4.8) 

Relate the small-signals ̂  to the real average bus voltage ̅ , , �̂  to the real current ,  and ̂  

to the resistance quantities �  and � ,  (4.6) and (4.7) becomes �� = ̅ ,� = − + �  (4.9) 

�� = , � ≅ − + + + + � , 
(4.10) 

which can be rewritten as 

�� = ̅ ,� = �− �  (4.11) 

�� = , � = �− �  , (4.12) 

where  � , � , � , and �  are considered to be unknown because of the uncertain small-signal 

based current and bus-voltage models. But the signs of the parameters are known as � =− , � = − , � < , � < . Hence, the approximated first-order systems ��  and ��  are selected as the bus-voltage and current reference model for the proposed 

adaptive control design of . 

�� = = �− �  
(4.13) 

�� = , = �− �  , 
(4.14) 
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where  and ,  are the set points for the reference models,   and  are the bus voltage 

output and current output of the reference models, and � >0, � < , � >0, � <  are 

the desired parameters of the reference model.  

Theorem 1 is utilized for the adaptive bus voltage and current sharing control. To setup 

the adaptive algorithm for bus voltage and current sharing control, the following normalized terms 

for converter  are defined: 

�� = − � − � [ ̅ , ] , � = − � − � �  

�� = − � − � [ , , ] , � = − � − � � . (4.15) 

Thus, the adaptation mechanism for bus voltage control is formulated as 

� = ̅ , −  ̂�  = � − �̅ �� + �  

� = √ + �� �� + �  

� = � − ̂��  

̅̇� = − � � �� �  ̇� = � − �̅ �� + � �  

� = � �  

� = �̅ [ ̅ ,  ] , 

 

(4.16) 

where �  is the error between output voltage of the system and output voltage of the reference 

model, ̂�  is the estimation of � , �  is the normalized term for voltage control,  

�  is the modeling error of voltage control, �̅ = [ � � ] is the voltage control parameter, �  is the adaptation gain at time instant k for voltage control, �  is the initial the adaptation 

gain at unity step reference ( = ), and � =  is the gain scheduling term for voltage 

control. Similar to the voltage control, the current adaptive control mechanism is designed as 
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� = , −  ̂�  = � − �̅ �� + �  

� = √ + �� �� + �  

� = � − ̂��  

̅̇� = − � � �� �  ̇� = � − �̅ �� + � �  

� = � �   
� = �̅ [ , ,  ] , 

 

(4.17) 

where �  is the error between output current of the system and output current of the reference 

model, ̂�  is the estimation of � , �  is the normalized term for current control,  

�  is the modeling error of current control, �̅ = [ � � ] is the current control parameters, �  

is the adaptation gain at time instant k for current control, �  is the initial the adaptation gain at 

unity step reference ( = ), and � = ,  is the gain scheduling term for current control.  

To guarantee the stability of the system through preventing the parameters drift, the 

projection algorithm (3.70) is applied for voltage control parameters update �̅  in (4.16) as 

 ̅̇� = {  
  ̅̇�

− �̅ �̅�̅ �̅ ̅̇�  

if �̅ �̅ ��̅   or if �̅ �̅ = ��̅  and ̅̇� �̅  Otherwise 

(4.18) 

 ̇� = { �̇  

if � �  or if � = �  and ̇� �  

Otherwise, 

where ̅̇� = − � � �� �  and  �̇ = � − �̅ �� + � � . The current control 

parameter projection can also be derived from (4.17) as 
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 ̅̇� = {  
  ̅̇�

− �̅ �̅�̅ �̅ ̅̇�  

if �̅ �̅ �̅  or if �̅ �̅ = �̅ and ̅̇� �̅  

Otherwise 
(4.19) 

 ̇� = { �̇  

if �  or if � =  and ̇� �  

Otherwise, 

where ̅̇� = − � � �� �  and  �̇ = � − �̅ �� + � � . 

Combining equations (4.16)-(4.19) gives a complete formulation for identifying the droop 

resistances �  and � . Thus, identifying the required droop resistance changes �  and �  for 

adaptive current and voltage control are iterative processes. Results of droop resistance changes 

are updated in each iteration to make the final droop for a converter  according to (4.1). 

4.1.2.2 Constraints and convex set establishments 

The important factor mentioned before to guarantee that the adaptive system is stable is 

defining known convex sets.  Convex sets are necessary to establish the parameter projection 

algorithm to guarantee that control parameters are bounded. In order to create such convex sets, � for adaptive current control and � for adaptive bus voltage control algorithms, bounds of 

control inputs (droop parameters) � , and �  of DSC  are defined as follows: | � | �  | � | � , (4.20) 

where, the �  and �  are the maximum values of droop resistances � , and �  

respectively. Assume that the system is stable, which means that as the time → ∞ the current 

output meets the reference value as , → , , and the voltage reaches the reference value as ̅ , → . Therefore, substituting the droop updates for �  (4.16) and �  (4.17) into (4.20) 

yields 
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� = � + � , , √ � + �  

� = � + � √ � + � , (4.21) 

where ,  and  are the rated output current of converter  and rated bus voltage of 

microgrids. It is clearly seen that if the convex sets �̅�  and �̅�  of the adaptive parameters are 

defined as 

�̅� = { �̅ | �̅ = � + � � = � , } 
�̅� = { �̅ | �̅ = � + � � = ( � ) }, (4.22) 

the conditions in (4.20) hold. Therefore, convex sets in (4.22) are selected for the projection 

algorithm of the adaptive system to prevent the control parameters drift or to constrain the droop 

resistances inside a predefined boundary. 
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Fig. 4.4. Parallel NPC adaptive control system. 
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4.2 Simulation Study 

To verify the effectiveness of the developed control algorithm in terms of accurate current 

sharing among DR and bus voltage stability in simulations and experiments, study cases are 

implemented in a 400 �  microgrid. 

4.2.1 System Description and Implementation 

The 400 V  microgrid system includes two DR, which are represented by two parallel 

neutral point clamped (NPC) converters (NPC  and NPC ). These converters connect to a DC 

distribution system to supply power to a constant power load (Fig. 4.4). In this configuration, each 

NPC operates as a voltage source converter (VSC), in which inner voltage and current controllers 

are used to convert the AC voltage to DC voltage. Droop control with droop resistances  and 

Table 4.1: 400 VDC Microgrid 

Symbol Quantity Values ��−� NPC Input voltage 208 V (60 Hz) �  NPC Output voltage 400 V 

 Switching frequency 20 kHz 

 NPC input filter inductor 2.07 mH 

C NPC output capacitor 380 μF 

 NPC input resistor 0.2 Ω 

 Cable  resistance   0.5 Ω 

 Cable inductance 3 mH �  NPC voltage loop time constants 0.005 s ���  NPC1 nominal power 4 kW ���  NPC2 nominal power 2 kW 

�  Adaptive current droop limit 5 Ω 

�  Adaptive voltage droop limit 5 Ω 

 Output current limit 10 A �  Voltage reference limit 400 V 
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 is set up in each primary controller of each converter. Supplying Current  and bus voltage 

Table 4.2: MRAC Parameters for the DC Microgrid Candidate 

Parameters Values 

Voltage MRAC parameter ( �) -10 

Voltage MRAC parameter ( �) 10 

Current MRAC parameter ( �) -10 

Current MRAC parameter ( �) 10 

Voltage adaptation gain ( � )  

Current adaptation gain ( � )  

Voltage feedback gain ( �) −  

Current feedback gain ( �) −  

 

Table 4.3: Cases Study 

Case Meaning 

Conventional 

Droop 

- Various load 

operations 

Illustrate the limitations of the method in 

unbalanced power sharing and deviated bus voltage 

Adaptive 

Method in 

Islanded 

Mode 

- Adaptive droop 

activation 

Eliminate the limitations in conventional droop by 

activating the secondary adaptive control while 

running the conventional droop 

- Load increment 

- Load decrement 

Prove the robustness of the method by stabilizing 

the system whenever there is a load power change 

by ramping power up or down, or switching on or 

off the distributed loads 

Ship to Shore 

in Marine 

Application 

- Adaptive Droop 

Activation 

Eliminate the limitations in conventional droop by 
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information , gathered in the primary controller of converter  ( = , ) are transferred to their 

secondary controllers DSC . Other information about the hardware configuration of the system is 

indicated in Table 4.2.  

In order to reach the consensus between two nodes �  and � , an undirected graph 

communication is set up. The latency in communication between distributed controllers is selected 

as 10ms, which is considered as the time step for the distributed adaptive secondary control. The 

undirected communication graph has the adjacency matrix as indicated in (4.23). � = [ ]. (4.23) 

Suppose that dynamic response of the system is chosen to be 10 times larger than the 10ms 

time step, which results in the time constant of the response  � = .  . Therefore, it is desired 

to have the model references for bus voltage and current sharing control as the first-order type as 

�� = �� = + � = +  . (4.24) 

 

 

Fig. 4.5. Conventional droop control. (a)  current sharing (b) bus voltages.  
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Therefore, if we consider that the dynamics of the two NPC converters are the same as 

each other. The same reference model parameters and free design control parameters of the bus 

voltage and current sharing reference models for the two converters are selected as indicated in 

Table 4.2. 

4.2.2 Islanded Mode 

In order to validate the effectiveness of the control method, three main test cases considered 

are (1) conventional droop control, (2) adaptive control in islanded operation mode, and (3) grid-

connected mode or ship to shore in marine applications. The tests and their meaning in each case 

are shown and explained in Table 4.3. The common objectives all test cases are to have desired 

current sharing ratio between NPC  and NPC , which is 2:1, and to have desired DC bus voltage, 

which operates at 400 V.  

4.2.2.1 Conventional droop 

First, the conventional droop is applied to show the possible limitations. In this case, the 

droop control with fixed droop resistances =  Ω and =  Ω was carried out when the 

load was varying its power from 3 kW (0.5 pu) power to 6 kW (1 pu) (Fig. 4.5).  

 

 

Fig. 4.6. Current sharing control activation. (a) droop resistances, (b) supplying currents. 
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As seen at 3 kW, the currents supplying through NPC  and NPC  are 6 A and 1.5 A 

respectively, which means the current sharing ratio is 4:1 between two converters. The bus voltage 

in this condition drops by 20 V (5 % from the nominal value).  

At the rated condition (6 kW load), NPC  supplies 10.5 A, which is 5 % overloaded, and NPC  supplies 4.5 A, which is below NPC  rated condition. Moreover, the bus voltages drop to 

374 V, which is 6.5 % deviated from the nominal value.  

Therefore, the conventional droop control with fixed droop resistances results in the 

undesirable current sharing between DR, and the deviated bus voltage operation. 

4.2.2.2 Adaptive droop control activation 

As seen in the previous case, there are limitations of utilizing fixed droop parameters in 

DC microgrids. This case presents the adaptive control solution to overcome the limitation. 

Demonstrations of this case include (1) adaptive current sharing control, and (2) adaptive bus 

voltage restoration.  

 

 

Fig. 4.7. Bus voltage control activation. (a) droop resistances, (b) bus voltages. 
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The beginning of the simulation shows that applying the fixed droop resistances at 2 Ω for 

 and 1 Ω for  results in the inaccurate current sharing as 6 A for NPC  and 1.5 A for NPC  

(Fig. 4.6), and results in 380 V deviated bus voltages (Fig. 4.7) for a 0.5 p.u. (7.5 A) load. Then 

the current sharing control activated at 2 s changes the droop resistances  and  to 0.9 Ω and 

1.8 Ω respectively. The appropriate changes in the droop resistances regulates the supplying 

current of NPC  and NPC  to 5 A and 2.5 A in 0.5 s respectively. Thus, activation of adaptive 

current control brings the current sharing between two converters to the desired 2:1 ratio. 

 

 

 

Fig. 4.8. Load increment. (a) droop resistances, (b) supplying currents, (c) bus voltages.  
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After the desired current sharing between converters is achieved, the bus voltage control is 

activated at 8 s (Fig. 4.7). The adaptive control changes the droop resistances to the new values at = − .  Ω and = −  Ω. The new negative values in droop resistances recovers the bus 

voltage from 380 V to the nominal value at 400 V in 0.7 s. Therefore, the adaptive voltage control 

eliminates the voltage deviation in the distribution system. 

4.2.2.3 Load change 

Based on the success of sharing the currents proportionally and achieving the desired level 

of distribution voltage, additional scenarios involving disturbances are applied in the system to 

 

 

 

Fig. 4.9.  Load decrement. (a) droop resistances, (b) supplying currents, (c) bus voltages. 
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verify the stability and robustness of the proposed control algorithm. The disturbances applied in 

the test case are nonlinear load variation including load power increase and load power reduction. 

 a. Load power increase 

Load power increase is conducted at 14 s, where its power changed from 3 kW to 6 kW 

(Fig. 4.8). As observed, there is a 0.5 s transient time before the supplying currents of two DR 

reached to the new operating points at 10 A for NPC  and 5 A for NPC . The load change resulted 

in a sudden voltage drop (359 V). However, the voltage drop is cleared after 0.1 s transient time. 

The heavier load results in the smaller resistances needed to recover the bus voltage stability at 

400 V. Specifically, the droop resistances change to -1.8 Ω and -3.9 Ω respectively. The droop 

change also maintains the current sharing at the desired ratio 2:1. Therefore, the adaptive current 

and bus voltage control are stable and robust to the power increase event in load device. 

b. Load power reduction 

Load power reduction is another event considered in the study. A load decrement from 6 

kW to 3 kW is carried out at 28 s (Fig. 4.9). This event causes droop resistances  and  to 

change to -2.1 Ω and -7 Ω respectively. The new values of droop resistances maintain the current 

sharing at new operating points, which is 5 A for NPC  and 2.5 A for NPC  after 0.5 s transient 

time. The reduced droop resistances are appropriate to the reduced power to stabilize the bus 

voltages at 400 V. Hence, the adaptive control design for microgrids is stable and robust to the 

power reduction event in load.  

In summary, the adaptive current and voltage control designs for DC microgrids is stable 

and robust to feature cases in the islanded operation mode. 

4.2.3 Ship to Shore Application 

The simulation results in the previous subsection are proof of the proposed adaptive control 

method for an islanded DC microgrid in current sharing and bus voltage stability. In this 

subsection, an extension to the grid-connected (ship to shore) problem is made for a possible 

energy exchange between microgrid and utility grid. To exchange energy with utility grid, a third 

neutral point clamped converter NPC  is connected to the distribution bus as a PCC point between 

microgrid and utility grid (Fig. 4.10). In this operation mode, the fixed droop control is also utilized 
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first. Then the secondary current sharing and bus voltage will be activated to achieve the desirable 

values. Next, sourcing power to and sinking power from utility grid are conducted to validate the 

proficiency of the control system in the grid connected operation mode. 
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Fig. 4.10. Grid-connected operation. 

 

 

Fig. 4.11. Curren sharing control activation. (a) droop resistanes, (b) supplying currents. 
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4.2.3.1 Control activation 

 In this scenario, the load is supposed to work at 2 kW and there is no power exchanging 

between the microgrid and utility grid ( � =  A).  

Results in Fig. 4.11 show that when the fixed droop control is utilized at =  Ω and =  Ω, the inaccurate current sharing is 3.9 A for NPC  and 1.1 A for NPC . At the same fixed 

droop values, the bus voltages are at 380 V (5 % drop) (Fig. 4.12). The adaptive current control 

activating at 2 s moved the droop values to = .  Ω and = .  Ω. The adapted droop 

value shared the currents as desired, which are 3.33 A and 1.67 A for NPC  and NPC  respectively. 

In addition, the bus voltage control activating at 8 s continues to change the droop resistances to = − .  Ω and = − .  Ω.  The changing resistances in 0.5 s transient time recover the 

voltage to the desirable value at 400 V. Thus, adaptive control activations share the proportional 

current between two NPC and recover the bus voltage in the grid connected mode. 

 

 

 

Fig. 4.12. Bus voltage control activation. (a) droop resistances, (b) bus voltages. 
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4.2.3.2 Sourcing power to utility grid 

This case is also known as regenerative operation, which is important in increasing the 

utility grid’s resiliency and bringing incentive back to the microgrid in the demand response 

problem. In details of this case, the control algorithm for the microgrid is tested in connection with 

the utility grid, where the microgrid is controlled to supply 2 kW ( � = −  A) to the utility grid at 

14 s (Fig. 4.13). As seen, the event requires adaptive control algorithm to identify the desired droop 

resistances as = − .  Ω  and = −  Ω. The identified resistances maintain the current 

 

 

 

Fig. 4.13.  Regenerative operation. (a) droop resistances, (b) supplying currents, (c) bus voltages. 
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sharing at the ratio of 2:1 after 0.6 s transient time, in which NPC  and NPC  supplied 6.67 A and 

3.33 A respectively. The new values of droop resistances also stabilize the bus voltages at 400 V 

after dropping to 372 V in 0.1 s transient time. Therefore, the adaptive current and voltage controls 

ensure the objectives and stability of the system in the regenerative operation. 

4.2.3.3 Sinking power from utility grid 

Reverse of the regenerative operation is receiving power from the utility grid. The case is 

important in making sure that if there is a load demand exceeding the microgrid capability operates, 

 

 

 

Fig. 4.14.  Sinking power from utility grid. (a) droop resistances, (b) supplying currents, (c) 

bus voltages. 
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the utility grid can provide power to prevent the blackout may happen because of such an event. 

This case is implemented to see the control system behavior when microgrid is supported by the 

utility grid (Fig. 4.14).  

Before supported by utility grid, the microgrid was supposed to operate at its rated 

condition, which supplied 6 kW power (15 A) current to the load. It is clear that any more power 

consumption from distributed loads could result in overload conditions in the microgrid. 

Therefore, at 38 s, the microgrid is controlled to receive 2 kW (5 A) from the utility grid, which 

reduces 2 kW load burden on the microgrid to a 4 kW operation. In the transient period, the droop 

resistances change from their current operation at = − .  Ω and = − .  Ω to the new 

values at = − .  Ω and = −  Ω. These changes in the droop resistances ensure the 2:1 

ratio in current sharing, where NPC  shares 6.67 A and NPC  shares 3.33 A. The changes in the 

droop resistances also maintain the bus voltage stability at 400 V after inrushing to 424 V in 0.1 s. 

Thus, the adaptive current and voltage control ensure the objectives and stability of the system in 

the event of receiving additional power supply from the utility grid. 

4.3 Summary 

This chapter presented a procedure to apply the developed robust adaptive control method 

(chapter 3) into DC microgrids. The droop parameters were selected as the control output of the 

adaptive controllers. The adaptive control algorithm iteratively identifies the desired droop 

parameters to fulfill the current sharing and DC bus voltage stability. Simulations and analysis for 

typical cases including adaptive control activations and dynamic load changes conducted for a 400 �  microgrid in islanded mode and grid-connected mode verified the effectiveness of the 

proposed control algorithm. 
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 CHAPTER 5 

ADAPTIVE DROOP CONTROL EXPERIMENTAL VALIDATION 

 

As described in simulations of the previous chapter, a 400 �  microgrid simulation system was 

used to validate the effectiveness of the proposed control algorithm. In this chapter, further 

demonstrations using a physical system are conducted. The physical representation of the system, 

components and their purposes are described first. Then, experiments are implemented and results 

achieved from the test cases are discussed and analyzed.  

5.1 Experimental Setup 

To verify the proposed control algorithm, I implemented the control algorithm on a testbed 

representing a 400 �  microgrid. The physical testbed system includes two DR supplying power 

to distributed loads through a DC bus. The system can also exchange power with the utility grid 

in grid-connect mode through a bidirectional power electronic device. In addition, communication 

is setup among distributed controllers of these devices to ensure the information exchange among 

them for required collaboration control algorithms. The overall experimental setup is shown in 

Fig. 5.1. 

5.1.1 Distributed Resources 

 The DR (DR  and DR ) in the system are represented as AC generators. There are two 

generators supplying power to the DC bus system. Since there is no real fuel-based generator in 

the laboratory, each generator is emulated by a series connection of a three-phase AC transformer 

for power isolation purpose (Fig. 5.1-1), an active front end (AFE) converter for rectification 

purpose (Fig. 5.1-2), and an inverter (INV) (Fig. 5.1-3), for variable output voltage and frequency 

characteristic emulation of a generator. The AC output of each generator connects to an NPC 

converter for high-quality output DC bus voltage of 400 V  (Fig. 5.1-4). In the testbed, there are 

two series connections in order as transformer-AFE-INV-NPC, which are located in two cabinets 

(1st Rack and 2nd Rack). Configuration of one Rack is shown in Fig. 5.2. These two Racks supply 

power to the microgrid through a DC bus. 
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Fig. 5.1. Testbed system. Left of the figure shows a Human Machine Interface designed in 

LabVIEW to acquire information and supervise the myRIO controllers. Right of the figure 

shows physical testbed with power devices and control devices upper head. 
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Fig. 5.2. Physical connection. Testing rack structure is configured from the left to right 

208V/60Hz three-phase AC source – Transformer – AFE – INV – NPC – 400 V DC Bus. DSP1 

controls AFE and INV, DSP2 controls NPC, and my RIO manipulates DSP2. 



 

88 

 

As mentioned, additional bidirectional power device is required to exchange power 

between the microgrid and utility grid in the grid-connected mode. Such a device is represented 

by a battery system called NHR 9200 (Fig. 5.1-5). The device plays a role as a PCC point between 

the microgrid and utility grid. There is a power exchange between microgrid and utility grid 

through the PCC point. The additional power and physical information of these power devices are 

shown in Table 5.1 and in Table 5.2 respectively. 

5.1.2 Load Devices 

 Distributed loads in the microgrid include two main types, which are AC loads, and DC 

loads. In the testbed, there is a 9 kVA load device (NHR4600) (Fig. 5.1-8) powered by a 5 kVA 

INV (Fig. 5.1-6) to represent an AC load. Another 2 kW load (BK Precision) (Fig. 5.1-7) is 

presented in the testbed as a DC load. These loads are powered by the setup DR through the 400 �  distribution system. Moreover, they can operate in different modes including constant 

Table 5.1: Power Capacity 

Devices Power 

 4 kW 

 2 kW 

NHR9200 
8 kW charge 

12 kW discharge 

 

Table 5.2: Physical Information 

Components Value 

 380 μF 

 0.02 Ω 

 1.2 mH 

 0.84 mH 

 50 μF 

 0.02 Ω 

 2.07 mH 
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resistive, constant voltage, and constant power. In the scope of dissertation, only constant power 

modes of these loads are tested because the constant power loads (CPL) operate nonlinearly and 

are most likely cause the system to be unstable. 

5.1.2 Embedded Distributed Control 

 The proposed secondary control system is configured as a multi-agent system (MAS). 

There are five NI myRIO devices located above each power device (Fig. 5.1-9), where each NI 

myRIO device plays the role as one agent or a so-called secondary controller. Distributed adaptive 

control algorithms are embedded in these NI myRIO distributed controllers. Two types of 

communication are configured for real-time information exchange. The first type is Ethernet setup 

to exchange current and voltage information among these distributed controllers. It utilizes the 

TCP/IP protocol with the data exchange rate of 100 Mb/s. The second type is CAN setup to 

exchange current, voltage, and droop commands between a distributed controller and a DSP 

(device controller). It has a data exchange rate of 1 Mb/s. In details, NI myRIO controller for a 

specific device would perform specific tasks as follow: 

- NI myRIO for a DR in each Rack:  

o Communicates with the primary controller (DSP) of one DR via CAN to (1) receive 

voltage, current, and power information from the DSP, and (2) to transmit the droop 

commands to the DSP. 

o Exchanges voltage, current, and power information with the NI myRIO of the other 

Rack through Ethernet network. 

o Performs the secondary adaptive bus voltage control algorithm (4.16) and adaptive 

current sharing control algorithm (4.17) to generate the required droop characteristics 

implemented in each DSP of one DR.  

- NI myRIO for NHR9200 

o Sends the power commands to the device through Ethernet for the power interchanging 

between the microgrid and the utility grid in the grid-connected mode. 

o Transmits power information of the device to the NI myRIO located in each Rack via 

Ethernet. 

- NI myRIO for NHR4600 

o Sends the power commands to the load through an RS232 communication. 
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o Transmits power information of the load to the NI myRIO located in each Rack via 

Ethernet. 

- NI myRIO for BK Precision 

o Sends the load power commands through a serial communication bus. 

o Transmits power information to the NI myRIO located in each Rack via Ethernet. 

5.2 Experimental Results  

The purpose of the experiment is to validate the collected simulation results. Therefore, 

similar to the simulations, the experiments utilized the same cases as indicated in Table 4.3 in 

order to validate the improvement as well as the robustness of the proposed adaptive secondary 

control system. The adaptive control algorithm is embedded in NI myRIO of DR using LabVIEW 

programming with a selected 10ms time step, which is the also the delay of communication. 

5.2.1 Islanded mode 

In this mode, the two racks were setup to be DR, which supplies power to a constant power 

load device (NHR9200). Therefore, outputs of DR are the outputs of NPC converters. Similar to 

 

 

Fig. 5.3. Conventional droop control. (a)  current sharing (b) bus voltages. 
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simulations, the scenarios including conventional droop, adaptive droop control activation, and 

load disturbances are carried out. The objectives of control are the 2:1 current sharing between two 

DR (NPC) and the stable 400 V bus voltage. 

5.2.1.1 Conventional droop control 

In this test case, the fixed droop resistances with =  Ω and =  Ω were applied 

while the load power was varying from 3 kW to 6 kW. As seen in Fig. 5.3, when the DC load 

 

 

 

Fig. 5.4. Data Acquisition in NI LabVIEW for islanded operation. (a) droop resistances, (b) 

supplying currents, (c) bus voltages. 
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operates at 3 kW, the current sharing ratio between the DR (NPC) is 4:1 (6 A for NPC  and 1.5 A 

for NPC ). At that operation, the bus voltages drop to 380 V, which is 5 % deviated from the 

nominal value at 400 V. When there is a load change to the rated power of the microgrid at 6 kW, NPC  has a 5 % overloaded condition, where it shares 10.5 A and NPC  shares 4.5 A. At the rated 

condition, the bus voltages drops to 374 V, which is 6.5 % deviated from the nominal value. 

Therefore, experimental results verify that the conventional droop has the limitations in current 

sharing among DR and has undesirable bus voltage operations. 

5.2.1.2 Secondary Control Activation 

The adaptive current sharing and adaptive bus voltage control activated sequentially when 

the DC load was operating at 3 kW. Results acquired in LabVIEW for adaptive droop profile, 

current control, and voltage control are shown in Fig. 5.4. The output voltages and currents of DR 

are the same as the outputs of the converters NPC  and NPC . Therefore, notations ��� , ��� , �� , and ��  are used to also refer to the terminal voltages and output currents of DR. 

Starting with adaptive current sharing control activation (Fig. 5.5a), the current control 

takes 0.5 s to share proportional current for between two NPC. Specifically, control system 

 

 

Fig. 5.5. Adaptive control activation. (a) supplying currents, (b) bus voltages. 



 

93 

 

required droop resistances  and  to change to 0.8 Ω and 1.8 Ω respectively. These changes 

make NPC  share 5 A and NPC  share 2.5 A, which represents the 2:1 desired current sharing ratio. 

After current sharing is achieved, the bus voltage control activates to change the droop resistances 

 

 

Fig. 5.6. Load increment. (a) supplying currents, (b) bus voltages. 

 

 

Fig. 5.7. Load decrement. (a) supplying currents, (b) bus voltages. 
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to new values at -2.1 Ω and -5 Ω for  and  respectively. The changes in droop resistances 

recover bus voltages to 400 V from 380 V in 0.7 s transient time (Fig. 5.5b), and maintain the 

desired current sharing between the two NPC. 

5.2.1.3 Plug-n-play in load devices 

The continuity of the success in adaptive control activation is the control evaluation with 

constant load power changes, where the load power changed from 3 kW to 6 kW (Fig. 5.6). The 

event of load change from 3 kW to 6 kW takes 0.5 s to vary the droop resistances to -1.1 Ω and -

2.2 Ω for  and  respectively. The droop resistances change maintains the desired current 

sharing ratio as 10 A for NPC  and 5 A for NPC . In this event, bus voltages drop to 351 V but are 

recovered to 400 V after 0.1 s. Thus, the adaptive system is stable and robust to a load power 

increment. 

Another load variation was made by reducing the load power from 6 kW to 3 kW (Fig. 

5.7). The results show that the adaptive control system takes 0.5 s to vary the droop resistances to 

new values -2.1 Ω and -5 Ω for  and  respectively. The variation in droop resistances 

maintains the desired current sharing, where NPC  shares 5 A and  NPC  shares 2.5 A. In this 

event, the bus voltages surge to 452 V and are recovered to 400 V after 0.1 s (Fig. 5.7b). Therefore, 

the adaptive system is robust to a load decrement. 

As a result, the stability and robustness of the adaptive system is experimentally guaranteed 

under various load disturbances, which are the load power increment and load power reduction. 

5.2.2 Ship to Shore Application 

In this grid-connected mode experimentation, the load devices considered are an AC load 

(NHR4600) and a DC load (BK Precision). The point of common coupling (PCC) for power 

exchange between the microgrid and utility grid is represented by a grid-connected electronic 

system (NHR9200 device). There are multiple events experimented as shown in the LabVIEW 

data acquisition (Fig. 5.8); however, the critical events taken into account for analysis and 

discussion are (1) control activation, (2) regenerative operation, and (3) power support the 

microgrid receives from the utility. 



 

95 

 

5.2.2.1 Control activation 

This scenario supposes that there is a 2 kW AC load operating and the current and bus 

voltage control take actions (Fig. 5.9). Current and voltage control activation are carried out 

sequentially. Results show that before current control activation the current sharing is non-

 

 

 

Fig. 5.8. Data Acquisition in NI LabVIEW for the ship to shore mode. (a) droop resistances, (b) 

supplying currents, (c) bus voltages. 
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proportional as �� = .  A and �� = .  A. The current control activation afterward drives 

the droop resistances to = .  Ω and = .  Ω. These new droop values correct the current 

sharing ratio, where �� = .  A and �� = .  A. Results also show that the voltage control 

activation succeeding the current control drives the droop resistances to = − .  Ω and =−  Ω, which bring the bus voltages back to the nominal value at 400 V. Therefore, the control 

algorithm in control activation of grid-connected mode guarantees the objectives of the system. 

5.2.2.2 Regenerative operation 

One critical operation when connected to the utility grid is the regenerative operation of 

microgrids. In this case, the microgrid is controlled to supply 5 A (2 kW) to the utility grid ( � =−  A) and the microgrid supplies 2 kW power to the NHR4600 load. Fig. 5.8a shows that this 

operation requires the adaptive system to change the droop resistances to  = − .  Ω and = −  Ω. As a result, the droop changes maintain the proportional current sharing after 0.5 s 

transient time at new current values �� = .  A and �� = .  A (Fig. 5.10a). It is also 

shown in Fig. 5.10b that the bus voltages ��, ��� , and ���  are recovered to 400 V from 364 

V after 0.1 s transient time. 

 

 

Fig. 5.9. Control activation. (a) supplying currents, (b) bus voltages. 
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5.2.2.3 Supported by utility grid 

As important as the regenerative operation of microgrids, another critical operation in grid-

connected mode is that the microgrid is supported by the utility grid. In this case, the initial 

condition is that the microgrid operates at its rated condition, where it supplies 4 kW to NHR4600 

load and 2 kW to BK Precision load. Suppose that the current condition requires the microgrid to 

draw 5 A (2 kW) from the utility grid ( � =  A) to avoid any rising power consumption from 

loads, which would cause the microgrid to operate in the overloaded condition. Fig. 5.10a shows 

that this operation requires the adaptive system to change the droop resistances to  = − .  Ω 

and = −  Ω (Fig. 5.8a). As a result, the droop changes maintain the proportional current 

sharing after 0.5 s transient time at new current values as �� = .  A and �� = .  A (Fig. 

5.11a). It is also shown in Fig. 5.11b that the bus voltages ��, ��� , and ���  are recovered to 

400 V from 440 V after 0.1 s transient time. 

 

 

 

 

 

Fig. 5.10. Regenerative operation. (a) supplying currents, (c) bus voltages. 
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5.3 Summary 

This chapter presented a physical testing system to validate the proposed control algorithm. 

Critical case studies under various load conditions were conducted. Results from the critical events 

in both islanded and grid-connected operations of the microgrid validate that the objectives of the 

system in current sharing (2:1) between two DR and bus voltage stability (400 V) are achieved, 

and the system stability and robustness are guaranteed utilizing the proposed control algorithm. 

 

 

Fig. 5.11. Sinking power from utility grid. (a) supplying currents, (b) bus voltages. 
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CHAPTER 6 

  CONCLUSION AND FUTURE WORK 

 

6.1 Conclusion 

This dissertation reports on a proposed robust adaptive droop control method for DC 

microgrids to adapt the droop characteristics in order to satisfy both power sharing and DC bus 

voltage stability criteria. 

First, multiple microgrid architectures and control methodologies have been reviewed and 

analyzed. The conventional droop control for DC microgrid control is further analyzed for its 

weakness, as there is a trade-off between the current sharing control and bus-voltage stability.   

Therefore, advanced methods proposed in the previous studies utilizing linear distributed 

secondary control or adaptive droop using heuristics to fulfill both DC bus voltage stability and 

current sharing criteria were reviewed. The main problem of heuristics is that it does not possess 

a capability of a control algorithm, as there is a possibility of steady state error. The linear control 

designs may improve control in the system; however they depend on accurate system models, 

which are uncertain because of the coupling between generators, loads, switches, and other 

nonlinear devices. Hence, the adaptive control was proposed as a promising way to deal with the 

system’s model uncertainty. The idea of the proposed method is to identify the unknown but 

desired droop characteristics, which satisfy both power sharing and DC bus voltage stability 

criteria.  

To have an insight into the dynamics of the system, LTV models have been derived. The 

LTV models reflect the relationship between droop parameter and bus voltage, and the relationship 

between droop parameter and current sharing. Therefore, these models provide prior knowledge 

about the system to analyze and select the adaptive control parameters in following chapter 3 

and chapter 4. 

The MRAC was selected to overcome the uncertainties since its operation is based on the 

system identification technique. However, the oscillation in the transient response of the 

conventional MRAC limits its applications. Therefore, a new class of MRAC using the closed-
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loop reference control (CRM) was reviewed and investigated for its advantages and disadvantages. 

The robust adaptive method using (1) normalization, (2) projection algorithm, together with (3) 

adaptation gain scheduling, was then proposed for robust adaptive response over a wide-range of 

operating points, which is applicable in microgrids for various current and voltage operating 

points. Lyapunov stability has been taken into account to illustrate the stability of the proposed 

method. 

To apply the proposed control algorithm to DC microgrids, a simulated distributed 

consensus framework was set up, where the distributed adaptive controllers communicate with 

each other through a communication graph. Simulation results demonstrate the capability of the 

proposed control method in proportional current sharing between distributed resources 

proportionally and in stabilization of the DC bus voltages of a 400 �  microgrid system. Further 

demonstrations were conducted in a physical testbed, which represents a DC microgrid system. 

The adaptive control algorithm was embedded in NI myRIO controllers, which communicate with 

each other via Ethernet. Experimental results, which are consistent with simulation results were 

further analyzed and discussed. The analysis of results have validated the stability and robustness 

of the control method through typical test cases. 

In summary, the dissertation pointed out the restriction in the conventional droop method 

and recent advanced distributed control for DC microgrids. The advanced MRAC was then 

proposed for a stable adaptive control system residing in the distributed secondary control 

framework. The implementation of the distributed robust adaptive control using the proposed 

robust closed-loop reference models for droop adaptation is applied for the first time. Results 

achieved from simulations and experiments demonstrated the capability of the proposed method. 

The developed robust adaptive control method can be applied to various applications such as to 

AC microgrids, flight control, and distribution and transmission systems. 

6.2 Recommendations for Future Work 

Although the proposed distributed control algorithm has been analyzed and verified 

through typical test cases, more extended analysis and experiments could be done to fulfil the 

method as follow: 
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- Validation of the adaptive control with clusters of DR in large experimental systems, 

which may utilize hardware in-the-loop techniques. 

- Consideration of communication delays and their effects on the distributed adaptive 

control algorithm.  

- Consideration of higher orders LTV models to compare and contrast with the simplified 

first-order adaptive system in terms of advantages and disadvantages. 

- Combination the proposed method with different adaptive techniques. For example, the 

development the composite adaptive control, which combines the proposed direct MRAC 

and indirect MRAC may improve the system’s transient performance. 
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