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ENGLISH SUMMARY 

In recent years, direct current (DC) distribution technology based solution has become 

an emerging choice for shipboard power system (SPS), especially for those where 

electric propulsion is needed. By using DC distribution, the fuel efficiency could be 

greatly improved by enabling variable-speed operation of diesel engines. At the same 

time, emerging power sources such as fuel cell and energy storages (e.g. batteries, 

supercapacitors, flywheels, etc.) can be easily installed. In this context, DC SPS 

become a perfect example of DC microgrid in the real-world engineering. This project 

is to introduce and to investigate suitable control methods for DC shipboard microgrid 

onboard future electric marine vessel. 

According to the classification societies’ prediction, driven by the ever-stricter 

emission regulation rules and the deployment of new emission control areas, low-

emission power source will play a much more important role in the future ships, 

nevertheless, conventional diesel engine will still be widely installed. Therefore, the 

new SPSs will be more complicated which require proper coordinated control strategy 

for multiple power sources. In addition to that, due to the unique fuel efficiency 

characteristic of diesel-electric generation, the commonly used droop based 

proportional power sharing strategy of land-based microgrids may not offer good fuel 

efficiency. To meet these challenges, a re-designed hierarchical control strategy for 

DC shipboard microgrid is proposed. In the new proposal, the power sharing of 

diverse power sources onboard a ship is according to their different characteristic 

instead of their power rating. On the basis of the proposed power sharing methods, 

technical solutions to achieve fuel efficiency management and system-level voltage 

restoration are also discussed, thus forming a comprehensive coordinated control 

solution for DC shipboard microgrid with improved fuel efficiency. 

In addition, the stability of DC distribution system is a huge challenge. Due to the fact 

that a majority of power generated onboard an electric ship will be consumed by the 

vessel’s propulsion system, the high-power non-linear active load may interact with 

the controllers of source-side power electronic converters and cause instability issues. 

Therefore, additional stability analysis and control method is needed. In order to 

analyze the impact of using different control methods on system stability margin, 

comparative admittance-based analysis among different voltage control strategies is 

conducted. The two categories of control methods used: (1) impedance-type control 

(including the most commonly used dual-loop voltage control and the conventional 

droop method using virtual impedance loop); (2) admittance-type control (i.e. current-

based droop control) are modeled and compared. 

Inspired by this modeling work, control methods for enhancing stability of DC 

shipboard microgrid is proposed. First, a stability enhancement that can be adopted 

by both dual-loop voltage controller and conventional voltage droop controller is 
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proposed, in which specially designed negative series virtual inductor (NSVI) is 

introduced to cancel part of the instinct impedance of the dual-loop voltage controller. 

With properly designed NSVI, the output impedance of source-side converter can be 

modified, thus improving its capability feeding high-power nonlinear active load. The 

design procedure of NSVI is also discussed. 

In addition, control method that can improve the performance and stability margin of 

admittance-type droop controller is also investigated. Due to its different nature 

compared to impedance-type control method and its inherent convenience to achieve 

parallel structure, virtual capacitor that connected in parallel to virtual resistor is 

proposed as a second degree-of-freedom. By adding virtual capacitor accordingly to 

conventional virtual resistor, the output impedance and the system-level inertia could 

be modified at the same time. As a result, due to the virtual inertia injection function 

of the proposed method, both transient response and stability margin of the system 

can be modified. 

To validate the effectiveness and performance of proposed methods, simulations and 

experiments are carried out using multi-converter DC microgrid setup. The results 

demonstrate the effectiveness of proposed control methods in real-world applications.
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DANSK RESUME 

I de senere år er DC-distributionsteknologibaseret løsning blevet et fremtrædende valg 

til skibsbrændselssystem (SPS), især for dem, hvor der kræves elektrisk fremdrift. 

Ved at anvende DC-distribution kan brændstofeffektiviteten forbedres betydeligt ved 

at muliggøre dieselmotorer med variabel hastighed. Samtidig kan nye kraftkilder 

såsom brændselscelle og energilager (f.eks. Batterier, superkapacitorer, flyhjul osv.) 

Nemt installeres. I denne sammenhæng bliver DC SPS et perfekt eksempel på DC-

mikrogrid i real-world engineering. Dette projekt er at introducere og undersøge 

passende kontrolmetoder for DC-ombord mikrogrid ombord fremtidige elektriske 

marinefartøjer. 

Ifølge klassifikationsselskabernes forudsigelse, der er drevet af de strengere regler for 

emissionsregulering og udbredelsen af nye emissionskontrolområder, vil en 

lavemissions-kraftkilde spille en meget vigtigere rolle i de fremtidige skibe, men 

konventionel dieselmotor vil ikke desto mindre være bredt installeret. Derfor vil de 

nye SPS'er være mere komplicerede, hvilket kræver en korrekt koordineret 

kontrolstrategi for flere strømkilder. Ud over det skyldes den almindeligt anvendte 

droopbaserede proportional kraftdelingsstrategi for landbaserede mikrogrider på 

grund af den unikke brændstofeffektivitet, der er karakteristisk for diesel-elektrisk 

produktion, ikke en god brændstofeffektivitet. For at imødekomme disse udfordringer 

foreslås en genudformet hierarkisk kontrolstrategi for DC-skibsmikrogrid. I det nye 

forslag er strømfordeling af forskellige strømkilder ombord på et skib afhængig af 

deres forskellige karakteristika i stedet for deres effektbedømmelse. På baggrund af 

de foreslåede effektdelingsmetoder diskuteres også tekniske løsninger til opnåelse af 

brændstofeffektivitetsstyring og systemniveau spændingsgendannelse, hvilket danner 

en samlet koordineret kontrolløsning til DC-skibsmikrogrid med forbedret 

brændstofeffektivitet. 

Desuden er stabiliteten af DC distributionssystemet en enorm udfordring. På grund af 

det faktum, at et flertal af strømmen, der genereres ombord, vil et elektrisk skib 

forbruges af fartøjets fremdrivningssystem, kan den højeffektive ikke-lineære aktive 

belastning interagere med controllerne af strømforsyningsomformere i kilden og 

forårsage ustabilitetsproblemer. Derfor er der behov for yderligere stabilitetsanalyser 

og kontrolmetoder. For at analysere virkningen af at anvende forskellige 

kontrolmetoder på systemstabilitetsmarginen udføres sammenlignende 

adgangsbaseret analyse blandt forskellige spændingsstyringsstrategier. De to 

kategorier af kontrolmetoder, der anvendes: (1) impedans-type kontrol (inklusiv den 

mest anvendte dual-loop spændingskontrol og den konventionelle droopmetode ved 

anvendelse af virtuel impedanssløjfe); (2) indgangstype kontrol (dvs. strømbaseret 

droop control) modelleres og sammenlignes. 
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Inspireret af dette modelleringsarbejde foreslås kontrolmetoder til forbedring af 

stabiliteten af DC-skibsmikrogrid. For det første foreslås en stabilitetsforbedring, der 

kan vedtages af både dual-loop spændingsstyring og konventionel 

spændingsdrejningsregulator, hvori specielt konstrueret negativ serie virtuel induktor 

(NSVI) introduceres for at annullere en del af instinktimpedansen af dual-loop 

spændingen controller. Med korrekt udformet NSVI kan output-impedansen af 

kildekonverter konverteres, hvilket forbedrer dets evne til at fodre kraftig, ikke-lineær 

aktiv belastning. NSVI's designprocedure diskuteres også. 

Derudover undersøges også kontrolmetoden, som kan forbedre præstations- og 

stabilitetsmarginen for adgangsreguleringsmodulet. På grund af sin forskellige natur 

sammenlignet med impedans-typen kontrolmetode og dens iboende bekvemmelighed 

for at opnå parallel struktur, foreslås den virtuelle kondensator, der er forbundet 

parallelt med virtuel modstand, som en anden grad af frihed. Ved at tilføje virtuel 

kondensator i overensstemmelse hermed til konventionel virtuel modstand, kan 

outputimpedansen og systemniveau inertien modificeres på samme tid. Som et resultat 

kan både transient respons og stabilitetsmargin på systemet på grund af den inaktive 

injektionsfunktion af den foreslåede metode modificeres. 

For at validere effektiviteten og ydeevnen af foreslåede metoder udføres simuleringer 

og eksperimenter ved hjælp af multi-converter DC microgrid setup. Resultaterne viser 

effektiviteten af foreslåede kontrolmetoder i virkelige applikationer. 

 

 

 

 

 

  

 



13 

ACKNOWLEDGEMENTS 

The Ph.D. study, entitled ‘Coordinated Control and Stability Enhancement of Direct 

Current Shipboard Microgrids’, is carried out from November 15th, 2015 till 

November 13th, 2018, under the supervision of Prof. Josep M. Guerrero from the 

Department of Energy Technology, Aalborg University, Denmark. I would like to 

thank China Scholarship Council (CSC) for the financial support during my Ph.D. 

study in Aalborg. 

Firstly, I would like to express my appreciation to my supervisor Prof. Josep M. 

Guerrero and co-supervisor Associate Prof. Juan C. Vasquez. Thanks for providing 

me such a good chance to conduct Ph.D. study in Aalborg. I would like to express 

my sincere appreciation to your supervision, encouragements, support, and time spent 

during my Ph.D. study. 

Also, I would give my special thanks to Prof. Pavol Bauer, Dr. Zi’an Qin, and all the 

DCE&S team members. I really appreciate your help during my studying in Delft 

University of Technology and my stay in the Netherlands, where I learned a lot of 

different things from discussion with them. 

I would sincerely appreciate the committee members Prof. Remus Teodorescu, Prof. 

Pavol Bauer, and Prof Manuela Sechilariu. Thanks a lot for paying your time reading 

my thesis and coming to attend my Ph.D. defense. 

  

To the microgrid team people, Lexuan Meng, Dan Wu, Yajuan Guan, Wei Feng, 

Baoze Wei, Chi Zhang, Xin Zhao, Bo Sun, Renke Han, Wenzhao Liu, Mingshen Li, 

Jinghang Lv and all others. It was a pleasure to me to stay with you. It was the fate 

brought us together. We have been working, talking, joking, partying and traveling 

together. As a team member, I am always happy to be with you. It was a really joyful 

research team. 

I am also grateful to have colleagues and roommates from other research groups in 

Aalborg University: Hao Yi, Shunliang Wang, Yilin Ji, Yongheng Yang, Huai Wang, 

Xiongfei Wang, Dong Liu, Zhijian Yin, Yanfeng Shen, Haoran Wang, Qian Wang, 

and all, for their help on my study and daily life. 

I hope to send my gratitude to all staffs and friends who are with the Department of 

Energy Technology or were once with us. My time at Aalborg was enjoyable because 

of your help during the past three years. 

Finally, I hope to say “thank you” to my parents Dr. Minghua Zhao and Mr. Xuerun 

Jin, and all my families. It was your continuous encouragement, unreserved support, 

and endless love provides me the chance to become who I am today. 



COORDINATED CONTROL AND STABILITY ENHANCEMENT OF DIRECT CURRENT SHIPBOARD MICROGRIDS 

14 

It was always rememberable days in this world’s happiest city. To all, hope you will 

smile every day. 

 

Zheming Jin 

金哲铭 

Aalborg University 

Aalborg, Denmark 

September 3rd, 2018 

 

 



15 

TABLE OF CONTENTS 

Chapter 1. Introduction .......................................................................................... 19 

1.1. Background and motivation .......................................................................... 19 

1.1.1. Shipboard power systems and microgrids .............................................. 20 

1.1.2. Onboard energy storage: battery and other choices ................................ 22 

1.1.3. AC versus DC ........................................................................................ 22 

1.1.4. State-of-the-art control solutions in DC shipboard microgrids .............. 25 

1.1.5. Stability issue of DC shipboard microgrids............................................ 27 

1.2. Thesis objective ............................................................................................. 29 

1.3. Thesis outline ................................................................................................ 30 

Chapter 2. Hierarchical control design for DC shipboard microgrids ............... 31 

2.1. Proposed power sharing method ................................................................... 31 

2.1.1. Cooperative inverse-droop control ......................................................... 31 

2.1.2. Frequency-division control for hybrid energy storage system ............... 33 

2.2. Higher control levels ..................................................................................... 34 

2.2.1. Operation point managment ................................................................... 34 

2.2.2. System-level bus voltage restoration ...................................................... 35 

2.3. Simulation verification .................................................................................. 36 

2.3.1. The study-case shipboard microgrids ..................................................... 36 

2.3.2. Scenario 1: full-load acceleration process .............................................. 38 

2.3.3. Scenario 2: DP process ........................................................................... 42 

Chapter 3. Modeling, analyzing and comparison of different droop control 

realizations ............................................................................................................... 46 

3.1. Scalable state-space modeling ....................................................................... 47 

3.1.1. State-space based modeling for impedance-type realization method ..... 47 

3.1.2. State-space based modeling for admittance-type realization method ..... 49 

3.1.3. Simulation verification of proposed model ............................................ 50 

3.2. Admittance based analysis ............................................................................ 51 

3.2.1. Deriving output admittance from state-space model .............................. 51 

3.2.2. Generalized analytical model and equivalent circuit .............................. 53 



COORDINATED CONTROL AND STABILITY ENHANCEMENT OF DIRECT CURRENT SHIPBOARD MICROGRIDS 

16 

3.3. Impact of using different realization on stability margin of the system ........ 54 

3.3.1. Admittance feature of different realization ............................................ 54 

3.3.2. Impact of different realization on stability margin ................................. 54 

Chapter 4. System stability enhancement method developed for impedance-type 

controllers ................................................................................................................ 58 

4.1. Mechanism of proposed method ................................................................... 58 

4.2. Design rules of proposed method .................................................................. 60 

4.3. Simulation verification of proposed method ................................................. 61 

Chapter 5. System performance improvement with admittance-type droop 

controllers ................................................................................................................ 65 

5.1. Mechanism of proposed method ................................................................... 65 

5.1.1. Relationship between system inertia and droop control ......................... 65 

5.1.2. Virtual inertia injection through droop control ...................................... 66 

5.1.3. Impact of realization .............................................................................. 67 

5.2. Simulation and experimental results ............................................................. 69 

5.2.1. Simulation results ................................................................................... 69 

5.2.2. Experimental results ............................................................................... 71 

Chapter 6. Conclusions and future work .............................................................. 76 

6.1. Concluding remarks ...................................................................................... 76 

6.2. Potential future work of this thesis ................................................................ 77 

Literature list ........................................................................................................... 78 

Appendix PAPERS ................................................................................................. 83 

 

  



17 

TABLE OF FIGURES 

Figure 1-1 Concept Map of Future Ship Power from DNV GL’s vision report [7]. 20 
Figure 1-2 Configuration of power system in conventional ships............................ 23 
Figure 1-3 Major existing configuration of shipboard power systems using AC 

distribution. (a) AC integrated power system; (b)shaft generation design. ............. 23 
Figure 1-4 Major existing configuration of shipboard power systems using DC 

distribution. (a) DC integrated power system; (b) paralleled hybrid propulsion. ... 23 
Figure 1-5 Excitation based control scheme [57]. ................................................... 25 
Figure 1-6 A typical voltage droop pattern for DC shipboard microgrid [57]. ...... 27 
Figure 1-7 Voltage-current characteristic of an ideal constant power load [59]. .. 28 
Figure 1-8 Analytical circuit for constant power load instability issue [59]. .......... 28 
Figure 2-1 Equivalent steady-state circuit of droop and inverse-droop methods: (a) 

droop method; (b) proposed inverse-droop method [57]. ........................................ 32 
Figure 2-2 Frequency-division design for inverse-droop control with HESS [57]. . 34 
Figure 2-3 Fuel efficiency model used in this thesis: (a) operational data; (b)specific 

fuel consumption map [57]. ..................................................................................... 34 
Figure 2-4 Implementation of proposed hierarchical control design in different 

controllers of HESS [57]. ......................................................................................... 35 
Figure 2-5 Implementation of proposed hierarchical control design in exciters [57].

 ................................................................................................................................. 36 
Figure 2-6 Configuration of study-case DC shipboard microgrid [57]. ................. 36 
Figure 2-7 Simulation results of scenario 1 using conventional droop control method 

[57]. ......................................................................................................................... 39 
Figure 2-8 Simulation results of scenario 1 using proposed hierarchical control 

design with centralized ESS [57]. ............................................................................ 40 
Figure 2-9 Simulation results of scenario 1 using proposed hierarchical control 

design with HESS and frequency-division method [57]. .......................................... 41 
Figure 2-10 Simulation results of scenario 2 using conventional droop control method 

[57]. ......................................................................................................................... 43 
Figure 2-11 Simulation results of scenario 2 using proposed hierarchical control 

design with centralized ESS [57]. ............................................................................ 44 
Figure 2-12 Simulation results of scenario 2 using proposed hierarchical control 

design with HESS and frequency-division method [57]. .......................................... 45 
Figure 3-1 Control diagram of impedance-type realization of droop control [58]. 46 
Figure 3-2 Control diagram of admittance-type realization of droop control[58]. . 46 
Figure 3-3 The study-case DC microgrid used in this chapter [58]. ....................... 46 
Figure 3-4 Simulation results of impedance-type controlled case [58]. .................. 50 
Figure 3-5 Simulation results of admittance-type controlled case [58]. ................. 50 
Figure 3-6 Simulation results of mixed case: converter #1 is controlled by impedance-

type controller, converter#2 is controlled by admittance-type controller [58]. ....... 51 
Figure 3-7 Output admittance measured by PLECS and derived from state-space 

model [58]. ............................................................................................................... 52 



COORDINATED CONTROL AND STABILITY ENHANCEMENT OF DIRECT CURRENT SHIPBOARD MICROGRIDS 

18 

Figure 3-8 Derived equivalent circuit for droop controllers: (a) impedance-type 

controller; (b) admittance-type controller [58]. ...................................................... 53 
Figure 3-9 Frequency response of source-side output admittance with impedance-

type droop-controlled converters under different virtual resistance (0.2Ω-4Ω) [58].

 ................................................................................................................................. 55 
Figure 3-10 Frequency response of source-side output admittance with admittance-

type droop-controlled converters under different virtual resistance (0.2Ω-4Ω) [58].

 ................................................................................................................................. 55 
Figure 3-11 Simulation results of impedance-type droop-controlled case (Rvi=0.1Ω)  

feeding high-power CPL [58]. ................................................................................. 56 
Figure 3-12 Simulation results of admittance-type droop-controlled case (Rvi=0.1Ω)  

feeding high-power CPL [58]. ................................................................................. 56 
Figure 4-1 Frequency response of source-side output impedance for conventional 

dual-loop voltage control (i.e. impedance-type controller with Rvi=0) [59]. ........... 58 
Figure 4-2 Frequency response of source-side output impedance for impedance-type 

droop control (with Rvi=0.1Ω) [59]. ........................................................................ 59 
Figure 4-3 Control diagram of proposed method [59]. ........................................... 60 
Figure 4-4 Output impedance after adding proposed NSVI (voltage control as 

example) [59]. .......................................................................................................... 60 
Figure 4-5 Map of poles and zeros of Tm(s) in different setting of NSVI (PCPL=6.5MW) 

[59]. ......................................................................................................................... 61 
Figure 4-6 Simulation results of dual-loop voltage controlled converters feeding CPL 

with/without proposed NSVI method: (a)without NSVI method; (b) with NSVI method 

[59]. ......................................................................................................................... 63 
Figure 4-7 Simulation results of impedance-type droop controlled converters feeding 

CPL with/without proposed NSVI method: (a)without NSVI method; (b)with NSVI 

method [59]. ............................................................................................................. 64 
Figure 5-1 Derived equivalent circuit for RC-mode droop controllers: (a) impedance-

type controller; (b)admittance-type controller [60]. ............................................... 67 
Figure 5-2 Derived source-side admittance of RC-mode droop control with different 

realizations: (a) impedance-type controller; (b)admittance-type controller [60]. .. 68 
Figure 5-3 Simulation results of load changing with and without proposed RC-mode 

droop control (a) without proposed method; (b) with proposed method [60]. ........ 70 
Figure 5-4 The experimental setup: (a) schematic of set-up; (b)photo of set-up. .... 71 
Figure 5-5 Experimental results of load changing with normal admittance-type droop 

control: (a)bus voltage; (b) enlarged area [60]. ..................................................... 72 
Figure 5-6 Experimental results of load changing with normal admittance-type droop 

control: (a)output currents of converters; (b) enlarged area [60]. ......................... 73 
Figure 5-7 Experimental results of load changing with proposed RC-mode droop 

control: (a) bus voltage; (b) enlarged area [60]. .................................................... 74 
Figure 5-6 Experimental results of load changing with proposed RC-mode droop 

control (a)output currents of converters; (b) enlarged area [60]. ........................... 75 

 



19 

CHAPTER 1. INTRODUCTION  

1.1. BACKGROUND AND MOTIVATION 

Electrical power has been introduced onboard marine vessels for more than 100 years, 

from the earliest record of DC arc lighting system in 1880s to the latest all-electric 

ships [1]-[2]. In 1984, the Cunard Line re-equipped the Queen Elizabeth II with the 

new electric propulsion system, which gives an annual fuel saving of 35% and starts 

the era of modern electric ship [2]. In addition to the fuel saving, electric propulsion 

also grants new opportunities. In off-shore vessels such as platform supply vessels 

(PSV) and drilling vessels, dynamic positioning (DP) systems have been widely 

adopted [3]. The DP system is to control vessel’s position on sea surface by combining 

electric propulsion and sophisticated motion control systems. With its help, several 

specialized operations are enabled, however, it will also lead to fast-changing load.  

On the commercial side, the two most critical issues facing ship owners and builders 

are the fuel efficiency and the increasingly stricter regulation rules for emissions. 

According to estimation of International Maritime Organization (IMO), in 2012, 

2.6% of global greenhouse emission, 15% of nitrogen oxides, and 13% of the sulphur 

oxides are produced by marine vessels. Therefore, IMO has proposed MARPOL 

Annex VI  regulation rules for air pollutant and energy efficiency [4]. Due to these 

stringent regulation rules, a lot of effort has been made by improving marine engines 

and, more importantly, introducing new technologies [2], [3].  

In 2009, a 330 kW fuel cell system and a 442 kWh battery bank were installed onboard 

offshore support vessel Viking Lady and supply power to the electric propulsion 

system, thus making it the world’s fuel cell powered ship [5], [6]. According to its 

18500 hours’ operation report, the annual fuel consumption is reduced by 20~30% 

through smoothing the operation of main engines. In 2015, the world’s first fully 

electric passenger and car ferry, the MF Ampere was launched in Norway. It is 

equipped with battery bank up to 1 MW and is capable of accommodating 120 cars 

and 360 passengers for a 30-min trip [2], [3].  

In 2016, the world’s largest classification society DNV GL published their vision 

report for the future application of battery and hybrid power onboard future ships, 

entitled “the future is hybrid” [7]. At the same time, battery as power source is 

included in their classification rules for the first time [8]. From their point of view, 

DNV GL proposed that the price of battery has reach the breakthrough point, and, from 

2015, they are economically viable to be used for shipboard applications. As a result 

of this, in the near future, hybrid power system that combines diverse power sources, 

as illustrated in Figure 1-1 [7], will become the more competitive solution for ship 

propulsion. 
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Figure 1-1 Concept Map of Future Ship Power from DNV GL’s vision report [7]. 

1.1.1. SHIPBOARD POWER SYSTEMS AND MICROGRIDS 

Microgrids are defined as geographically small power systems capable of operating 

when connected to, or islanded form, a macro grid (i.e. utility grid) [9]-[12]. When 

islanded from macro grid, the microgrid is required to maintain its energy 

independence and availability for an extended time period [13]-[14]. Marine vessel’s 

shipboard power systems are perfect example of this definition. They are physically 

isolated (i.e. islanded) while at sea, and could become part of a terrestrial grid while 

docking at berth through shore to ship power connection (i.e. cold ironing equipment).  

Technically speaking, shipboard power systems have a lot of common features and 

challenges with terrestrial microgrids, especially those are operating in stand-alone 

mode [15]-[19]. In the author’s opinion, the most important commonality is that they 

share the same fundamental challenge, which is the mismatching issue between their 

power generation and power consumption. On the one hand, terrestrial stand-alone 

microgrids are focusing on maintain availability and continuity of power supply to its 

local power consumers, while its power generation are mostly coming from 

intermittent distributed renewables. On the other hand, shipboard microgrids are 

equipped with multiple diesel-electric generator sets (i.e. gensets) which are more 

efficient at certain operating points, while fast and dramatic load changes are 

inevitable due to the nature of shipboard application. 
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For abovementioned reason, many of the methods and equipment used are basically 

same or similar in these two application scenarios. In addition to that, many control 

strategies and design principles of terrestrial microgrids (e.g. control schemes, power 

sharing, protective functions, etc.) are possible to be adopted in shipboard power 

system, or vice versa [2], [3], [15]-[19]. At the same time, some of the major 

difference need to be taken into consideration, which are summarized as following: 

1. Mission-critical: It differs from terrestrial microgrids that shipboard micro-

grids are highly mission-critical. For this reason, the major task of shipboard 

power system is to “deliver right amount of power to the right place at right 

time”. In order to meet this design philosophy, the shipboard microgrid has 

high requirement on reliability, survivability and stability. 

2. “Pay-per-use” nature: In terrestrial microgrids, renewable sources, i.e. solar 

and wind, could be the major energy source. As a result, the power generation 

can bring income to the system. However, it is not the case of the state-of-

the-art shipboard microgrids, in which power generation results in cost and 

emission.  

3. Electrical distances: In terrestrial microgrids, the electrical distance is a 

considerable issue. It will affect dynamic, voltage regulation and power 

sharing of the system. But in shipboard microgrids, the electrical distance 

will be intentionally designed to be short, and, therefore, trivializing the 

effect. However, the short electrical distance results in low impedance which 

will increase the coupling between different parts of the power system. 

4. Load profile: Due to the inevitable uncertainty of sea, the power demand of 

electric propulsion systems is often rapidly changing. Moreover, the DP 

systems is mandatory for some certain types of vessels. The recent DP 

systems can act to ocean current within a second, which means seconds-level 

fast load changing need to be considered as potential load profile. Such a 

fast-changing load profile is hardly considered in terrestrial microgrids. 

5. Planning of generation: In terrestrial microgrids, the power delivered by 

each generation unit could be scheduled by optimization, such as day-ahead 

scheduling. However, due to its rapidly changing load profile, load sharing 

methods (usually droop control method) and on/off control according to pre-

defined look-up table is more frequently used in shipboard microgrids. 

6. System’s scale: Due to the shipboard power system’s limited size and extent, 

a centralized control structure is possible. Hence, it is usually integrated 

together with the mandatory monitoring system of the vessel’s power plant. 
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1.1.2. ONBOARD ENERGY STORAGE: BATTERY AND OTHER 
CHOICES 

Driven by the tendency of electric vehicles, the performance of batteries, especially 

lithium-ion batteries, have been greatly improved. For example, in the past five years, 

batteries have dropped 50% in price and last much longer than what they did five 

years ago [7]. It is clearly predictable that ongoing and potentially transformative 

developments are taking place in the battery technology. In the near future, batteries 

with significantly increased cycle life, power and energy density are expected to be 

available on the market with lower costs.  

Existing onboard battery systems are mostly based on the same or very similar large-

format cells as those are used for electric vehicles and hybrid electric vehicles. 

However, due to the different power level, battery systems used in maritime sector are 

more related to the MWh-level systems that are designed and installed for utility grid 

applications [20]-[24], whereas additional safety requirement need to be met.  

Although battery system can be optimized to have high energy-storage capacity or 

high instant power capability, one of the existing problems is that some applications, 

for example drilling vessel and naval vessel, will require a combination of both high 

energy and high power, which is currently neither technically easy nor economically 

efficient to be met by any single kind of battery [25]-[30]. For this reason, other energy 

storage media with higher power density, such as electrostatic double-layer capacitors 

(EDLCs or a.k.a. supercapacitors) and high-speed flywheels, have been considered 

for installation [3], [16], [25]-[33]. Both of them, as energy storage media, are 

optimized for short-term (including periodical or repetitive cases), power-intensive 

applications. In addition to that, the flywheel’s unique inherent resistance to humid 

environment is also a noteworthy point due to safety requirement. 

Regardless what kind of energy storage media is used, installing onboard energy 

storage system will always introduce a new degree-of-freedom in the control and 

management of shipboard power system [19]. It opens new possibility to actively 

optimize the fuel efficiency and/or emission of the onboard power generation. By 

cooperative control of onboard energy storage systems and generators, the 

optimization toward lowest fuel consumption and/or least emission, as well as the 

need to feed highly dynamic load demands, can be achieved simultaneously. In 

addition to that, the presence of energy storage also provides new choice for the 

mandatory reservation of power generation onboard a marine vessel, which is 

considerable in the ship design process. 

1.1.3. AC VERSUS DC 

The earliest shipboard power systems were using DC distribution, but it was replaced 

by AC distribution. One of major reasons for this change was that the early DC 
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shipboard power systems (without power electronics) had to use rotating devices to 

make power conversion between different voltage levels, which greatly limited the 

capability of the whole system. As a result, AC distribution based shipboard power 

system has been used in an overwhelming number of marine vessels [2], [3]. 

 

Figure 1-2 Configuration of power system in conventional ships. 

      
 (a) (b) 

Figure 1-3 Major existing configuration of shipboard power systems using AC 
distribution. (a) AC integrated power system; (b)shaft generation design. 

   
 (a) (b) 

Figure 1-4 Major existing configuration of shipboard power systems using DC 
distribution. (a) DC integrated power system; (b) paralleled hybrid propulsion. 

In the latest decades, with the advantage obtained from the introduction of modern 

power electronics and electric propulsion systems, DC distribution technology has 
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been recognized to have several considerable advantages over its more conventional 

AC counterparts, which are summarized and listed as following [3], [17]-[19]: 

1. Efficiency: The most important advantage of DC shipboard power system 

design is its better overall efficiency. For power transmission purpose, using 

DC means cables do not experience skin effect, which will reduce ohmic 

resistance and improve the capability of conducting. At the same time, due 

to the lack of a fundament frequency, only ohmic resistance is needed to be 

considered, which further reduces the system’s transmission losses. For 

power conversion, DC distribution will have at least same number of front-

to-end power conversion stages for pure diesel-electric propulsion power-

train and reduced number of power conversion stages for emerging power 

sources (i.e. fuel cell and battery). As a result, the conversion losses will be 

reduced. 

2. Variable-speed operation of prime mover: In conventional AC shipboard 

power systems, the prime movers are limited to operate at a certain narrow 

speed range. But in DC systems, as there is no constraint of system frequency 

or phase angle synchronization, the prime movers are enabled to operates at 

their optimized speeds independently, thus saving considerable fuel. In 

addition to that, the lack of system frequency constraint also means higher-

speed prime movers, typically the gas turbines, can be easily integrated into 

the system, which can save space and weight.  

3. Natural elimination of reactive power and harmonics: In state-of-the-art 

shipboard applications, because of the wide use of passive rectifier (i.e. diode 

rectifier) in electric propulsion systems, both reactive power and harmonics 

are causing huge problem. But in DC systems, due to the lack of system 

frequency, neither reactive power nor harmonics will cause similar problem 

as they did in AC systems. It will possibly help saving space and weight (by 

reducing compensator), improving efficiency, and enhancing quality of 

service (QoS) indicator. 

4. Plug and play capability: In DC systems, as there is no need for phase angle 

synchronization, power sources can be connected into the distribution system 

much faster and easier, when compared with AC systems. It makes “plug and 

play” operation much easier. At the same time, this feature also provides 

better support to power sources with slow dynamics, e.g. fuel cell and gas 

turbines, thus opening opportunities to exploit their better fuel efficiency. In 

addition to that, it also makes future upgrade and/or retrofit of the shipboard 

power system easier. 

5. Space saving and weight reduction: By using DC distribution, the overall 

weight and space of the system can be reduced for at least two reasons: (1) 
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DC system require only two conductors while three conductors are needed 

in AC system; (2) more compact gen-set design can be allowed, for example, 

high-speed gas turbine can be coupled with permanent magnetic generator, 

thus forming a very compact power source. 

6. Efficient integration of energy storage: When compared with AC systems, 

energy storage systems do not require additional AC/DC power conversion, 

which can reduce the size of the system, and providing better energy 

efficiency that helps reducing the cost of running energy storage systems. 

In addition to these general advantages, new technological advances in new power 

electronics and solid-state protective equipment, especially those developed for 

medium voltage levels, are solving many of the current issues and challenges of DC 

shipboard microgrids. 

1.1.4. STATE-OF-THE-ART CONTROL SOLUTIONS IN DC SHIPBOARD 
MICROGRIDS 

1.1.4.1 Excitation based control 

So far, the most cost-efficient solution for bus voltage regulation of DC shipboard 

microgrids is the traditional excitation-based control method, in which the current of 

exciter winding is controlled to regulate the DC bus voltage [34]-[36]. It is similar to 

the automatic voltage regulator (AVR) that is commonly used in AC power systems. 

In Figure 1-5, the control scheme is illustrated. 

 

Figure 1-5 Excitation based control scheme [57]. 

The most important advantage of this control solution, also the major reason for its 

popularity, is that it requires well-proven synchornous generators (SGs) and simple 



COORDINATED CONTROL AND STABILITY ENHANCEMENT OF DIRECT CURRENT SHIPBOARD MICROGRIDS 

26
 

diode rectifier to perform voltage control, which will significantly reduce the cost and 

grant convincing reliability. 

The principle of excitation based control scheme is quite simple. In the normal 

commutation mode operation of diode rectifier, the average value of output current 

and the DC bus voltage has an approximated linear relationship given as [37]-[39]: 

 3 3 3
dc m e ac dcV V L I

 
= −  (1.1) 

where Vm is the peak value of phase voltage, e is the electrical angular speed, Lac is 

the AC side inductance (i.e. synchronous inductance of SG), Idc is the average value 

of output current. In the case of using SG, the peak phase voltage Vm is determined by: 
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where Vds, Vqs, Ids, Iqs, Rds, Rqs, Lds, Lqs are the stator voltage, current, resistance and 

inductance components in d-q reference frame, respectively; Lm is the magnetizing 

inductance of the SG; f is the excitation current; f is the excitation flux established 

by exciter. 

Therefore, the bus voltage can be controlled by tuning f in (1.2) to compensate 

voltage drop shown in (1.1). 

Although excitation control scheme is easy to implement in the real-world engineering, 

its drawbacks are also noteworthy: 

1) The control bandwidth of this solution is limited, which is a considerable 

problem due to the highly dynamic load profiles of marine vessels. 

2) The control solution can only be achieved by using SGs, when compared to 

more compact permanent magnetic generators (PMGs), the weight and 

volume will be larger. 

1.1.4.2 Voltage droop control 

Voltage droop control is a commonly used method to coordinate generators and 

energy storage systems in both terrestrial and shipboard microgrids [35], [40]. The 

control principle is to add intentional voltage drop in output voltage control of power 

sources as they are feeding loads. As a result, the steady-state power sharing will be 

show proportion to the droop coefficient design. In Figure 1-6, a typical droop pattern 

for DC shipboard microgrid is illustrated. 
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Figure 1-6 A typical voltage droop pattern for DC shipboard microgrid [57]. 

The major adavantage of adopting droop control is that the improper power sharing  

caused by measurement error among power sources can be effectively limited and 

proportional power sharing can be ensured.  

However, it is also noteworthy that voltage droop control (for DC distribution) is 

firstly proposed as adaptive voltage positioning (AVP) technique [41] for modular 

power supplys for chips and communication devices, therefore, the cost of generation 

is not taken into consideration. When adopted in a DC shipboard microgrids, the fast-

changing load profile of marine vessels will result in frequent change of loading 

condition of the gen-set, which significantly degrades fuel efficiency. Moreover, the 

frequent load changing will also result in mechnical issues. 

1.1.5. STABILITY ISSUE OF DC SHIPBOARD MICROGRIDS 

The constant power load (CPL) instability is a common issue for DC microgrids in 

both terrestrial [42]-[48] and shipboard applications [49]-[54], it is because of the 

nature of power electronics that their controllers tend to maintain certain variable in 

the output side to be constant, regardless changes in the input side. This feature is 

reported as a major cause of bus voltage instability of DC microgrids. 

In DC shipboard microgrids, CPL instability is even more critical than terrestrial 

microgrids. It is because majority of power generated onboard a ship will be consumed 

by its propulsion system. The high-power electric propulsion system of electric ships 

will show strong CPL characteristic, which is a huge treat to the system stability of 

shipboard microgrid. 

1.1.5.1 Mechanism of CPL instability 

The voltage-current characteristic of an ideal CPL can be illustrated as shown in 

Figure 1-7 [59].  

The incremental resistance of a constant power load can be presented by: 
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It indicates that the CPLs, although still consuming power, are acting like negative 

incremental resistance in the system, which will unexpectedly reduce the system 

damping [41]-[54], [59]. 

A linearized equivalent circuit of a CPL can be derived from (1.3), which composed 

by the derived negative resistance and a controlled current source, as shown in Figure 

1-8 [59].  

In addition to that, the discussion above are satisfied within the control bandwidth of 

the load converter’s control bandwidth. Beyond the control bandwidth, additional 

higher order impedance characteristic will appear. 
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Figure 1-7 Voltage-current characteristic of an ideal constant power load [59]. 
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Figure 1-8 Analytical circuit for constant power load instability issue [59]. 

For the analytical circuit shown in Figure 1-8 [59], the stability of bus voltage will be 

determined by: 
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where Vs(s), Zo(s) and ZCPL(s) stand for source voltage, source-side output impedance 

and negative impedance of CPLs, all presented by frequency-domain transfer 

functions. Tm(s) is defined as minor loop gain of the system, which is critical to the 

system stability analysis.  

The sufficient condition of bus voltage stability is that all the dominant poles of Tm(s) 

locate in the stable region. As an inference of this, the source-side output impedance 

Zo(s) shall always have smaller magnitude than the load-side input impedance ZCPL(s), 

or, at least, Zo(s)/Zo(s) fulfill the marginal stable condition. 

1.2. THESIS OBJECTIVE 

The major idea of the project presented by this thesis is to introduce advanced and 

proven techniques from terrestrial microgrid research to the shipboard microgrids. In 

detail, the following specified objectives are considered. 

Regarding the coordinated control of DC shipboard microgrids, the following research 

objectives are defined: 

• The first objective is to adopt hierarchical control concept, which is well-

proven in terrestrial microgrids, into DC shipboard microgrids. 

• The second objective is to propose new control concept that can fully exploit 

the presence of onboard energy storages. The new proposal is expected to 

grant modified fuel efficiency. 

Regarding the stability issue of DC shipboard microgrids, the following research 

objectives are defined: 

• The first objective is to investigate and to compare the impact of using 

different control methods, including voltage control and droop control. The 

output immittance characteristic of each control method will be modeled and 

analyzed. 

• The second objective is to propose stability enhancement methods for the 

analyzed control methods. The capability of feeding CPL is expected to be 

modified by applying proposed methods. 

• The third objective is to study performance improvement methods aiming at 

the fast load changes in shipboard microgrids. 
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1.3. THESIS OUTLINE 

The following parts of this thesis are organized as follows: 

Chapter 2 presents the paper A in the Appendix. The contributions of this chapter 

focus on coordinated control solution of DC shipboard microgrid, in which different 

kinds of power sources (i.e. diesel gen-sets, energy storages, and fuel cells) are 

involved. The proposed method focuses on achieving characteristic-based power 

sharing among different kinds of power sources, thus optimizing fuel efficiency of the 

system under fast-changing load profile. In addition to that, control solutions to 

achieve individual operational optimization and system-level bus voltage restoration 

are also introduced, thus forming a re-designed hierarchical control architecture for 

DC shipboard microgrids. 

Chapter 3 presents the paper B in the Appendix. The contributions of this chapter 

focus on modeling and comparison of different primary-level control solutions used 

in DC microgrids. The impedance-type control (i.e. conventional voltage/droop 

control method using dual-loop voltage controller and virtual impedance feedback 

loop) and admittance-type control (i.e. controllers that realize droop characteristic by 

its finite gain) are modeled and compared. 

Chapter 4 presents the paper C in the Appendix. The contributions of this chapter 

focus on stability enhancement for impedance-type controllers, in which specially 

designed negative series virtual inductor (NSVI) is introduced to modify the output 

impedance of source-side converters. The mechanism and design rules of NSVI are 

also discussed. 

Chapter 5 presents the paper D in the Appendix. The contributions of this chapter 

focus on improving performance of admittance-type control. In this chapter, RC-mode 

admittance-type control that introduce paralleled virtual resistor and virtual capacitor 

is proposed. By adding virtual capacitor, the output impedance will be modified, and, 

more importantly, the inertial behavior of the system is enhanced, thus providing 

smoother transient response compared to normal control solutions. 

Chapter 6 concludes the contributions of this thesis and the potential future works. 
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CHAPTER 2. HIERARCHICAL 

CONTROL DESIGN FOR DC 

SHIPBOARD MICROGRIDS 

In this chapter, a hierarhical control design for DC shipboard microgrids is presented. 

In the proposed method, power sources onboard the ship are coordinated according to 

their different characteristic in dynamic and fuel efficiency, thus providing a better 

fuel efficiency under fast-changing load profile of marine vessel. 

2.1. PROPOSED POWER SHARING METHOD 

2.1.1. COOPERATIVE INVERSE-DROOP CONTROL  

2.1.1.1  Principle of cooperative Inverse-droop control  

The control function of conventional voltage droop control method is commonly 

explained to be introducing virtual resistor to the system, which can be presented by: 

 
dc ref vr oV V R I= −  (2.1) 

By assuming the voltage drop is relatively small, it can be linearized into a voltage-

power equation, which is also widely used as voltage-power droop [40]: 

 whendc ref o vr nom dc nomV V mP m R V V V= − =   (2.2) 

where Rvr is the virtual resistor, Io is the output current, Po is the output power, Vref
* is 

the voltage reference, Vnom is the nominal voltage, m is named as droop coefficient or 

power droop coefficient. 

These two equations can be also reformulated as: 

 ( )
1

o ref dc

vr

I V V
R

= −  (2.3) 

 ( )
1

o ref dcP V V
m

= −  (2.4) 

These two equations reveal the physical nature of droop control — the power sources 

are controlled as Thevenin circuit instead of stiff voltage source. Therefore, it becomes 

possible to coordinate their output power by intentionally controlled voltage 

deviation, which is defined as inverse-droop control method. 
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The principle of inverse-droop control method can be defined as following: for a 

determined amount of output power Pref from droop controlled sources, it will be 

achieved by intentional controlling the bus voltage according to: 

 ( )* 21
4

2
dc ref ref vr refV V V R P = + −  (2.5) 

 *

dc ref refV V mP= −  (2.6) 

where Vdc
* is the calculated reference. 

For multiple converters, the control function can be re-written as: 
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where Rvri is the virtual resistor of the ith converter, mi is the droop coefficient of the 

ith converter, Req is the equivalent resistance of the system, meq is the equivalent power 

droop coefficient of the system. 

2.1.1.2 Advantages of cooperative Inverse-droop control in DC 

shipboard microgrids 

In Figure 2-1 [57], the equivalent circuits of conventional droop method and proposed 

inverse-droop method are illustrated. The major difference between droop controlled 

system and inverse-droop controlled system is that inverse-droop controlled system 

contains a voltage controlled source in addition to the droop controlled sources. For 

both cases, the power sharing is proportional among all droop controlled sources, but 

in inverse-droop controlled system, additional asymmetrical power sharing will occur 

between the voltage controlled source and droop controlled sources. 

                             
 (a) (b) 

Figure 2-1 Equivalent steady-state circuit of droop and inverse-droop methods: (a) 
droop method; (b) proposed inverse-droop method [57].   
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As a result of this asymmetrical power sharing, the voltage controlled source will 

naturally absorb the load fluctuations, whereas droop controlled sources will work in 

controlled constant load condition. At the same time, voltage controlled source will 

automatically perform peak-shaving, and spinning reserve functions. It is noteworthy 

that these functions are exactly the same with the expected usage of energy storage in 

the shipboard microgrids. Therefore, the new proposal will be an effective solution to 

integrate energy storages into DC shipboard microgrids. 

In addition to that, as shown in equation (1.1), the diode rectified generators (including 

both SG and PMG) will show an inherent voltage droop characteristic. This inherent 

behavior make it possible to use PMGs with simple diode rectifier as power source in 

the inverse-droop controlled system. In this way, the overall cost and volume of the 

onboard generating units can be reduced. Moreover, the uncontrollability problem of 

using diode rectifier can be overcome, thus providing complementary advantages of 

using controllable and uncontrollable power electronics. 

2.1.2. FREQUENCY-DIVISION CONTROL FOR HYBRID ENERGY 
STORAGE SYSTEM 

As mentioned previously, hybrid energy storage system (HESS) that composed by 

two or more types of energy storage media is a potential solution to meet the twofold 

requirement on power and energy densities for shipboard applications. But the control 

and real-time management of HESS will be challenging. To exploit complementary 

advantage from different storage media, advanced power sharing method that consist 

with characteristics of different storage media will be mandatory. 

The asymmetrical power sharing of proposed inverse-droop control method can be 

considered as to divide the load profile into two different parts: (1) baseline power 

that is constant (i.e. f=0); (2) fluctuating power that is varying along with the time (i.e. 

f>0). The baseline power is shared among multiple droop controlled sources, whereas 

the fluctuating power is supplied by the voltage controlled source. As a result, the 

different characteristic of diesel generation and ESS are respected. 

Similarly, the fluctuating power can be also subdivided into two parts, which are low-

frequency fluctuation and high-frequency fluctuation. In DC applications, the high-

frequency power fluctuation caused by load changes will attenuate rapidly, which 

means the total energy demand is very low. For this reason, it is efficient to absorb 

the high-frequency fluctuating power by power-intensive storages (i.e. EDLC and 

flywheel), while the other part is absorbed by battery. Therefore, power-intensive and 

energy-intensive storage media can be cooperative in the dynamic power sharing. The 

subdivision of power fluctuations can be easily implemented by inserting paired low-

pass and high-pass filters into the inner-loop controllers, as shown in Figure 2-2 [57]. 

With the effective frequency-division design, the system can exploit the benefit of 

HESS without interventions of management-level control. 
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Figure 2-2 Frequency-division design for inverse-droop control with HESS [57].   

2.2. HIGHER CONTROL LEVELS 

2.2.1. OPERATION POINT MANAGMENT 

In shipboard applications, the management of system operation typically includes two 

different kinds of activities, i.e. managing number of running gen-sets and optimizing 

operation point of gen-sets. With the presence of batteries in a shipboard microgrid, 

an effective choice for the on/off control is to act according to state-of-charge (SoC) 

of battery. Therefore, the discussion of management level control in this thesis is 

focused on the methods of realizing desired fuel efficiency. 

The fuel efficiency of a genset is related to many different variables, including the 

load torque, engine speed, air temperature, coolant temperature, atmospheric pressure, 

etc. As an empirical conclusion, in a standard test environment, the optimal fuel 

efficiency will appear when the output is 80%-90% of the rated torque/load and it will 

vary according to the engine speed. In this thesis, operational data of a 360 kW diesel 

engine for power generation purpose is used for evaluation purpose. 

  
 (a) (b) 
Figure 2-3 Fuel efficiency model used in this thesis: (a) operational data; (b)specific 
fuel consumption map [57].   
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By using the proposed power sharing methods, the bus voltage will be intentionally 

controlled to coordinate operation of gen-sets. Therefore, the operational point can be 

selected by introducing an additional adjustable voltage deviation into the no-load 

voltage reference as secondary adjustment, thus it differentiates the output power of 

gen-sets. Such control function can be realized by simple PI controller. 

2.2.2. SYSTEM-LEVEL BUS VOLTAGE RESTORATION 

The system-level bus voltage restoration is referred as the second control layer or 

secondary control of terrestrial microgrids. However, similar control function has 

been hardly reported for shipboard microgrids. A major reason is that the equipment 

is required to tolerate the maximum voltage deviation introduced by primary power 

sharing control. Yet, this control level will be needed in the operating scenarios like 

when two zonal microgrids are to be connected (e.g. after DP operation). 

To restore the bus voltage to a certain value, a global offset (usually generated by 

additional PI controller with relatively slow response) is needed to be inject to the 

original voltage reference. In this case, the power sharing will not be affected, and the 

optimized operational points of gen-sets are maintained. 

Ultimately, the comprehensive control diagram of proposed hierarchical control 

design is shown in Figure 2-4 [57] and Figure 2-5[57].  

 

Figure 2-4 Implementation of proposed hierarchical control design in different 
controllers of HESS [57].   
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Figure 2-5 Implementation of proposed hierarchical control design in exciters [57].   

2.3. SIMULATION VERIFICATION 

To validate the methods presented in this paper, real-time simulations in detailed 

switching level are carried out with Opal-RT real-time simulator. Performance of 

using conventional droop control and proposed inverse-droop control are compared. 

The fuel consumption model shown in Figure 2-3 [57] is quantified and used during 

the simulation to evaluate their fuel consumption. 

2.3.1. THE STUDY-CASE SHIPBOARD MICROGRIDS 

A notional DC-SPS with the same configuration as shown in Figure 2-6 [57], is used 

as the study case. The parameters of each component are as shown in Table 2-1 [57], 

whereas control parameters are shown in Table 2-2 [57].  

 

Figure 2-6 Configuration of study-case DC shipboard microgrid [57].   
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Category Parameter Value Unit 

DC Bus Nominal voltage (range) 1500 (±10%) V 

Gensets 

Nominal rotational speed 1800 rpm 

Rated power 330 kW 

Synchronous inductance 0.969 mH 

Rated line voltage (@1800rpm) 1215 Vrms 

Battery 

Rated capacity  265.2 kWh 

Maximum power (dis-/charge) 390/390 kW 

Switching frequency 1 kHz 

SC 

Rated capacitance 2200 F 

Rated voltage 288 V 

Maximum capacity 91 MJ 

Switching frequency 10 kHz 

FC Rated power 100 kW 

Loads 
Rated propulsion power 625 kW 

Auxiliary power 85 kW 

Table 2-1 Parameters of the study-case shipboard microgrid [57]. 

Inner-loop 

Controllers 

Battery voltage controller (P/I) 1/125 - 

Battery current controller (P/I) 0.0015/0.20 - 

SC voltage controller (P/I) 10/1000 - 

SC current controller (P/I) 0.0045/0.20 - 

Cut-off frequency of paired filters 5 Hz 

Power Sharing 

Level 

Base voltage 1640 V 

Base rotational speed 1800 rpm 

Base droop coefficient 0.5 V/kW 

Management 

Level 

Notional optimal operation point 1 300/1800 kW/rpm 

Notional optimal operation point 2 260/1700 kW/rpm 

Voltage deviation controller (P/I) 0.5/5 - 

Voltage 

Restoration Level 
Voltage restoration controller (P/I) 0.1/10 - 

ESS Droop 

Control  

Initial voltage reference 1500 V 

Droop coefficient 0.3 V/kW 

Table 2-2 Control parameters of the study-case shipboard microgrid [57]. 

To validate the performance, especially the fuel efficiency of proposed methods, two 

operating scenarios are set: 

(1) The full-load acceleration process, in which the propulsion load increased 

from 0 to 100%.  
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(2) The DP process, in which a fast periodical load change is emulated. 

2.3.2. SCENARIO 1: FULL-LOAD ACCELERATION PROCESS  

This simulation scenario is detailed as follows: 

a) Stage 1 (0-t1): This stage emulates the grid-forming process of the system. The 

genset #1 accelerates from idle speed to its rated speed and then connected into 

system. The bus voltage is regulated by energy storage. 

b) Stage 2 (t1-t2): At t1, genset #1 is connected to supply power and the propulsion 

load starts increasing to maximum. The proposed inverse-droop control method 

starts working at the same time, the power reference is set to be 280 kW. In the 

comparative simulation using conventional droop method, the droop coefficient 

is designed to load each genset equal to 85% of the rated power, which is also 

280kW, at the full propulsion load.  

c) Stage 3 (t2-t3): At t2, the management level is activated, and gradually updating 

the power reference. 

d) Stage 4 (t3-t4): At t3, the SoC of battery triggers on/off control. Therefore genset 

#2 accelerates from idle speed and later connected into the system. The 

management level also optimized the operational point of genset #2 after 

reaching steady states. 

e) Stage 5 (t4-20s): At t4, the proposed voltage restoration level control is activated, 

the DC bus voltage is gradually restored to its rated value (i.e. 1500V). 

In Figure 2-7 [57], the simulation results of using conventional droop control as 

power sharing method are shown. In Figure 2-8 [57] and Figure 2-9 [57], the results 

using proposed method with centralized ESS and HESS are presented, respectively.  
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Figure 2-7 Simulation results of scenario 1 using conventional droop control 
method [57]. 
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Figure 2-8 Simulation results of scenario 1 using proposed hierarchical control 
design with centralized ESS [57]. 
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Figure 2-9 Simulation results of scenario 1 using proposed hierarchical control 
design with HESS and frequency-division method [57]. 
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2.3.3. SCENARIO 2: DP PROCESS  

In this simulation scenario, the propulsion load is set to be changing between 25% and 

100% periodically, instead of being constant, to emulate the highly dynamic load 

behavior in a DP process. This simulation scenario is detailed as follows: 

a) Stage 1 (0-t1): This stage emulates the grid-forming process of the system. The 

genset #1 accelerates from idle speed to its rated speed and then connected into 

system. The bus voltage is regulated by energy storage. 

b) Stage 2 (t1-t2): At t1, genset #1 is connected to supply power and the propulsion 

load starts increasing to maximum. The proposed inverse-droop control method 

starts working at the same time, the power reference is set to be 280 kW. In the 

comparative simulation using conventional droop method, the droop coefficient 

is designed to load each genset equal to 85% of the rated power, which is also 

280kW, at the full propulsion load. In this stage, the loads are supplied by genset 

#1 and ESSs, the peak-shaving function is performed. 

c) Stage 3 (t2-t3): At t2, the management level is activated, and gradually updating 

the power reference. 

d) Stage 4 (t3-t4): At t3, the on/off management is executed. Genset #2 is connected 

into the system after acceleration. Afterwards, the management level adjusted its 

operation point. 

e) Stage 5 (t4-20s): At t4, the proposed voltage restoration level control is activated, 

the DC bus voltage is gradually restored to its rated value (i.e. 1500V). 

The simulation results are shown in Figure 2-10 [57], 2-11 [57] and 2-12 [57]. The 

simulation results show that with proposed method the fuel consumption in dynamic 

load profile can be reduced and the gensets can work at optimal points continuously. 
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Figure 2-10 Simulation results of scenario 2 using conventional droop control method 
[57]. 



COORDINATED CONTROL AND STABILITY ENHANCEMENT OF DIRECT CURRENT SHIPBOARD MICROGRIDS 

44
 

 

Figure 2-11 Simulation results of scenario 2 using proposed hierarchical control 
design with centralized ESS [57]. 
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Figure 2-12 Simulation results of scenario 2 using proposed hierarchical control 
design with HESS and frequency-division method [57]. 
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CHAPTER 3. MODELING, ANALYZING 

AND COMPARISON OF DIFFERENT 

DROOP CONTROL REALIZATIONS 

In this chapter, the impact of using different control methods on system performance 

and stability margin is analyzed. In this thesis, the two major categories, which are 

impedance-type control, (i.e. the conventional dual-loop voltage control and droop 

control), and admittance-type control (as detailed below), are modeled, analyzed and 

compared. 

cG refV
vG

dcvoi

PWM

vR

 
Figure 3-1 Control diagram of impedance-type realization of droop control [58].   
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Figure 3-2 Control diagram of admittance-type realization of droop control[58].   
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Figure 3-3 The study-case DC microgrid used in this chapter [58].   
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3.1. SCALABLE STATE-SPACE MODELING  

3.1.1. STATE-SPACE BASED MODELING FOR IMPEDANCE-TYPE 
REALIZATION METHOD 

For the i-th Buck converters, the increment of the average output current can be 

described by the differential equations as: 

  ( 1,2 )

oi
i i i i oi

oi Load

di
L E d u ri

dt
i

du
C i i

dt


= − −


 = −



 (3.1) 

where the subscript i represents the i-th converter, Ei, and di are the input voltage and 

the duty cycle, respectively. Li, ri and ioi stands for the inductance, the stray resistance, 

the average current of the inductor, respectively. C, u, and iLoad are the total 

capacitance connected to the common DC bus, the voltage of common DC bus, and 

the load current. 

When adopting conventional impedance-type controller, the duty cycle di is generated 

according to the following equations: 

 ( ) ( )
0

t

i pci refi oi ici refi oid K i i K i i dt= − + −  (3.2) 

 ( ) ( )
0

t

refi pvi ref vi oi ivi ref vi oii K V u R i K V u R i dt= − − + − −  (3.3) 

where Kpci, Kpvi represents the proportional term of current and voltage PI controller, 

respectively. Similarly, Kici and Kivi are the integral term of current and voltage PI 

controller. Rvi is the virtual resistance of the droop control. Vref is the global no-load 

voltage reference of the droop control. 

Rewrite (3.2) and (3.3) as differential equations: 

 
refii oi

pci pci ici refi ici oi

didd di
K K K i K i

dt dt dt
= − + −  (3.4) 

 ( )refi ref oi
pvi pvi pvi vi ivi ref vi oi

di dV didu
K K K R K V u R i

dt dt dt dt
= − − + − −  (3.5) 

As Vref is a time-invariant parameter, substitute (3.1) into (3.5), the equation will be: 

( )refi oi Load i i
ivi ref vi oi pvi pvi vi i oi

i i i

di i i E ru
K V u R i K K R d i

dt C C L L L

  
= − − − − − − −  

   
  (3.6) 

Substitute (3.6) into (3.4), the equation can be rewritten as: 
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 (3.7) 

By combining (3.1), (3.6) and (3.7), a scalable state-space model can be derived as 

following: 

 X = AX + BU, Y = CX ,  (3.8) 
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where the component matrix Mi is related to coupling effect among paralleled 

converters, component matrix Ji, Fi, Bi, Ci are related to the internal control. 
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3.1.2. STATE-SPACE BASED MODELING FOR ADMITTANCE-TYPE 
REALIZATION METHOD 

When adopting admittance-type realization method, the output current of the i-th 
converters will follow the same equation as shown in (3.1). However, the current 
reference irefi and the duty cycle di will be calculated by the following equations: 

 ( )refrefi i
V ui k −=  (3.12) 

 ( ) ( )
0

t

i ref i oi i ref i oii pci ici
kV k u i kV k u id K K dt− − − −= +   (3.13) 
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dt L L LC C


= − = −




   − −= + − − −−   
    




 (3.14) 

where ki=1/ Rvi, which represents conductance of the virtual resistor.  

As a result, a new set of component matrixes can be obtained that can be used directly 

in the abovementioned scalable state-space model: 
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In addition to that, by correctly arranging component matrixes shown in (3.10) and 

(3.15), the proposed state-space model can also be used to describe dynamic behavior 

of DC microgrids controlled by a mixed combination of impedance-type controllers 

and admittance-type controllers. 
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3.1.3. SIMULATION VERIFICATION OF PROPOSED MODEL 

To validate the derived state-space models, simulations of abovementioned study case 

are carried out using PLECS. In Figure 3-4 [58], the simulation results of two 

impedance-type controller are adopted, whereas the simulation results of admittance-

type control are shown in Figure 3-5 [58].  

 
Figure 3-4 Simulation results of impedance-type controlled case [58].   

 
Figure 3-5 Simulation results of admittance-type controlled case [58].   
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Figure 3-6 Simulation results of mixed case: converter #1 is controlled by impedance-

type controller, converter#2 is controlled by admittance-type controller [58].   

In addition to that, in Figure 3-6 [58], simulation results of the mixed combination of 

impedance-type controllers and admittance-type controllers is presented. 

All of the simulation results above show that the derived scalable state-space model 

is sufficiently accurate to describe the dynamic behavior of a DC microgrid with any 

combination of different types of droop controllers 

3.2. ADMITTANCE BASED ANALYSIS  

3.2.1. DERIVING OUTPUT ADMITTANCE FROM STATE-SPACE MODEL  

According to the Thévenin's theorem, the output admittance of a source converter can 

be calculated by: 

 
( ) ( ) ( )( )

( )
( ) ( ) ( )

o c o
eq

oc oc

I s I s I sI s
Y s sC

V u s V u s u s

− 
= = = +

− − −
 (3.16) 

where I(s), Io(s), Ic(s) and u(s) are the output current to the distribution lines, output 

current before filter (i.e. inductor current of Buck converter), capacitor current and the 

terminal voltage; Voc is the open-circuit voltage, which equals to the global no-load 

voltage reference.  

By using the proposed state-space model, the last term can be derived by: 
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In (3.18), the open-circuit voltage reference Vref is a constant while talking only about 
droop control, therefore the equation can be simplified as: 
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 (3.19) 

To validate this conclusion, the source-side output admittance is measured using the 

impedance analyzing function of PLECS. In Figure 3-7 [58], the measured output 

admittance and derived admittance from state-space model are compared.  

 
Figure 3-7 Output admittance measured by PLECS and derived from state-space 

model [58].   
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3.2.2. GENERALIZED ANALYTICAL MODEL AND EQUIVALENT CIRCUIT 

To analyze the behavior of dual-loop controllers, the inner current loop is commonly 

simplified as a first order delay with control bandwidth clc. By applying this 

assumption, the control behavior and output admittance of an impedance-type 

controller can be described by: 
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where Gv(s) is the transfer function of voltage controller, Gclc(s) is the close-loop 

transfer function of the whole current loop. The superscripts are to differentiate the 

droop modes.  

Similarly, the control behavior and output admittance of an admittance-type controller 

can be described by: 
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For analytical purpose, the component derived by control behavior can be defined as 

intrinsic admittance of the converter. Substitute parameters into (3.21) and (3.23), 

equivalent circuit of the converter can be derived to be as shown in Figure 3-8 [58], 

where the value of these components can be found in (3.24). 
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Figure 3-8 Derived equivalent circuit for droop controllers: (a) impedance-type 
controller; (b) admittance-type controller [58]. 
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3.3. IMPACT OF USING DIFFERENT REALIZATION ON 
STABILITY MARGIN OF THE SYSTEM 

3.3.1. ADMITTANCE FEATURE OF DIFFERENT REALIZATION 

It can be derived from (3.22) and (3.24), the intrinsic admittance and its impedance 

counterpart can be derived as: 
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These equation reveals the different feature of the intrinsic admittance introduced by 

controller behavior. For impedance-type control, the major term will not be related to 

the droop design or virtual resistor, whereas both terms are involved in admittance-

type control. 

3.3.2. IMPACT OF DIFFERENT REALIZATION ON STABILITY MARGIN 

According to the immittance-based stability analysis and its stability criterion, the 

stability margin of the system is strongly related to the maximum magnitude of the 

source-side output impedance, which is also the minimum magnitude of the source-

side output admittance.  

In Figure 3-9 [58] and 3-10 [58], the output admittance of virtual resistor design from 

0.2Ω to 4Ω for both realization methods are illustrated. By comparing them, it can be 
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seen that impedance-type controller will have worse stability margin than admittance-

type controller along with the reduction of virtual resistor. 

Virtual Resistance 

Increases

 
Figure 3-9 Frequency response of source-side output admittance with impedance-

type droop-controlled converters under different virtual resistance (0.2Ω-4Ω) [58]. 

Virtual Resistance 

Increases

 
Figure 3-10 Frequency response of source-side output admittance with admittance-

type droop-controlled converters under different virtual resistance (0.2Ω-4Ω) [58].   
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Figure 3-11 Simulation results of impedance-type droop-controlled case (Rvi=0.1Ω)  

feeding high-power CPL [58]. 

 
Figure 3-12 Simulation results of admittance-type droop-controlled case (Rvi=0.1Ω)  

feeding high-power CPL [58]. 

In Figure 3-11 [58] and Figure 3-12 [58], simulation results of study-case DC 

microgrid feeding constant power load are shown. In this simulation, each load step 

is a 400W load increase. It can be easily found that, the admittance-type droop control 

will show better capability feeding constant power load and stability margin. 
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CHAPTER 4. SYSTEM STABILITY 

ENHANCEMENT METHOD 

DEVELOPED FOR IMPEDANCE-TYPE 

CONTROLLERS 

In this chapter, a negative series virtual inductor (NSVI) method is developed to 

enhance the stability of DC shipboard microgrid using impedance-type controllers 

(including both droop control and conventional voltage control) feeding CPL.  

4.1. MECHANISM OF PROPOSED METHOD 

As analyzed in the previouse chapter, the stability margin of a DC microgrid is 

strongly related to the maximum magnitude of source converter’s output impedance. 

The lower peak magnitude of source-side output impedance is, the larger stability 

margin of the system will have. Therefore, to mitigate the CPL instability issue of DC 

microgrids, a possible solution is to reduce the peak magnitude of source converter’s 

output impedance. In this way, performance of power consumers will not be affected. 

In Figure 4-1 and Figure 4-2 [59], the frequency response of the output impedance in 

the source-side for both conventional dual-loop voltage control (marked as VCM) and 

impedance-type droop control (marked as DCM) are presented, respectively. 

 
Figure 4-1 Frequency response of source-side output impedance for conventional 

dual-loop voltage control (i.e. impedance-type controller with Rvi=0) [59].   
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Figure 4-2 Frequency response of source-side output impedance for impedance-type 

droop control (with Rvi=0.1Ω) [59].   

To reduce the peak magnitude of output impedance, three possible solution can be 

obtained by comparing the results shown above: 

(1) By increasing the series virtual resistance; 

(2) By increasing the capacitance of DC capacitor;  

(3) By decreasing the inductance of the equivalent circuit; 

In this chapter, the proposed methods are focusing on decreasing the inductance of 

the equivalent circuit, thus improving stability margin of the system.  

As mentioned in Section 3.3.1, the major feature of impedance-type realization is that 

the virtual component it introduced to the output impedance will always be irrelavent 

to the intrinsic impedance introduced by dual-loop control. For this reason, adding a 

negative sries virtual inductor (NSVI) to the impedance-type controller is a possible 

choice.  In Figure 4-3, the control diagram is shown, where the virtual impedance term 

in this control diagram is given by: 

 ( )v v vZ s R sL= −  (4.1) 
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Figure 4-3 Control diagram of proposed method [59].   

4.2. DESIGN RULES OF PROPOSED METHOD 

It can be derived from the equivalent circuit shown in Figure 3-8, the introduction of 

NSVI will cancel the effect of virtual component Ld1, however, there will also be 

limitation for the value selection of NSVI. 

In Figure 4-4 [59], output impedance of dual-loop voltage controller using proposed 

NSVI with different settings of Lv are illustrated. In Figure 4-5 [59], the locations of 

poles and zeros for the minor loop gain Tm(s) in different settings Lv of  are shown. 

 

 
Figure 4-4 Output impedance after adding proposed NSVI (voltage control as 

example) [59].   
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Additional RHP and RHZ 

appears, if proposed stability 

boundary is exceeded

 

Figure 4-5 Map of poles and zeros of Tm(s) in different setting of NSVI (PCPL=6.5MW) 

[59].   

From the analytical results shown in these figures, although the peak magnitude will 

continuously decrease with larger negative virtual inductor design, a set of pole and 

zero of Tm(s) will move to the right half plain if the NSVI is set to be larger than Ld1 

in (3.24), which offends the stability boundary. 

For this reason, the value of NSVI shall satisfy the following rules: 

 10 v dL L   (4.2) 

4.3. SIMULATION VERIFICATION OF PROPOSED METHOD 

To validate the proposed method, simulations are carried out using PLECS with a 

study case DC shipboard microgrid composed by two source converters and a 

controllable CPL performing propulsion loads. The parameters used in the simulations 

are given in Table 4-1. Simulations are carried out for both conventional dual-loop 

voltage control and impedance-type droop control in detailed switching level. 
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In Figure 4-6, the simulation results of using proposed NSVI method in conventional 

dual-loop voltage control is shown, whereas the simulation results of using proposed 

method in impedance-type droop controllers are shown in Figure 4-7 [59].  

Description of the Parameter Symbol Value 

Voltage Reference Vref 1500 V 

Source Voltage E1, E2 3000 V, 3000 V, 

Inductance of Buck Converters L1, L2 8 mH, 8 mH 

Stary Resistance of inductors, r1, r2 0.1 Ω, 0.1 Ω 

Switching Frequency fsw 2 kHz 

Total Capacitance in DC Bus C 3.3 mF 

Proportion Term of Voltage Controller Kpv1, Kpv2 1, 1 

Integral Term of Voltage Controller Kiv1, Kiv2  1000, 1000 

Proportion Term of Current Controller Kpc1, Kpc2 0.009, 0.009 

Integral Term of Current Controller Kic1, Kic2 0.1, 0.1 

Virtual Resistances for Droop Control Rv1, Rv2 0.05 Ω, 0.05 Ω, 

CPL Control Bandwidth CPL 2000 rad/s 

Load Profile PLoad 500 kW/step (10 steps/s) 

Inductance of Negative Series Virtual Inductor Lv1, Lv2 
-0.243mH, -0.243mH, 

(≈ -0.8Ld1) 

 

Table 4-1 Parameters of the study-case shipboard microgrid [59]. 

The simulation results proved that, by using proposed NSVI method, the stability of 

the system can be still maintained with more CPL. When operating in conventional 

voltage control, maximum capability of CPL is increased from 3.5 MW to 6.5 MW. 

The system’s maximum capability of feeding CPL is also increased from 3.5MW to 

5.5 MW, when operating in the impedance-type droop control. 

It is noteworthy that theoretically (as shown in Figure 4-2 [59]) impedance-type droop 

controller should have a lower peak magnitude of output impedance, but the capability 

of feeding CPL (i.e. its stability margin) is worse than the case of using conventional 

voltage controller. It is because of the fact that its voltage drop behavior will lead to 

increased negative incremental impedance. As a result, the system stability margin 

when feeding CPL may decrease, when compared with more conventional voltage 

control. 
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(a) 

 
(b) 

Figure 4-6 Simulation results of dual-loop voltage controlled converters feeding CPL 

with/without proposed NSVI method: (a)without NSVI method; (b) with NSVI method 

[59].   
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(a) 

 
(b) 

Figure 4-7 Simulation results of impedance-type droop controlled converters feeding 

CPL with/without proposed NSVI method: (a)without NSVI method; (b)with NSVI 

method [59].   



CHAPTER 5. SYSTEM PERFORMANCE IMPROVEMENT WITH ADMITTANCE-TYPE DROOP CONTROLLERS 

65 

CHAPTER 5. SYSTEM PERFORMANCE 

IMPROVEMENT WITH ADMITTANCE-

TYPE DROOP CONTROLLERS 

In this chapter, RC-mode admittance-type droop control is introduced. The methos is 

initially proposed for system enhancement, however, during the investigation, the 

author found that its potential improvement on system-level inertial behavior and 

transient response are even more considerable. 

5.1. MECHANISM OF PROPOSED METHOD 

As analyzed in the previous chapters, to modify the output impedance characterisitic 

and, therefore, enhancing the system stability margin, there will be three kinds of 

solutions: 

(1) By increasing the series virtual resistance; 

(2) By increasing the equivalent capacitance in output terminal;  

(3) By decreasing the equivalent inductance of the equivalent circuit; 

In this chapter, the proposed methods are focusing on increasing the equivalent 

capacitance of the DC bus, thus improving not only stability margin but also inertial 

behavior and transient response of the system.  

5.1.1. RELATIONSHIP BETWEEN SYSTEM INERTIA AND DROOP 
CONTROL 

Generally, the inertia of a power system behaves to prevent sudden change in critical 

variable spontaneously be releasing its stored energy, and thereby allowing the power 

sources to rebuild equilibrium timely [60]. In AC power system, the inertial behavior 

can be presented by swing equation of synchronous machine: 

 ( )set o p n vi

d
P P D J P

dt


  − − − = =  (5.1) 

where Pset, Po, Pvi, , n, Dp, J are the active power reference, the output power, 

released power of inertial behavior, the real-time angular frequency, the rated angular 

frequency, the damping coefficient, and the moment of inertia, respectively.  
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When setting J=0, the equation (5.1) can be rewritten as: 

 where ; 1 ;no o no n set p pmP P D m D   = − = + =  (5.2) 

This equation is also known as the widely used -P droop method in the field of AC 

microgrids [12]. In another word, the -P droop principle is mimicking the behavior 

of a synchronous generator without inertia. 

Similarly, in DC MGs, the inertial behavior can be presented by: 

 ( )set o p n v vi

du
P P D u u C u P

dt
− − − = =  (5.3) 

where u, un, Cv are the DC bus voltage, the rated DC bus voltage and the inertia 

coefficient (physically as a capacitance).  

When setting Cv=0, the equation (5.3) can be rewritten as: 

 where ; 1 ;no o no n set p pu u mP u u P D m D= − = + =  (5.4) 

where iv represents the desired current injection, uno is the original bus voltage of DC 

droop control, m presents the droop coefficient of the power source. 

Conclusively, the droop control (no matter AC or DC) emulates the damping effect of 

natural power source, except for the inertial behavior. As a result, the system inertia 

of microgrids are usually very limited. 

5.1.2. VIRTUAL INERTIA INJECTION THROUGH DROOP CONTROL 

It can be derived from (5.3), to perform virtual inertia, the additional current will be: 

 
( )novi

vi v v

d u ukP du
i kC C

u dt dt

−
= − = − =  (5.5) 

where the injected power of virtual inertia control is k times of the system’s original 

inertial behavior, the negative sign is to present that power is injecting to the system, 

Cv’=kCv is the virtual inertia coefficient introduced to the system. 

This equation can be reformulated as: 

 
1

( ) ( )no vi

v

u s u i s
sC

= −


 (5.6) 
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 ( )( ) ( )vi v noi s sC u u s= −  (5.7) 

The new equations show that by adding capacitive virtual component to the droop 

control framework, virtual inertia injection can be performed simultaneously with the 

power sharing, which forms RC-mode droop control function: 

 
1

||( ) ( ) ( ) ( )dno vi no d o

v

Ru s u i s u Z s i s
sC

 
= − = − 

 
 (5.8) 

 ( ) ( )
1

( ) ( ) ( ) ( )vo no d no

d

sCi s u u s Y s u u s
R

 += − = − 
 

 (5.9) 

5.1.3. IMPACT OF REALIZATION 

As analyzed in Chapter 3, the major feature of impedance-type droop controller is that 

the virtual component introduced will be irrelevant to the converter’s intrinsic 

impedance, whereas virtual components introduced by admittance-type droop 

controller will be relevant with both droop coefficient design and control bandwidth 

of current loop. 

Using the same analytical model used in Section 3.2.2, the equivalent circuit of 

proposed RC-mode droop control using different realizations can be derived as shown 

in Figure 5-1 [60] and Figure 5-2 [60]. 

refV

1L 2L

1R

loadPC

vR

vC

              

refV

1L

loadPC

vR

vC 1R

 
 (a) (b) 

Figure 5-1 Derived equivalent circuit for RC-mode droop controllers: (a) impedance-
type controller; (b)admittance-type controller [60]. 

where the additional components are given by: 

 1 c vR C=  (5.10) 
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(a) 

 
(b) 

Figure 5-2 Derived source-side admittance of RC-mode droop control with different 
realizations: (a) impedance-type controller; (b)admittance-type controller [60]. 
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In Figure 5-2(a) [60], the frequency response of derived output admittance with more 

conventional impedance-type controller is shown, whereas the results of admittance-

type controller is shown in Figure 5-2(b) [60]. For comparison, different virtual inertia 

setting (i.e. k=0,1,3) are performed, and the ideal output admittance, in which the 

physical capacitance connected to the DC bus is increased directly is also included. 

It can be easily found that admittance-type controller shows better characteristic and 

can maintain desired equivalent capacitance in a much larger frequency range. 

5.2. SIMULATION AND EXPERIMENTAL RESULTS 

Simulations carried out using PLECS and experiments using experimental setup are 

carried out to validate the proposed method.  

5.2.1. SIMULATION RESULTS 

In the simulation, two converters are connected in parallel feeding a resistive load. 

The system parameters are listed in Table 5-1. 

Description of the Parameter Symbol Value 

Voltage Reference Vref 115 V 

Source Voltage E1, E2 230 V, 230 V, 

Inductance of Buck Converters L1, L2 8 mH, 8 mH 

Stary Resistance of inductors, r1, r2 0.1 Ω, 0.1 Ω 

Switching Frequency fsw 10 kHz 

Total Capacitance in DC Bus C 3.3 mF 

Proportion Term of Current Controller Kpc1, Kpc2 0.02, 0.02 

Integral Term of Current Controller Kic1, Kic2 0.1, 0.1 

Virtual Resistances for Droop Control Rv1, Rv2 1.5 Ω, 1.5 Ω, 

Resistance of Load RLoad 28.75 Ω 

Virtual Capacitance for Inertia Injection Cv 3.3 mF 

Table 5-1 Parameters of the simulated study case [60]. 

The simulation results show that with proposed method, the dynamic response of DC 

bus voltage will have reduced overshoot and smoother transient when load changing 

occurs in the system. 
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(a) 

 
(b) 

Figure 5-3 Simulation results of load changing with and without proposed RC-mode 

droop control (a) without proposed method; (b) with proposed method [60]. 
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5.2.2. EXPERIMENTAL RESULTS 

The experiments are carried out with the DC microgrid experimental set-up as shown 

in Figure 5-4. The set-up is composed by four DC/DC converters, controlled 

individually using dSpace RT1006, detailed parameters of the set-up are given in 

Table 5-2 [60]. 

Description of the Parameter Symbol Value 

Voltage Reference Vref 120 V 

Source Voltage E1, E2 240 V 

Inductance of Buck Converters L1, L2 8 mH 

Stary Resistance of inductors, r1, r2 0.1 Ω 

Switching Frequency fsw 10 kHz 

Total Capacitance in DC Bus C 3.3 mF 

Proportion Term of Current Controller Kpci 0.02 

Integral Term of Current Controller Kici 0.1 

Virtual Resistances for Droop Control Rvi 4 Ω 

Resistance of Load RLoad 17 Ω 

Virtual Capacitance for Inertia Injection Cvi 2 mF 

Table 5-2 Parameters of the experimental setup [60]. 

To DC 
source
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             (a) (b) 

Figure 5-4 The experimental setup: (a) schematic of set-up; (b)photo of set-up.   
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In Figure 5-5 and Figure 5-6 [60], the experimental results for normal admittance-type 

droop control without using proposed method is presented. The bus voltage and output 

currents of the four paralleled are shown, respectively. 

Enlarged Area

 
(a) 

 
(b) 

Figure 5-5 Experimental results of load changing with normal admittance-type droop 

control: (a)bus voltage; (b) enlarged area [60]. 
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Enlarged Area

 
(a) 

 
(b) 

Figure 5-6 Experimental results of load changing with normal admittance-type droop 

control: (a)output currents of converters; (b) enlarged area [60]. 

In Figure 5-7 and Figure 5-8 [60], the experimental results for proposed RC-mode 

admittance-type droop control is presented. The bus voltage and output currents of the 

four paralleled are shown, respectively. 

By comparing the simulation results shown in these figures, by adding proposed 

virtual inertia injection function to droop method, the inertial behavior of the DC 
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microgrid is enhanced. It is presented by smoother transient response, increased time 

constant of the system, and significantly reduced overshoots when load changes. At 

the same time, the proper power sharing effect of conventional droop method is not 

affected by the virtual injection function. 

Enlarged Area

 
(a) 

 
(b) 

Figure 5-7 Experimental results of load changing with proposed RC-mode droop 

control: (a) bus voltage; (b) enlarged area [60]. 
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Enlarged Area

 
(a) 

 
(b) 

Figure 5-8 Experimental results of load changing with proposed RC-mode droop 

control (a)output currents of converters; (b) enlarged area [60]. 
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CHAPTER 6. CONCLUSIONS AND 

FUTURE WORK 

6.1. CONCLUDING REMARKS 

In this thesis, coordinated control and stability issue of DC shipboard microgrids are 

discussed.  

Regarding the coordinated control, the following contributions are made: 

• Characteristic-based power sharing techniques are proposed to coordinate 

different kinds of power sources in a DC shipboard microgrid. Compared 

with more conventional proportional power sharing techniques, the new 

proposal is possible to grants a better fuel-efficiency in harsh load profiles, 

thus saving cost and reducing emission of the ship. 

• A new hierarchical control architecture is proposed for DC shipboard micro-

grids. The new proposal re-arragned conventional control layers to meet the 

need of shipboard application. At the same time, the major functionalities of 

the conventional hierarhical control architecture used in terrestrial micro-

grids are maintained. 

Regarding the stability issue, the following contributions are made: 

• The two major categories of control approaches used in DC microgrids, 

which are impedance-type control and admittance-type control, are modeled, 

analyzed and compared. The impact of using different approaches on output 

charactersitic and stability margin of the system are proposed. 

• Generalized analytical models and equivalent circuits of different control 

approaches are proposed. 

• Inspired by the analytical results, a negative series virtual inductor (NSVI) 

method is proposed for stability enhancement of impedance-type controllers, 

including both dual-loop voltage controllers and droop controllers. With a 

proper design of NSVI, the capability of feeding high-power CPL can be 

increased significantly. 

• An admittance-type RC-mode droop control method is also proposed. In the 

proposed method, virtual capacitor is included in parallel with conventional 

virtual resistor. The introduction of virtual capacitor modifies the output 

impedance characteristic, and, more importantly the inertial behavior of the 

system. As a result, with porposed method, the bus voltage will have 

smoother transient response.  
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6.2. POTENTIAL FUTURE WORK OF THIS THESIS 

There are many works can be further proceeded in future based on this thesis. The 

future works include but are not limited to followings:  

• For the coordinated control of DC shipboard microgrids, the control solution 

for operation under abnormal and emergency conditions need to be designed 

and validated. The control shall be cooperative with the protective functions, 

of the system, especially for DC short-circuit fault. For example, converters 

can be used to inject certain power flow to the system to locate the fault. 

• Currently, when operating in DP process, the state-of-the-art shipboard 

microgrids are usually operated with open buses, in which all tie lines are 

opened. It is because the dramatic load changing may sometimes trigger the 

protective funtion of genset, and open-bus operation can prevent single-point 

fault to spread into system failure. This problem can be at least partially 

solved by introducing energy stroage and/or inertia injection. However, case 

study, detailed analysis, and trade-off will be needed. In addition to that, 

coordination between multiple shipboard microgrids is another potential 

direction of this work. 

• Another potential direction of this work is the impedance design of power 

electronic converters. The power sharing, in both transient and steady states, 

can be regarded to be driven by the equivalent impedance of converters. 

Therefore, with proper design of converter’s impedance characteristic, more 

desired power sharing and dynamic response can be achieved. 

• In this thesis, a number of control solutions are developed for DC systems. 

Some of them are potential to work also in the AC systems. Further analysis 

and attempt will be needed in the future work.     
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Abstract—DC distribution is now becoming the major
trend of future mobile power systems, such as more-electric
aircrafts and ships. As dc distribution has different nature to
the conventional ac system, a new design of well-structured
control and management methods will be mandatory. In this
paper, a shipboard power system with dc distribution and
energy storage system (ESS) is picked as the study case. To
meet the requirement of control and management of such
a large-scale mobile power system, a hierarchical control
design is proposed in this paper. In order to fully exploit
the benefit of the ESS, as well as to overcome the limita-
tion in controllability, a novel inverse-droop control method
is proposed, in which the power sharing is according to
the source characteristic, instead of their power rating. A
frequency-division method is also proposed as an exten-
sion to the inverse-droop method for enabling a hybrid ESS
and its autonomous operation. On the basis of the proposed
methods, the control methods for management and voltage
restoration levels are also proposed to establish a compre-
hensive control solution. Real-time simulations are carried
out to validate the performance of the proposed control
design under different operating conditions. When com-
pared to more conventional droop-based approaches, the
new proposal shows enhancement in efficiency.

Index Terms—DC distribution, energy storage, hierarchi-
cal control, islanded microgrid, more-electric ship (MES),
shipboard power system (SPS).

I. INTRODUCTION

DRIVEN by the increased onboard electrical power demand
and the progressively stricter environmental requirements,

marine industry is dedicating to develop new solutions for the
future vessels [1]–[4]. In 1990s, power electronic converters
(PECs) have made breakthrough in the field of marine vessels
for enabling electrification of the propulsion systems through
variable-voltage-variable-frequency drive technology [2]–[4].
The advantages obtained from PECs, including efficiency
improvement, space saving, and maneuverability enhancement,
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have resulted in the current tendency to further electrify the
vessel, namely more-electric ship (MES). In addition to the use
of electric propulsion, the most important change is the new
integrated power system design, in which the power generated
aboard a vessel is now available for all the onboard systems
instead of being exclusive for either propulsion or ship service
loads [5]–[8].

In recent studies, several emerging technologies are being
considered and installed aboard prototyping vessels to enhance
the system performance, including dc distribution [9]–[11], en-
ergy storage systems (ESSs) [12], [13], low-emission power
sources, e.g., fuel cell (FC) [14] and gas turbine genset [15],
[16], and onboard renewable energy sources (e.g., photovoltaic
(PV) array) [17]. Among them, dc distribution and the ESS can
contribute to both the efficiency and reliability of the shipboard
power system (SPS), thus becoming the trend of future MES [1],
[2], [12]. Moreover, it is noteworthy that ESSs inherently op-
erate in dc; therefore, the dc-distribution-based SPS (DC-SPS)
is more efficient to integrate ESSs, as well as to support elec-
tric propulsion systems. Meanwhile, with the presence of ESSs,
generators with slow dynamic (e.g., FC and gas turbine) or
intermittence (i.e., renewables) and specific operating scenarios
(e.g., zero-emission operation in port) can be easily enabled.
In this case, future DC-SPSs are expected to be the flexible
platform, which allows using various power sources as well as
effectively supporting onboard loads with different characteris-
tics, such as dynamic and pulsed-power loads [18]. However, the
system-level control and management will remain a challenging
issue, especially considering the fast-changing load conditions
and mission setting of the vessel.

The PEC is the enabling technology of the DC-SPS, through
which components with either ac or dc nature in different
voltage levels can be connected to the dc distribution net-
work. Several innovative PEC designs have been proposed in
[19]–[21], aiming at the high-voltage high-power requirement
of marine applications. However, the fast-switching nature of
PECs makes their reliability and robustness much poorer than
conventional transformers, which is a major obstacle to their
application in marine vessels. For this reason, six-pulse and
12-pulse diode rectifiers are also used as a present-stage solu-
tion for interfacing gensets to the dc distribution network [1],
[22]. Meanwhile, controllable PECs are indispensable as the

1551-3203 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.
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“dc transformers” to interface ESSs and FCs. In this context,
the present-stage DC-SPS is an interesting mix of uncontrol-
lable and controllable PECs, thus introducing unique challenges
and additional troubles on control design.

Technically speaking, the future DC-SPS features in isolated
operation and diversified power sources; thus, it is reasonable
to identify them as islanding microgrids (MGs). It is notewor-
thy that the major challenges are essentially the same in both
applications, which is to maintain self-sustainable operation of
the islanding power system. During the past decade, there have
been active research activities undergoing in the field of terres-
trial MGs, resulting in advanced research outcomes reported in
[23]–[28]. Currently, the multilayer hierarchical control archi-
tecture is widely used and becoming a standardized solution for
terrestrial MGs, in which different control and management ob-
jectives are solved independently as different control layers [23].
However, the hierarchical control architecture is rarely reported
in the field of DC-SPSs.

In this paper, a three-layer hierarchical control design is pro-
posed for the DC-SPS with considerations of the particularities
in shipboard applications and diesel-dominant generation. For
the power-sharing level control, a novel inverse-droop control
method is proposed to coordinate the output power of gensets
and ESSs with respect of their different characteristics. In addi-
tion to that, a frequency-division method is also proposed as an
extension of an inverse-droop method to enable a hybrid energy
storage system (HESS) and its characteristic-based autonomous
operation. For the higher level control, the control method to
achieve power management and nominal bus voltage restora-
tion functions are presented to provide a comprehensive control
architecture for the DC-SPS.

The rest of this paper is organized as follows. In Section II,
the state of the art of the DC-SPS is introduced. Section III gives
a detailed introduction of the proposed methods and hierarchical
control design. In Section IV, hardware-in-loop simulations are
carried out with the study case of the DC-SPS. A comparison
is made between droop-controlled and inverse-droop-controlled
cases. Section V concludes this paper.

II. DC-SPS AND ITS MAJOR COMPONENTS

Recommended by IEEE Standard 1709-2010 [1], a typical
case DC-SPS includes gensets, FCs, and ESSs as power sources,
electric propulsion systems, and ship-service loads as power
consumer. Moreover, onboard renewables are recently taken
into consideration as optional power sources. For all vessels to
be classified by classification societies like DNV GL and ABS,
the most important rule in early-stage design of the SPS is to
always have enough power to keep the vessel in position, even
if some major parts have failed. For this reason, an SPS should
have at least two independent subsystems, and therefore, a zonal
electric distribution system (ZEDS), as illustrated in Fig. 1, is
preferred for its fault tolerance and reconfiguration capability
[10], [11]. Such a system can be sectionalized into several MGs
with a simplified single-line structure, as shown in Fig. 2. It is
also noteworthy that each of these zonal MGs is expected to
be self-sustainable and controlled independently, especially in

Fig. 1. Illustration of a typical ZEDS-based architecture and its
sectionalizing.

Fig. 2. Simplified single-line diagram of a sectionalized MG in the DC-
SPS.

the case of naval vessels. Meanwhile, “N+X” redundant design
is common in marine vessels, in which extra gensets with the
same type are installed for backup and alternation.

The nominal voltage of a DC-SPS is case-by-case designed,
varying from 690 to 6600 V [1], [29]. Correspondingly, the
total power demand of the system can be hundreds of kilowatts
to tens of megawatts depending on the different types/classes
and the different usage of the vessel. Normally, the propulsion
systems will consume most of the onboard power with some
load fluctuations due to the inherent uncertainty of the water
surface [2]. In addition, the unique dynamic positioning (DP)
operation of drilling and supporting vessels will introduce fast
and dramatic load changing to the system.

In the following part of this section, the major components
and the state-of-the-art control solution are introduced.

A. Gensets: The Major Power Sources

In marine applications, gensets composed by prime movers
(either diesel engine or gas turbine) and well-proven alternators
are the most important power sources. So far, a diesel engine
with a synchronous generator (SG) is the mainstream choice for
both AC and DC SPSs. Meanwhile, a high-speed gas turbine
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Fig. 3. Block diagram of the reduce-order mechanical model for genset.

coupled with a permanent magnet generator (PMG) is draw-
ing attention for its better efficiency and reduced volume. In
the case of DC-SPS application, an active or passive rectifier is
also mandatory to utilize the power of gensets. Due to industrial
concerns of cost and robustness, passive rectifiers are currently
more frequently used in present-stage DC-SPSs. It is notewor-
thy that passive rectifiers cannot achieve decoupled control of
output power, which means the mechanical dynamics will af-
fect the transient of the DC-SPS. Therefore, it is necessary to
model the mechanical part while analyzing DC-SPSs. In this
paper, mature generator models provided by SimPowerSystem
are employed, while the mechanical part is approximately mod-
eled by a conventional PID controller, an actuator, and engine
delay as shown in Fig.3 [29], [30], formulated as

Tm (s) =
Kact

1 + τacts
×Kdee

−τd e s × Y (s) (1)

τact ≈ 0.9/2πn τde ≈ 1/2nN (2)

where Tm is the mechanical torque, Kact is the actuator gain,
Kde is the engine torque gain, J is the moment of inertia, n is
the rotating speed of the coaxial structure, and N is the number
of cylinders.

In the case of using a diode rectifier, a comprehensive steady-
state analysis of its output characteristic when connected to a
voltage-controlled bus has been made in [30]. In the practical
operation, the diode-rectified SG will typically work in the com-
mutation mode, in which an approximated linear relationship
between output power and bus voltage is reported and analyzed
in [31] and [32]; the average value function is given as

Vdc =
3
√

3
π

Vm − 3
π
ωeLacIdc (3)

where Vm is the peak value of phase voltage, ωe is the electrical
angular speed, Lac is the ac-side inductance (i.e., synchronous
inductance of the SG), and Idc is the average value of output
current.

B. Excitation Control Scheme: State-of-the-Art Solution

Excitation-based control is a cost-effective state-of-the-art
solution for bus voltage regulation in DC-SPSs [22], [33]. In
Fig. 4, the control scheme is illustrated. It can be regarded as a
variant of the automatic voltage regulator from ac applications
in the DC-SPS. The control principle is to adjust the output
voltage of the SG by controlling the excitation current [33]. A
detailed control principle can be formulated as follows:{

Vqs = RqsIqs + ωeLdsIds + ωeLmIf
Vds = RdsIds − ωeLqsIqs

Vm =
√
Vds

2 + Vqs
2

∣∣∣∣
Ids=Iqs=0

= ωeLmIf = ωeψf (4)

Fig. 4. Illustration of the excitation control scheme.

Vdc =
3
√

3
π

ωeψf +
3
√

3
π

ωeδψ − 3
π
ωeLsIdc (5)

δψ = Kex
p (V ∗

ref − Vdc) +Kex
i

∫
(V ∗

ref − Vdc) dt (6)

where ψf is the excitation flux established by an exciter; Lm
is the magnetizing inductance of the SG; Ids, Iqs, Lds, and Lqs

are the stator current and inductance components expressed in
the dq reference frame, respectively; and If is the excitation
current.

Although the excitation control scheme is easy to implement
in the real-world engineering, its drawbacks are also noteworthy.
First, the control bandwidth of excitation control is limited,
which is a considerable problem due to the highly dynamic load
conditions of marine vessels. Second, the control scheme will
not provide damping effect to the measurement errors among
paralleled gensets. Therefore, the measurement error of the bus
voltage can lead to inappropriate power sharing among gensets,
which can result in overloading and idling. Last but not least, it is
also noteworthy that the excitation control solution is inherently
impossible to work with the PMG.

C. Onboard ESS

During the recent decades, the energy storage and associated
technologies have received a substantial increase in attention. In
marine applications, the battery takes an overwhelming majority
of the existing shipboard ESSs, growing steadily because of its
ever-improving performance. Meanwhile, supercapacitor (SC)-
based ESSs are also gaining population in short-term power-
intensive or repetitive applications. In addition, flywheels are
also considered for their power density and inherent resistance
to humid operating environment, even though their installation
and operation need to be done in pairs, thus compensating the
mechanical effect on the vessel’s balancing.

One of the major challenges for shipboard ESSs is that the
marine applications have high requirements on both peak power
and capacity, which is usually neither technically easy nor eco-
nomically efficient to be fulfilled simultaneously by any single
type of storage. Therefore, the HESS is a potential solution to
this problem; however, it will leave a challenging task to the
power and energy management of the system.
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Fig. 5. Illustration of hierarchical control architecture in terrestrial DC
MGs.

D. Alternative Power Sources: FC and PV Array

Recently, alternative power sources have been considered to
be installed aboard a ship to reduce the cost and emission. FCs
have been installed aboard several prototype vessels to provide
cleaner power source. There are also conceptual designs using
the PV array to fully or partially power the onboard equipment.
The noteworthy problem is that the dynamic power response of
an FC is far slower than other kinds of electrical power sources,
whereas the PV array is an intermittent source with inherent
uncertainty. For this reason, it is necessary to install FCs and
the PV array coupled with the ESS, and therefore, meet the
requirement of power availability.

III. PROPOSED HIERARCHICAL CONTROL DESIGN FOR

THE DC-SPS

Droop-based hierarchical control architecture is currently the
state-of-the-art control solution in the field of terrestrial dc
MGs and other similar systems [23]–[28]. In Fig. 5, the phys-
ical model of typical droop-based hierarchical control archi-
tecture is illustrated. The three control layers are defined as
follows [23]:

1) primary control: the control layer focusing on proper
power sharing among generation units;

2) secondary control: the control layer that focusing on
power quality issue (mainly bus voltage in DC MG) of
the system;

3) tertiary control: the control layer that focusing on
power/energy management and optimization of the
system.

Although hierarchical control is an advanced comprehensive
solution, it may not be suitable to implement in the DC-SPS

directly. The major problem is that the conventional voltage
droop method is not recommended in diesel-dominant systems
because the fuel efficiency of genset is not constant. On the
contrary, the optimal fuel efficiency will only appear at a cer-
tain operating point around 80–90% of the rated power and de-
grades considerably under both light- and heavy-load conditions
[2]. Moreover, the load fluctuations will also increase the fuel
consumption and introduce mechanical issues.

In addition to that, the limited controllability will be another
major challenge. It is noteworthy that the control bandwidth of
excitation control is very limited; nevertheless, the situation can
be even worse if PMGs coupled with a diode rectifier are used
(as recommended in [1]).

In order to resolve the aforementioned problems, especially to
overcome the limited controllability, the concept of the inverse-
droop control method is proposed in this paper. Based on the
new proposal, a hierarchical control design is presented. The
detailed method and implementation are shown in the following
parts of this section.

A. Proposed Methods: Cooperative Inverse-Droop
Control

The conventional droop control method is typically used as
the primary control level of hierarchical control architecture. Its
control effect is to add a virtual resistance (VR), thus achieving
properly power-sharing effect among all the power sources in
the droop control mode (DCM). The principle is formulated as

Vdc = V ∗
ref −RvriIoi (7)

or linearized as follows, which is also widely used:

Vdc = V ∗
ref −miPoi mi = Rvri/Vnom when Vdc ≈ Vnom

(8)

whereRvri is the VR of the ith converter, Ioi is the output current
of the ith converter, Poi is the output power of the ith converter,
V ∗

ref is the voltage reference,Vnom is the nominal voltage, andmi

is named as the droop coefficient or the power droop coefficient.
When compared with more conventional voltage control

mode (VCM) and current control mode (CCM), the DCM shows
swing characteristic. In practical works, DCM sources are usu-
ally achieved by a conventional VCM controller with voltage
reference determined by (7). The equation clearly shows the
mechanism of the DCM; however, it can also be deformed into
the following form:

Ioi = 1
Rvri

(V ∗
ref − Vdc) or Poi = 1

mi
(V ∗

ref − Vdc) . (9)

Equation (9) reveals the hidden side of DCM sources instead
of conventional understanding (i.e., controlled voltage source).
It shows that DCM sources can be identified as controlled cur-
rent/power sources with respond to the voltage deviation. If the
voltage deviation is determined, the output of the DCM source
will be accordingly determined and vice versa. It also indicates
the possibility to coordinate the output power of DCM sources
by controlling the voltage deviation (i.e., intentional control of
the bus voltage), which is defined as the inverse-droop control
method. For a determined amount of output power, the voltage
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Fig. 6. Equivalent circuit of droop and inverse-droop methods.
(a) Droop method. (b) Proposed inverse-droop method.

reference can be calculated by

V ∗
dc =

1
2

(
V ∗

ref +
√
V ∗ 2

ref − 4ReqPref

)
Req = 1/

n∑
i=1

(
1
Rvri

)

(10)

V ∗
dc = V ∗

ref −meqPref meq = 1/
n∑
i=1

(
1
mi

)
(11)

whereReq is the equivalent droop resistance of the system,meq
is the equivalent power droop coefficient of the system, Pref is
the total amount output power, V ∗

dc is the calculated reference.
In Fig. 6, the equivalent circuits of more conventional

droop method and inverse-droop method are illustrated. In an
inverse-droop-based system, the proportional power-sharing ef-
fect among DCM sources is maintained. Meanwhile, the entire
system will still be well damped for the measurement error if
there is only one source operating in the VCM to clamp the bus
voltage.

However, the differences are noteworthy. In the inverse-
droop-based system, the voltage is regulated directly instead
of floating; therefore, DCM sources are behaving more in the
CCM side. Meanwhile, the VCM source is providing controlla-
bility to the whole system, while the DCM sources are providing
power and damping effect. Conclusively, from the perspective
of functionality, power sources are symmetrical in the droop
method, whereas they are asymmetrical but cooperative in the
proposed inverse-droop method.

In the case of using diode-rectified gensets, their inherent
droop characteristic presented in (3) can also be generalized in
the same form as (7), therefore following the same principle
in both sides. By assuming that excitation current is constant
(i.e., regarding the SG as the PMG), the relationship in (11)
is deformed as follows to describe the behavior in different
operation points of the alternator:

Vdc = (ωei/ωbase) [Vbase −mbaseiPoi] ,where mbasei

= mi |ωe =ωbase
(12)

where ωei is the rotational speed of the ith genset, ωbase is the
base speed for calculation, Poi is the output power of the ith
genset, V ∗

base is the open-circuit voltage in base speed.
From the viewpoint of the DC-SPS, the benefits of the pro-

posed inverse-droop control method are very considerable. First,
the load fluctuations will be naturally absorbed by the VCM
source, so that the DCM sources can work under the constant

load condition; moreover, the operation point is fully adjustable.
In this case, the VCM source will automatically provide support-
ing functions to the system, including spinning reserve, peak-
shaving, and load conditioning. It is important to notice that
these supporting functions are exactly the same as the expected
functions of using ESSs in SPSs as listed in [2]. In another
word, the new proposal provides an effective method to inte-
grate ESSs in the DC-SPS and to exploit the benefit. Second,
when compared with conventional methods, the regulation of
bus voltage can benefit from the higher control bandwidth and
faster dynamic response with the help of a controllable PEC.
Third, in the new proposal, the controllable PECs (as VCM
sources) can be used to coordinate operation of DCM sources
(e.g., diode-rectified gensets), thus exploiting the complemen-
tary advantages. It also makes it possible to use PMGs with a
simple diode rectifier as a power source, which can reduce the
cost and volume of the generating units.

B. Proposed Methods: Frequency-Division Control
Method as an Extension to Inverse-Droop Control

As mentioned in Section II, the HESS is a potential solution
to meet the high requirement on both power and energy den-
sities instead of the centralized ESS in shipboard applications.
However, it will also introduce a challenge to the control and
management because the complexity will increase dramatically.
In addition to that, the introduction of the HESS in the proposed
inverse-droop control method requires additional control design;
otherwise, it will introduce a paralleled VCM source without
enough damping resistance. For these reasons, additional con-
trol methods are worthy and necessary to be introduced into the
proposed inverse-droop control method to make it compatible
with the HESS and benefits from HESS’s advantage.

Since the initial intention of using the HESS is to take the
complementary advantage in power and energy densities, the
power sharing among different ESSs should be compliant with
their diverse nature of dynamic response rather than capacity or
power rating. SCs can provide good performance in high-power
or repetitive applications. Batteries, on the other hand, are much
better in long-term power support with limited dynamics. From
the perspective of frequency domain, the asymmetrical power-
sharing effect of the inverse-droop method can be regarded as
dividing the load power into baseline power (f = 0) and power
fluctuations (f > 0), and only baseline power is shared among
DCM sources. One step further, the power fluctuations can be
subdivided into low-frequency part and high-frequency part In
Fig. 7, the principle of proposed frequency-division method
is illustrated. These two parts can be taken by batteries and
SCs, respectively, thus making them cooperative in the dynamic
power sharing.

In order to subdivide the power fluctuations cooperatively, the
simplest method is to insert paired low-pass and high-pass filters
into the inner-loop controllers, thus differentiating the dynamic
response of different ESSs. With effective frequency- division
design, the system can spontaneously employ the complemen-
tary advantage from the HESS without interventions from the
management level. Moreover, the stability issue can also be
overcome because the measurement error (especially the static
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Fig. 7. Frequency-division design for inverse-droop control with the
HESS.

component) will be filtered by a high-pass filter, thus avoid-
ing unwanted incremental currents. In addition to that, it is
noteworthy that with the proposed frequency-division con-
trol method together with the inverse-droop method, the
characteristic-based power sharing can be achieved among dif-
ferent sources.

C. Proposed Methods: Higher Levels of Hierarchical
Control Design

In addition to the control and coordination of multiple power
sources, the medium-/long-term management of fuel efficiency
is equally important in the practical operation of the DC-SPS due
to the “pay-per-used” nature of diesel generation. Meanwhile,
the zonal-level subsystems should be able to merge as entirety;
thus, secondary control of the bus voltage is needed. In this
case, higher level control methods are introduced on the basis of
the proposed power-sharing-level control methods in the earlier
discussion.

1) Management-Level Control: For SPSs, the management-
level control of power generation typically includes two con-
trol activities, i.e., the management of the number of running
gensets and the optimization of the fuel efficiency of the running
gensets. With the presence of ESSs in the DC-SPS, it is possible
to perform ON/OFF control of gensets according to the state of
charge of battery-based ESSs. For this reason, the discussion
of management-level control in this paper focuses more on the
methods of realizing desired fuel efficiency. The fuel efficiency
of a genset is related to many different variables, including the
load torque, engine speed, air temperature, coolant tempera-
ture, atmospheric pressure, etc. As an empirical conclusion, in
a standard test environment, the optimal fuel efficiency will ap-
pear when the output is 80–90% of the rated torque/load, and it
will vary according to the engine speed. An approximated fuel
efficiency calculation function is established and detailed in the
Appendix.

In terrestrial MGs, the power management-level control is
usually related to adjusting the VR of source converters and,
therefore, managing their output power. However, the droop
coefficient of the diode rectifier is determined by (3), and it
cannot be intentionally adjusted. Thus, the conventional VR-
based method for system management needs to be changed.
With the proposed inverse-droop control method, the outputs of
gensets are determined by the voltage deviation, as shown in (9).

It indicates that the power management can also be achieved by
introducing additional adjustable voltage deviation to different
sources to achieve desired outputs. To realize that, a simple PI
controller can be used, as shown in (13). In practical work, the
voltage deviation can be generated by an excitation regulator,
as shown in (14):{

Poi = (V ∗
ref − Vdc + δVi) /mi

δVi = KML
p (P ∗

oi − Poi) +KML
i

∫
(P ∗

oi − Poi) dt
(13)

δVi = KML
p (P ∗

oi − Poi) +KML
i

∫
(P ∗

oi − Poi) dt

=
3
√

3
π

ωeδψi. (14)

2) Voltage-Restoration-Level Control: In terrestrial MGs,
voltage restoration control is working as secondary control to
compensate the voltage drop introduced by the droop method.
However, this control level is hardly reported in the field of
DC-SPSs. It is mainly because that shipboard equipment is re-
quired to be able to work within a wide range of dc-bus voltage.
Yet, this control level will be necessary to achieve system-level
interconnection [34].

To proceed the voltage restoration function, a global offset
will be needed to the original open-circuit voltage setting; thus,
the desired power-sharing function can be maintained. To gen-
erate the global offset, an additional PI controller can be used
and added into the proposed control scheme as an independent
level to its lower control levels. It is also noteworthy that the
PI controller needs to be relatively slow to avoid conflicting
with other control levels. Ultimately, the comprehensive control
diagram of the proposed hierarchical control design is shown
in Fig. 8.

IV. REAL-TIME SIMULATION RESULTS

In order to validate the methods presented in this paper, real-
time simulations in detailed switching level are carried out with
the Opal-RT real-time simulator. A notional DC-SPS with the
same configuration as shown in Fig. 2 is used as the study case.
The parameters of each component and corresponding control
loops are shown in Table I. To compare the performance of the
proposed method with a more conventional droop-based control
method, simulations of the same study case are also carried out
using the droop method, which is shown in Fig. 9 with detailed
parameters in Table I.

Two operating scenarios are set to verify the proposed meth-
ods. In the first scenario, the load condition is set to emulate
the acceleration process, in which the propulsion load increased
from zero to its full power. In the second scenario, the load
condition is set to emulate the DP process of vessel, in which
the propulsion power performs a fast periodical change, there-
fore verifying the performance of the proposed control meth-
ods. Simulations are carried out with the conventional droop
method (for comparison) and the proposed hierarchical control
design with centralized ESS (using battery) and HESS (using
the frequency-division method), respectively, as a comparative
study. The simulation results of the two scenarios with these
control methods are shown in the following parts.



JIN et al.: HIERARCHICAL CONTROL DESIGN FOR A SPS WITH DC DISTRIBUTION AND ENERGY STORAGE ABOARD FUTURE MES 709

Fig. 8. Implementation of the proposed hierarchical control design in different controllers. (a) In ESS controllers. (b) In excitation regulator.

Fig. 9. Illustration of the droop control method used for comparison.

A. Scenario 1: Full-Load Acceleration Process

In this simulation scenario, a notional full-load operation is
emulated, including initializing of the system followed by an
acceleration process. In Fig. 10, the simulation results of droop-
controlled operation are shown. In Figs. 12 and 14, the results

using the proposed method with the centralized ESS and HESS
are detailed. The simulation scenario can be divided into the
following stages.

1) Stage 1 (0–t1): In this stage, the grid-forming process
is emulated. The bus voltage is initialized by the ESS
in this stage. Meanwhile, the genset #1 accelerates from
idle speed to its rated speed to supply power in the next
stage.

2) Stage 2 (t1–t2): At t1, genset #1 is connected to sup-
ply power and the propulsion load starts increasing to
maximum. The voltage reference decreases as response
of power-sharing level. In the droop-based approach, the
droop coefficient is set to make the output of a single
genset equal to 85% of its rated power (280 kW) at a
full-load condition. In the proposed method, the power
reference is also set to be 280 kW.
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TABLE I
POWER STAGE AND CONTROL PARAMETERS

Category Parameter Value Unit

DC Bus Nominal voltage (range) 1500
(±10%)

V

Gensets Nominal rotational speed 1800 r/min
Rated power 330 kW

Synchronous inductance 0.969 mH
Rated line voltage (@1800 r/min) 1215 Vrms

Battery Rated capacity 265.2 kWh
Maximum power (dis-/charge) 390/390 kW

Switching frequency 1 kHz

SC Rated capacitance 2200 F
Rated voltage 288 V

Maximum capacity 91 MJ
Switching frequency 10 kHz

FC Rated power 100 kW

Loads Rated propulsion power 625 kW
Auxiliary power 85 kW

Inner-loop
Controllers

Battery voltage controller (P/I) 1/125 –
Battery current controller (P/I) 0.0015/0.20 –

SC voltage controller (P/I) 10/1000 –
SC current controller (P/I) 0.0045/0.20 –

Cutoff frequency of paired filters 5 Hz

Power-
Sharing
Level

Base voltage 1640 V

Base rotational speed 1800 rpm
Base droop coefficient 0.5 V/kW

Management
Level

Notional optimal operation point 1 300/1800 kW/r/min
Notional optimal operation point 2 260/1700 kW/r/min
Voltage deviation controller (P/I) 0.5/5 –

Voltage
Restoration
Level

Voltage restoration controller (P/I) 0.1/10 –

ESS Droop
Control

Initial voltage reference 1500 V
Droop coefficient 0.3 V/kW

3) Stage 3 (t2–t3): At the start of this stage, the management
level is activated, gradually updating the power reference.

4) Stage 4 (t3–t4): The state of charge of the battery falls
below the threshold and triggers ON/OFF management. At
t3, genset #2 accelerates from idle speed and connected
into the system. The management level optimizes the
operation point after reaching the steady state, including
both output power and rotational speed.

5) Stage 5 (t4–20s): At t4, the proposed voltage-restoration-
level control is activated; the dc-bus voltage is gradually
restored to its rated value (i.e., 1500 V).

B. Scenario 2: DP Process

In this simulation scenario, the propulsion load is set to be
changing between 25% and 100% periodically, instead of being
constant, to emulate the highly dynamic load behavior in a DP
process. The simulation results are shown in Figs. 11, 13, and
15. This scenario can be divided into the following stages.

1) Stage 1 (0–t1): The same grid forming as scenario 1 is
performed in this stage to initialize the system.

2) Stage 2 (t1–t2): In this stage, the loads are supplied
by genset #1 and ESSs; the peak-shaving function is
performed.

Fig. 10. Simulation results of scenario 1 using the conventional droop
control method.

Fig. 11. Simulation results of scenario 2 using the conventional droop
control method.
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Fig. 12. Simulation results of scenario 1 using the proposed hierarchi-
cal control design with the centralized ESS.

Fig. 13. Simulation results of scenario 2 using the proposed hierarchi-
cal control design with the centralized ESS.

Fig. 14. Simulation results of scenario 1 using the proposed hierarchi-
cal control design with the HESS and the frequency-division method.

3) Stage 3–(t2t3): During this stage, the management level
starts to optimize the operation of genset #1 to its opti-
mum.

4) Stage 4 (t3–t4): At t3, the ON/OFF management is exe-
cuted. Genset #2 is connected into the system after ac-
celeration. Afterwards, the management level adjusted its
operation point.

5) Stage 5 (t4–20s): At t4, the proposed voltage-restoration-
level control is activated, and dc-bus voltage starts to be
restored to its rated value (i.e., 1500 V).

C. Discussion and Comparison on Simulation Results

From the simulation results, several noteworthy conclusions
can be derived. First, from Figs. 10 and 11, it is shown that
the well-designed droop method can provide an acceptable fuel
efficiency in its rated load condition; however, under dynamic
load conditions, the fuel efficiency will degrade. Second, from
Figs. 12 and 13, it is shown that the desirable power-sharing
effect among onboard power sources can be achieved by the
inverse-droop method, regardless of load conditions. It is wor-
thy to notice that these two control methods are realized with ex-
actly the same hardware configuration. In addition, the proposed
management-level and voltage-restoration-level functions can
be achieved independently. Third, from Figs. 14 and 15, with the
proposed frequency-division method, the battery and SC-based
ESSs can work cooperatively within the proposed hierarchical
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Fig. 15. Simulation results of scenario 2 using the proposed hierarchi-
cal control design with the HESS and the frequency-division method.

control design. The dynamic power sharing is desirable, i.e.,
the battery is providing long-term power supply with relatively
slow dynamic while the SC is providing short-term power with
a fast response.

Although the acceptable control effects are achieved with both
the centralized ESS and frequency-division-controlled HESS
solutions, there are still noteworthy differences. When com-
pared with the battery solution, the voltage regulation using the
HESS has a faster response and lower overshoot; the impact
of connecting genset #2 is also limited. It shows that bus volt-
age regulation can benefit from the wider control bandwidth
and faster response of the SC controller. Moreover, since the
power-sharing effect of the proposed inverse-droop method is
also coordinated through voltage regulation in common dc bus,
the dynamic power-sharing effect will also benefit from such an
improvement.

V. CONCLUSION

In this paper, a hierarchical control design for the DC-SPS is
presented; the main contributions can be summarized as follows.

1) An inverse-droop control approach is proposed as the
power-sharing strategy for the shipboard system and po-
tentially other diesel-dominated applications. With the
proposed method, the power sharing between differ-
ent power sources is according to their different power,
energy, and/or efficiency characteristics instead of rated
power or capacity.

Fig. 16. Fuel efficiency evaluation model.

2) A frequency-division method is proposed as an extension
of the inverse-droop method, which is aiming at enabling
the HESS to exploit its advancements over single storage,
as well as solving the internal power management issue
of the HESS automatically.

3) Redesigned and reorganized control solutions for higher
level control objectives beyond power-sharing control are
also proposed, thus opening more degrees of freedom for
different scenarios in the real-world operation.

To validate the proposed methods, real-time simulations are
carried out with a study case of the DC-SPS. A comparison
between the proposed control solution and a more conventional
droop method is presented. The results show that the proposed
method has advancement in real-time fuel efficiency and bus
voltage regulation over the conventional method.

APPENDIX

Fuel Efficiency Evaluation Model

The fuel efficiency of a marine engine is related to a number
of different operating conditions, in which the most important
factor is the load torque and engine speed. In this paper, a fuel
efficiency evaluation model is established using the operational
data of a four-stroke engine with ISO standard rating of 360 kW
(330 kW for electrical generation). In this paper, a quadratic fit
method used in [35] is employed to evaluate the fuel efficiency
in real-time simulation, as shown in Fig. 16.
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Abstract—In DC microgrids, virtual resistance based droop 
control is broadly used as the fundamental coordination method. 
As the virtual resistance guarantees load sharing effect in steady 
states, the output admittance determines the dynamic response of 
converters in transient states, which is critical in stability analysis 
and system design. So far, two different approaches of droop 
control (i.e. V-I droop and I-V droop) are proposed. Although 
they can achieve the same steady-state power sharing effect and 
fully compliable with each other, the output characteristics are 
not the same due to significant difference in control architecture. 
In this paper, a comparative admittance-based analysis is carried 
out between these two approaches. State-space models and more 
general analytical models are established to derive the output 
admittance of droop-controlled converter in DC microgrids. 
Simulations and impedance measurement is carried out using 
PLECS to validate the analytical results. 

Keywords—DC microgrids; droop control; output impedance; 
stability; virtual resistance; constant power load 

I. INTRODUCTION 
With the increasing penetration of renewable energy and 

the rapid growth of modern electronic loads that inherently 
consume DC power, the concept of DC microgrids (MGs) is 
becoming attractive in both mobile and stationary applications, 
especially in off-grid and islanded cases [1-4]. By packing 
distributed energy sources and loads together with energy 
storages, DC MGs can operate as an independent and self-
sustainable entity. When compared with its AC counterparts, 
DC MGs can provide better compliance and efficiency and 
eliminate several unwanted problems of AC distribution [2]. 

So far, droop control is broadly used in both AC and DC 
MGs to share the loads among paralleled power sources 
properly without introducing communication or additional 
losses [5], [6]. In DC MGs, virtual resistance based droop 
approaches are commonly implemented. With virtual 
resistance equal to the maximum voltage tolerance divided by 
the maximum output current of the converter, the loads can be 
shared among paralleled energy sources proportional to their 
power rating. In addition to that, the presence of virtual 
resistance effectively avoids circulating current caused by 
measurement errors, thus maintaining stable operation. So far, 
two different approaches have been proposed to achieve such a 
control function, which are the conventional V-I droop method 
presented in [7] and [8], and the emerging I-V droop method, 

as known as reverse-droop method, presented in [9], [10] and 
[11]. Fig. 1 illustrates the different control architectures of 
these two approaches. Although these two droop approaches 
are fully compatible with each other, considerable difference 
can be seen from transient responses, which means their 
stability margin are unequal. 

 
The system-level stability is a critical and challenging issue 

in the field of DC MGs. As DC MGs are power electronic 
based distribution network, which means majority of the loads 
will be interfaced by tightly controlled converters with control 
bandwidth high enough to make the consumed power 
independent from the bus voltage variations, namely constant 
power loads (CPLs). When operating in DC systems, CPLs 
will perform a negative incremental impedance characteristic, 
which can lead to instability [12]. The study associated with 
this instability issue can be traced back to 1976, when the 
interaction between the input filter and power converter was 
firstly analyzed in [13], in which the Middlebrook stability 
criterion is proposed. As the criterion is very conservative for 
designing controllers, several relaxed stability criterions have 
been proposed in the later studies, as reviewed in [14] and [15]. 
For all these stability criterions, it is mandatory to derive the 
accurate output impedance/admittance of the source-side 
converters to conduct stability analysis. In [16], the output 
impedance characteristics of common types (Buck, Boost and 
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Fig. 1. Control architectures of different droop approaches. 

 



Buck-Boost) of DC/DC converters are analyzed in detail. 
However, the analysis is based on small-signal model that 
assumes the converter is working around a specific operation 
point, usually the system’s nominal voltage. It is acceptable for 
voltage mode controlled system, but not for droop controlled 
cases that have load-dependent bus voltage within a 
considerable range (e.g. ±10%) of operational points. In [17] 
and [18], the authors modeled droop controlled source 
converters as Thévenin equivalents with open-circuit voltages 
equal to the voltage references and output resistance equal to 
the virtual resistance, and use such model to evaluate the 
stability of DC MGs. To the author’s opinion, such a modeling 
method can be sufficiently accurate at the low-frequency range 
to make steady state analysis. However, due to the limited 
bandwidth of the voltage and/or current controllers, the output 
impedance shall vary with frequency, which is more critical to 
be evaluated in stability analysis. 

In this paper, the output characteristics of both V-I and I-V 
droop-controlled converters are analyzed. For comparison, two 
detailed state-space based models are established for a notional 
DC MG feeding by two droop-controlled buck converters. By 
deriving the transfer functions from the established models, the 
output admittance of droop-controlled converters are obtained 
and compared. In addition, by fairly simplifying current loops 
as first-order delay with time constant derived by its control 
bandwidth, generalized analytical models are derived for other 
cases. From the generalized models, two modified Thévenin 
equivalents of both V-I and I-V droop-controlled converters are 
deduced. To verify the proposed modeling work and analytical 
results, especially the stability margin, simulations are carried 
out with both approaches using PLECS and its impedance 
measurement function. 

II. MODELING OF DROOP-CONTROLLED CONVERTERS 
In this paper, a notional DC microgrid composed by two 

parallel connected droop controlled Buck converters as source 
converters feeding point-of-load converter (as CPL) is selected 
as the study case, as shown in Fig. 2. The notional microgrid is 
modeled based on the following assumptions: 

1) The inputs of the source converters can be regarded as 
ideal voltage sources. 

2) The distance between source converters and load 
converters are short, the line impedance is neglectable. 

 

A. State-space Model for V-I Droop Controlled Case 
For the i-th Buck converters, the increment of the average 

output current can be described by the differential equations as: 

 { }( 1,2 )
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  (1) 

where the subscript i represents the i-th converter, Ei, and di 
are the input voltage and the duty cycle, respectively. Li, ri and 
ioi stands for the inductance, the stray resistance, the average 
current of the inductor, respectively. C, u, and iLoad are the total 
capacitance connected to the common DC bus, the voltage of 
common DC bus, and the load current. 

When adopting conventional V-I droop method, the duty 
cycle di follows the following equations: 
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where Kpci, Kpvi represents the proportional term of current and 
voltage PI controller, respectively. Similarly, Kici and Kivi are 
the integral term of current and voltage PI controller. Rvi is the 
virtual resistance of the droop control. Vref is the global no-load 
voltage reference of the droop control. 

Rewrite (2) and (3) as differential equations: 
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As Vref is a time-invariant parameter, substitute (1) into (5), 
the equation will be: 
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Substitute (6) into (4), the equation can be rewritten as: 
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Fig. 2. Control architectures of different droop approaches. 

 



By combining (1), (6) and (7), a state-space model can be 
derived as following: 

 X = AX + BU, Y = CX ,   (8) 
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In the state-space model, the study case of this paper is 
modeled. To make the model scalable, the dynamic response of 
converters are described as a set of five component matrixes. 
Among them, the component matrix Mi is describing coupling 
effect among parallel connected converters, while the others 
are set to describe the internal control effect of i-th converter. 
When extended to a n-converter case, the matrixes A, B, and C 
shall be organized as following: 
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B. State-space Model for I-V Droop Controlled Case 
When adopting I-V droop method, the output current of the 

i-th converters will follow the same equation as shown in (1). 
However, the current reference irefi and the duty cycle di will 
be calculated by the following equations: 

 ( )refrefi i V ui k −=  (13) 
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where ki equals to the reciprocal of virtual resistance used in 
conventional V-I droop method, which represents conductance 
of the virtual resistor in physics.  

By combining (1) and (15) a similar state-space model can 
be derived as following: 

 , ,′ ′= + =X A X B U Y CX   (16) 
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The derived state-space model for I-V droop controlled case 
maintains the scalability of the previous model. By organizing 
the component matrixes as shown in (12), the state-space 
model can also be extended to a n-converter case. In addition 
to that, the component matrixes shown in (10) and (18) are 
interchangeable. Thus, the derived framework of state-



space model can also describe the dynamic response of mixed 
droop-controlled cases of DC microgrids. 

C. Simulation Validation of the Derived Models  
To validate the derived state-space models, simulations of 

abovementioned study case are carried out using PLECS. The 
simulation results are as shown in Fig. 3, Fig. 4, and Fig. 5. For 
this simulation, the parameters of the simulated study case are 
listed in Table. I.  

TABLE I.  PARAMETERS OF SIMULATED STUDY CASE 

Description of the Parameter Symbol Value 

Global No-load Voltage Reference Vref 115 V 

Source Voltage E1, E2 230 V, 230 V 

Inductance of Buck Converters L1, L2 8 mH, 8 mH 

Stary Resistance of inductors, r1, r2 0.1 Ω, 0.1 Ω 

Switching Frequency f sw 10 kHz 

Virtual Resistances for Droop Control Rv1, Rv2 1 Ω, 1 Ω 

Total Capacitance in DC Bus C 3.3 mF 

Proportion Term of Voltage Controller Kpv1, Kpv2 0.5, 0,5 

Integral Term of Voltage Controller Kiv1, Kiv2  100, 100 

Proportion Term of Current Controller Kpc1, Kpc2 0.2, 0.2 

Integral Term of Current Controller Kic1, Kic2 1, 1 

Load Profile PLoad 0.4 kW/step 

 

As a conclusion, the derived state-space models have 
sufficient accuracy and can describe the dynamic of source 
converters properly.  

III. OUTPUT ADMITTANCE ANALYSIS OF DROOP-
CONTROLLED CONVERTERS 

As shown in Fig. 5, even though the virtual resistances and 
the current controllers are exactly the same value, the dynamics 
of V-I and I-V droop controlled converters are different. In this 
section, the output admittance of V-I and I-V droop controlled 
converter is analyzed to address the mechanism. 

A. Deriving Output Admittance from State-space Models 
As droop control is to make the converter act as Thévenin 

equivalent branch, at least in its steady states, an effective way 
to describe their dynamic is the same way. According to the 
Thévenin's theorem, the output admittance of source converters 
can be calculated by: 

 eq
oc
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Fig. 5. Simulation results of mixed droop controlled case. Converter #1 is  
V-I droop controlled, converter #2 is I-V droop controlled. 

 

 
Fig. 4. Simulation results of V-I droop controlled case. 

 

 
Fig. 3. Simulation results of V-I droop controlled case. 

 



where I(s), Io(s), Ic(s) and u(s) are the terminal output current, 
inductor current, capacitor current and terminal voltage of the 
converter. Voc is the open-circuit voltage, which equals to the 
global no-load voltage reference.  

 From (20) it can be derived that the output admittance of 
source converters is depending on converter’s dynamic and the 
total capacitance of the common DC bus. As abovementioned, 
the converter’s dynamic can be descripted by derived state-
space models properly. Therefore, a small-signal model of the 
converter’s output admittance can be derived by: 
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 As the global voltage reference is constant while talking 
only about droop control, the equation can be simplified as: 
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 For the study cases discussed in the above sections, their 
source-side output admittance is derived and illustrated in Fig. 
6. At the same time, by using the impedance measurement 
function of PLECS, the output admittance of simulated study 
cases can be measured. The results of measured admittance are 
also shown as the dashed lines with marks in Fig. 6. It can be 
seen from the results that model-derived output admittance 
matched measured results very well. 

B. Generalized Analytical Model of Output Admittance 
From the results shown in Fig. 6, the source-side output 

admittance of V-I case and I-V case are considerably different, 
mainly happens in the frequency range of 10Hz to 100Hz. A 
maximum of 7.8 dB magnitude difference can be found. As the 
capacitance in DC bus is the same in these simulated cases, the 
converter’s dynamic is the dominant factor of such a 
difference. To the author’s opinion, the different controller 
configuration of V-I and I-V droop control is the main reason. 

As illustrated in Fig. 1, the V-I droop controller is a dual-
loop voltage controller with an additional feedback loop for the 
virtual resistance, while I-V droop controller is also a dual-loop 
controller with finite gain voltage controller. Therefore, their 
dynamic behavior can be descripted by: 
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where Gv(s) is the transfer function of voltage controller, Gclc(s) 
is the close-loop transfer function of the whole current loop. 
The superscripts are to differentiate the droop modes.  

By combining (24), (25) and (20), the converter’s dynamic 
can be descripted by intrinsic admittance of converter: 
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To analyze the behavior of dual-loop controllers, the inner 
current loop is commonly simplified as a first order delay. 
Therefore, the equations above can be presented by: 
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where ωclc stands for the bandwidth of current loop. 

 
Fig. 6. Frequency response of state-space model derived and measured 
source-side output admittance. 



 For Buck Converters, the control bandwidth of a well-
designed current loop can be approximately calculated by: 

 clc pci i iK E Lω ≈  (28) 

 In Fig. 7, the converter’s intrinsic admittance derived by 
state-space models and generalized analytical models are both 
illustrated by their frequency response. The results shows that 
the established generalized model is sufficient accurate to 
analyze the droop-controlled converter’s intrinsic admittance.  

 

C. Equivalent Circuit of Droop-controlled Converters  
In [17] and [18], the authors assume that the converter has 

pure resistive output impedance and established theoretical 
model based on such an assumption. However, as shown in 
Fig. 6 and Fig. 7, for both V-I and I-V droop-controlled 
converters, the output dynamic show resistive characteristic 
only in the low-frequency range. Moreover, the feasible range 
of such modeling method is too narrow to conduct generic 
stability analysis. 

To solve this problem, an alternative solution is to use the 
converter’s intrinsic admittance instead of virtual resistance to 
establish equivalent model of droop-controlled converters. For 
V-I droop-controlled converters, an equivalent circuit can be 
derived from (26) as shown in Fig. 8(a). The equivalent circuit 
of I-V droop-controlled converters can be derived from (27), as 
shown in Fig. 8(b). The inductance and resistance of additional 
virtual components (marked red in Fig. 8) are as follows:  
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 (29) 

 
 It is noteworthy that the derived intrinsic admittance and 
equivalent circuit of V-I droop-controlled converter are both 
also applicable to analyze the behavior of more conventional 
voltage-controlled converter by simply set virtual resistance to 
be zero. It can be derived from (26) that V-I droop control 
scheme introduces a virtual resistor that connected in series to 
the voltage controlled converter’s equivalent circuit, while the 
equivalent circuit itself is not affected by the additional 
feedback loop. The same conclusion can be also derived from 
(29) that the additional virtual components are all irrelevant to 
the virtual resistance. 

 As for the I-V droop method, a significant feature is its 
finite gain (which take the role of virtual resistance) in voltage 
control. Also for the same reason, the converter’s intrinsic 
admittance is closely depending on the virtual resistance.  
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Fig. 9. Frequency response of dource-side output admittance with V-I droop-
controlled converters under different virtual resistance (0.2Ω-4Ω) . 
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 Fig. 9 illustrates the source-side output admittance of V-I 
droop-controlled study case with different virtual resistance 
(i.e. each virtual resistance increases from 0.2Ω to 4Ω). Fig. 
10 illustrates the source-side output admittance of I-V droop-
controlled study case with the same virtual resistance settings. 
As a conclusion to the comparison, the I-V droop shows better 
stability margin, especially under small virtual resistances.  

 In Fig. 11 and Fig. 12, the simulation results of these two 
approaches feeding CPL is illustrated. The results show that 
the system damping of V-I droop-controlled DC MGs become 
poorer along with the increase of CPL. The system can be 
unstable if the CPL is too much. For the same load conditions, 
I-V droop can provide a much larger capability and stability 
margin when feeding CPL. 

IV. CONCLUSION 
In this paper, the output characteristics of both V-I and I-V 

droop-controlled converters are analyzed. For comparison, two 
detailed state-space based models are established for the study 
case. The proposed framework of state-space model can also 
be used to analyzed mixed V-I and I-V droop-controlled DC 
MG and can be extended to analyze n-converters MG. By 
deriving the transfer functions from the established models, the 
output admittance of droop controlled converters are obtained 
and compared. In addition, by fairly simplifying current loops 
as first-order delay with time constant derived by its control 
bandwidth, generalized analytical models are derived for other 
cases. From the generalized models, two modified Thévenin 
equivalents of both V-I and I-V droop-controlled converters are 
deduced. Simulations are carried out using PLECS and its 
impedance measurement function. The results validate the 
accuracy of proposed models and analytical results. 
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Abstract—DC distribution technology has become the new 
choice and the trending technology of shipboard power systems 
for its advancement over its AC counterpart. In DC shipboard 
power systems, the bus voltage stability is a critical issue. The 
presence of tightly controlled high-power constant power load 
can induce system-level voltage instability. To mitigate such a 
problem, a novel compensation method based on model-derived 
specially designed negative virtual inductance loop is proposed in 
this paper. The mechanism of the proposed method is presented 
in detail. In addition to that, the proposed compensation method 
is compliable with both voltage-controlled and droop-controlled 
converters. Simulations are carried out to validate the proposed 
method, and the results show enhanced stability margin and 
capability when feeding constant power loads. 

Keywords—All-electric ship; shipboard power system; constant 
power load; stability; virtual impedance. 

I. INTRODUCTION 
DC distribution technologies, especially in medium-voltage 

level (i.e. MVDC), have been considered as promising solution 
for future all-electric ships (AESs) [1-3]. While there are still 
advances in the AC solutions, DC distribution based solutions 
are expected to provide significant operational and economic 
benefits for future ships [2, 4, 5].  

For DC shipboard power systems (SPSs), the system-level 
stability is a critical and challenging issue. As DC SPS is a 
typical example of power electronic based islanded power 
system, all the power generators and consumers are interfaced 
through power electronic converters (PECs). When acting as 
loads, the tightly controlled PECs have control bandwidth high 
enough to make the consumed power independent from the bus 
voltage variations, which is referenced as constant power load 
(CPL). When operating in DC systems, the CPLs will perform 
negative incremental resistance that decreases system damping, 
one step further, it can lead to bus voltage instability [6-7].  

The study associated with CPL instability issue can be 
traced back to 1976, when the interaction among PECs and 
passive components was firstly analyzed in [8]. Extensive 
study of the CPL instability issue have been reported in [9-11]. 
At the same time, several approaches have been proposed to 
mitigate the CPL instability issue. In [12], passive damper 

design method is reported to mitigate CPL instability issue. In 
[13], active damping method is reported to solve the same 
problem. In [14] and [15] linearization via state feedback 
(LSF) method and corresponding parameter estimation method 
are introduced. In [16], loop-cancellation technique is reported 
to compensate CPL instability issue in automotive applications. 
At the same time, sliding mode control solution [17] and model 
predictive control solution [18] are also employed. However, 
considerable common problem of these non-linear methods is 
their sensitivity to the system parameter. It is also noteworthy 
that these methods are all designed for voltage control mode, 
droop control mode which is also a common grid-control 
method in MVDC SPS is not considered during their design 
procedure. In [19], linear quadratic regulator (LQR) is used to 
stabilize a droop-controlled system. In [20], more traditional 
virtual impedance method is implemented in droop-controlled 
DC microgrids with CPL instability issue. However, the virtual 
impedance based stabilizer presented in [20] is complex and it 
is divided into two branches connected in series to the output 
terminal and the DC capacitor, which require more efforts to 
implement in practical system. 

In this paper, model-derived series virtual inductor method 
is proposed to mitigate CPL instability in DC SPSs. It differs 
from more conventional virtual impedance methods that the 
virtual inductor used in this paper is negative, instead of being 
positive, to cancel part of the intrinsic impedance of the PEC. 
The mechanism of CPL instability issue and proposed method 
are analyzed in the following parts of this paper. Simulations 
are carried out to validate the proposed method, the results 
show enhanced stability margin and capability of feeding 
CPLs. 

II. CPL INSTABILITY ISSUE 

A. Modeling Constant Power Load 
For the constant power nature of tightly controlled PECs, 

the following expression will be satisfied within the control 
bandwidth of the controller: 

 

 Load
Load

dc

Pi
V

=  (1) 



 
where Vdc, iLoad, and PLoad are the voltage, current and power 
of the CPL.  

 
As shown in Fig. 1, the incremental resistance of a CPL 

can be calculated by: 
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It indicates that the CPLs, although still consuming power, 
perform negative resistance in the system, which makes the 
system less damped and impacts the stability. A linearized 
equivalent circuit of a CPL can be derived from (2), which 
composed by the derived negative resistance and a controlled 
current source.  

 
In addition to the negative resistance shown in (2), the 

limited control bandwidth of controller will perform additional 
frequency-dependent negative impedance characteristic in the 
frequency range above the controller’s control bandwidth. In 
Fig. 2, the linearized analytical circuit of CPL instability issue 
is presented, in which the bus voltage is determined by: 

( ) ( ) 1( ) ( ) ( ), ( )
( ) ( ) 1 ( ) ( )
s CPL

dc s m m
o CPL o CPL

V s Z sV s V s T s T s
Z s Z s Z s Z s

= = =
+ +

  (3) 

where Vs(s), Zo(s) and ZCPL(s) stand for source voltage, 
source-side output impedance and negative impedance of 
CPLs, all presented in frequency-domain transfer functions. 
Tm(s) is the minor loop gain of the system, which is critical to 
the system stability analysis [8-11]. 

The sufficient condition of system stability is that all the 
dominant poles of Tm(s) locate in the stable region. It requires 
the source-side output impedance to have smaller magnitude 
than the negative impedance, or at least fulfill the marginal 
stability condition. In Fig. 3, a generalized scenario of CPL 
stability issue is illustrated by bode diagram. Detail analysis 
and discussion on the source-side output impedance will be 
given in the following part of this paper. 

 
B. Source-side Output Impedance: Voltage Control Mode 

In Fig. 2(a), a generic control scheme for voltage control 
mode (VCM) and droop control mode (DCM) is illustrated. In 
this paper, conventional control architecture of PECs is used 
as the study case, in which PI controllers are used to regulate 
both voltage and current loops. 

To analyzing the dynamic behavior of dual-loop controller, 
the inner current loop is commonly simplified as a first-order 
delay with a certain control bandwidth. Thus, the dynamic of 
DC-side output current in VCM can be descripted as: 

 ( ) ( )( ) ( ) ( ) ref dco v clc V s V sI s G s G s −=     (4) 

where Gv(s) is the transfer function of voltage controller, 
Gclc(s) is the simplified close-loop transfer function of the 
inner current loop.  

Therefore, the source-side output impedance under VCM 
is calculated by: 
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Fig. 1. Negative impedance behavior of CPLs. 
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Fig. 2. Analytical circuit of CPL instability issue. 
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where Zcon(s) stands for the inherent close-loop impedance of 
the PEC, C is the total capacitance in the DC bus. ωc stands 
for the close-loop control bandwidth of the current loop, k is 
the proportional term of the voltage PI controller, and α 
presents the ratio of proportional and integral terms of the 
voltage PI controller. 

From (5) and (6), an equivalent circuit can be derived to 
describe the dynamic of PEC, as shown in Fig. 4. Three virtual 
components are introduced, their parameters are shown as 
follow: 

 1 2
1 , , ,d d

c c
d

c c c

L L R
k k k

ω α ω α
ω ω α ω

− −
= = =  (7) 

In Fig. 5, the derived frequency response of Zo(s), Zcon(s), 
Zc(s) are illustrated. It can be seen from the bode diagram that 
the close-loop impedance Zcon(s) under VCM is mostly 
inductive. When paralleled with DC capacitor, the output 
impedance Zo(s) got a peak near the intersection frequency. 

C. Source-side Output Impedance: Droop Control Mode 

From controller viewpoint, the main difference between 
DCM and VCM is the virtual resistance loop, which forms 
additional feedback loop to the controller. Similar to VCM, 
the dynamic of DCM controller can be descripted as: 
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where Rv stands for the virtual resistance, also named droop 
coefficient. 

Thus, the close-loop impedance of converter under DCM 
will be: 
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It is seen from (9) that DCM have the same frequency-
dependent impedance as VCM. In addition to that, the droop 
loop introduces an additional virtual resistor in series to the 
frequency-dependent impedance, as shown in Fig. 4(b).  

In Fig. 6, the derived frequency response of Zo(s), Zcon(s), 
Zc(s) are illustrated. Compared with the results shown in 
Fig.5, the close-loop impedance Zcon(s) under DCM has 
resistive-inductive characteristic. Similar to the VCM case, the 
output impedance also has a peak near the intersection 
frequency. However, with the presence of virtual resistor, the 
peak value is more damped. 
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Fig. 4. Derived equivalent circuits of PEC with VCM and DCM controller. 
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III. PROPOSED METHOD 
To mitigate the CPL instability issue discussed in the last 

section, a possible solution is to reduce the peak value of 
output impedance, therefore, the load-side performance will 
not be affected. It can be achieved by: (1) increase the series 
virtual resistance;(2) increase the capacitance of DC capacitor; 
(3) decrease the inductance of the equivalent circuit. 

In case of DC SPS, the power ratings are considerably 
high, so that the virtual resistance must be much smaller than 
other applications. Otherwise, the voltage drop will exceed its 
operational limitation. At the same time, the increase of DC 
capacitance is costly in MVDC applications. In addition to 
that, it also results in more destructive DC-side short-circuit 
fault, which is critical to the system design. For these reasons, 
in this paper, a negative series virtual inductor method is 
proposed to refine the source-side output impedance, thus 
mitigating the CPL instability issue in DC SPS. 

A. Mechanism of Negative Seires Virtual Inductor Method 
As conclusions of the analysis in the last section, several 

key features of the converter’s close-loop impedance can be 
summarized as following: 

• The dual-loop controller itself performs an inductor in 
series to a paralleled RL branch, as shown in Fig. 4. 

• The feedback loop used in droop method will perform 
additional component (marked blue) in series to the 
virtual components introduced by dual-loop controller 
(marked red). 

• From (8) and (9), the droop resistor is irrelevant to the  
intrinsic impedance of dual-loop controller. According 
to the feature of feedback control, the same feature is 
equally applicable to other virtual impedance design. 

With these remarks, a negative series virtual inductor can 
be introduced to partially cancel the inductance of the instinct 
impedance, thus decreasing the peak value of the source-side 
output impedance. 

To form a series virtual inductor, the similar feedback loop 
that used in droop method is feasible. Derivation controller 
with well-designed parameter will be added, instead of using 
simplest gain to form virtual resistor. In Fig. 7 the control 
diagram of the proposed method is shown. It is noteworthy 
that the designed negative virtual inductor is to cancel the 
virtual component Ld1, so that the following design rules must 
be fulfill to ensure the controller is individually stable: 

 

 1( ) , (0 )v v v v dZ s R sL L L= − ≤ ≤  (10) 

In Fig. 8, the frequency response of output impedance 
using proposed method with different parameter settings 
(Lv=0~1.2Ld1) are shown. In Fig. 9, the poles and zeros of 
minor loop gain Tm(s) is shown. Although the peak magnitude 
will continuously decreases with larger negative virtual 
inductor design, the bus voltage got unstable once the stability 
boundary shown in (10) is exceeded. 

 

 

IV. SIMULATION VERIFICATION 
To validate the proposed negative series virtual inductor 

method, simulations are carried out with a simplified DC SPS 
composed by two source converters and controllable CPLs. 
Similar study cases have been presented in [14] and [15]. The 
simulations are carried out with detailed switching model 
established by using PLECS. The parameters used in the 
simulations are given in Table I. In Fig. 9, the simulation 
results of the system under VCM operation are shown. In Fig. 
10, the simulation results of the system under DCM operation 
are shown. It can be seen from the simulation results that the 
system’s stability margin and capability of feeding CPL is 
enhanced with the proposed method. 
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Fig. 7. Control diagram of the proposed method. 
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Fig. 9. Poles and zeros of Tm(s) with proposed method. (PCPL=6.5MW) 
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Fig. 8. Frequency response of output impedance (VCM as example) with 
proposed method. 



 

TABLE I.  PARAMETERS OF SIMULATED STUDY CASE 

Description of the Parameter Symbol Value 

Voltage Reference Vref 1500 V 

Source Voltage E1, E2 
3000 V,  
3000 V, 

Inductance of Buck Converters L1, L2 8 mH, 8 mH 

Stary Resistance of inductors, r1, r2 0.1 Ω, 0.1 Ω 

Switching Frequency f sw 2 kHz 

Total Capacitance in DC Bus C 3.3 mF 

Proportion Term of Voltage Controller Kpv1, Kpv2 1, 1 

Integral Term of Voltage Controller Kiv1, Kiv2  1000, 1000 

Proportion Term of Current Controller Kpc1, Kpc2 0.009, 0.009 

Integral Term of Current Controller Kic1, Kic2 0.1, 0.1 

Virtual Resistances for Droop Control Rv1, Rv2 
0.05 Ω,  
0.05 Ω, 

CPL Control Bandwidth ωCPL 2000 rad/s 

Load Profile PLoad 
500 kW/step 

10 steps/s 

Inductance of Negative Series Virtual 
Inductor Lv1, Lv2 

-0.243mH, 
-0.243mH, 
(≈ -0.8Ld1) 

 
It can be seen from the simulation results that when using 

the proposed method, the system’s capability of feeding CPL 
are improved. When operating in VCM, the maximum capable 
power of CPL is increased from 3.5 MW to 6.5 MW. As for 
operation under DCM control, the maximum capable power of 
CPL is increased from 3.5 MW to 5.5 MW. 

It is noteworthy that theoretically DCM controller has a 
lower peak value of output impedance. However, the voltage 
drop will result in increased negative impedance of the same 
amount of CPL. Conversely, the capability of feeding CPL 
may decrease, when compared with VCM. 

V. CONCLUSIONS 
In this paper, model-derived negative series virtual inductor 

is presented as a compensating method to mitigate the CPL 
instability issue in DC SPSs. It differs from conventional 
virtual resistance or virtual impedance methods that specially 
designed negative virtual inductor is used to modify system 
stability when feeding CPL. The mechanism of CPL instability 
and the proposed method are briefly introduced. The output 
impedance characteristic of VCM and DCM controllers are 
analyzed. Simulation results are carried out to validate the 
proposed method, the results show enhanced stability and 
capability of feeding CPL. 

 
(a) Simulation results using only DCM controller  

 
(b) Simulation results using DCM controller and proposed method 

Fig. 11. Simulation results of DCM controller with/without proposed method. 

   

 
(a) Simulation results using only VCM controller  

 
(b) Simulation results using VCM controller and proposed method 

Fig. 10. Simulation results of VCM controller with/without proposed method. 
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Abstract— One of the major feature of DC microgrids is its 
high penetration of power electronic converters, as a result, the 
system inertia becomes a problem. In this paper, an admittance- 
type droop control with additional capability of introducing 
virtual inertia to the system. With the proposed method, each 
energy source will also contribute virtual inertia to the system, 
thus improving transient response and stability of the entire DC 
microgrid. The inertia issue of droop control is firstly analyzed. 
A comparative study is carried out between conventional method 
(i.e. impedance-type droop control method) and the new proposal 
in terms of their different control principles, characteristics of 
equivalent output admittance/impedance, and effectiveness in 
achieving desired virtual inertia introduction. Ultimately, 
simulations and experiments are carried out to verify proposed 
control methods. The results show improved system inertia and 
enhanced performance. 

Keywords—DC microgrids, droop control, virtual inertia, 
stability, transient response. 

I. INTRODUCTION  
DC microgrids (MGs) are drawing great attention due to 

their convenience and high efficiency in integrating renewable 
energy sources, energy storage systems and modern electronic 
loads, especially in off-grid or islanded applications [1]-[2]. 
Power electronic converters are the key components, as well as 
the enabling technology, in the DC MGs, providing necessary 
interface between energy sources and the common DC buses. 
However, the high penetration of PECs will also result in a 
low-inertia system, the stability and the dynamic performance 
of which can be easily affected [3]. Therefore, virtual inertia is 
a promising and effective way to solve the problem without 
introducing additional cost or loss. Heretofore, virtual inertia 
control of PECs mainly focus on the active power support to 
the utility grid or AC MG in transient response. A 
representative virtual inertia control method is to operate 
inverters as virtual synchronous generators [4]. However, the 
research of virtual inertia control in the field of DC MG is 
barely reported. 

Droop control is the common control method in both AC 
and DC MGs to regulate the frequency/voltage at the common 
buses (i.e. point of common coupling) and to share the loads 
properly among all the power sources [5]. In case of DC MGs, 
the most frequently used droop method is the V-I droop, also 
namely virtual resistance control, the control diagram of which 

is illustrated in Fig. 1(a) (using Buck converter as example). In 
several recent studies [6], the I-V droop, as known as reverse 
droop, is introduced to achieve the similar control effect, the 
control diagram of which is shown in Fig. 1(b). It can be seen 
from the control diagrams that a virtual resistance is used in the 
feedback loop of V-I droop method, meanwhile, its reciprocal  
(physically the conductance) is used in the I-V droop method. 
For this reason, these two methods and their derivatives can be 
categorized into impedance-type and admittance-type methods 
to realize droop control. However, with conventional droop 
design (i.e. using only virtual resistance/conductance), neither 
V-I droop method nor I-V droop method will  introduce 
additional inertia to the DC MGs.  
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(a) Control diagram of V-I droop method 
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(b) Control diagram of I-V droop method 
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(c) Generalized diagram of impedance-type droop method 
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(d) Generalized diagram of admittance-type droop method 

Fig. 1. Illustration of different droop control methods 

 



In this paper, an admittance-type RC-mode droop control 
method is proposed to introduce virtual inertia into DC MGs. 
The major contributions can be summarized as: (1) analysis of 
the inertia issue and mechanism of virtual inertia is carried out; 
(2) a comparison of different realization methods of droop 
control is carried out to address their different characteristics, 
especially considering complex virtual impedance/admittance; 
(3) propose a decentralized virtual inertia control method for 
inertia enhancement in DC MGs. Simulations and experiments 
are carried out with the proposed method and the results show 
enhanced system inertia and improved transient response. 

II. SYSTEM INERTIA OF DC MG 
In general, inertia of a power system behaves as to prevent 

sudden change in critical variable spontaneously by releasing 
its stored energy, and thereby allowing the power sources to 
rebuild equilibrium timely. For AC power systems, the inertia 
behaves as to prevent sudden change in systemic frequency, 
and the active power is regulated to rebuild equilibrium, as 
detailed in rotation equation of synchronous machine [4]: 

 ( )set o p n vi
dP P D J P
dt
ωω ω ω− − − = =  (1) 

where Pset, Po, Pvi, ω, ωn, Dp, J are the active power 
reference, the output power, released power of inertial 
behavior, the real-time angular frequency, the rated angular 
frequency, the damping coefficient, and the moment of inertia, 
respectively.  

When setting J=0, the equation (1) can be rewritten as: 

where ; 1 ;no o no n set p pmP P D m Dω ω ω ω= − = + =  (2) 

which is the widely-used ω-P droop equation in the field of 
AC MGs [5]. In other words, the ω-P droop characteristic is 
actually emulating the behavior of a synchronous machine 
without inertia.  

Similarly, in DC MGs, the inertia behaves as to prevent 
sudden change in DC bus voltage, and the output power of 
converters will be regulated to rebuild equilibrium, as detailed 
in the following power balancing equation: 

 ( )set o p n v vi
duP P D u u C u P
dt

− − − = =  (3) 

where u, un, Cv are the DC bus voltage, the rated DC bus 
voltage and the inertia coefficient (physically as a capacitance).  

When setting Cv=0, the equation (3) can be rewritten as: 

where ; 1 ;no o no n set p pu u mP u u P D m D= − = + =  (4) 

where iv represents the desired current injection, uno is the no-
load bus voltage of DC droop control, m presents the droop 
coefficient of the power source. 

From (1) and (3), it can be derived that the virtual inertia 
control is essentially modification to the droop method with 
additional power injection to support the system in transient-
states. In addition to that, when substitute the basic power 

equation into (3), the desired current injection of virtual inertia 
control can be derived as: 

 ( )novi
vi v v

d u ukP dui kC C
u dt dt

−′= − = − =  (5) 

where the injected power of virtual inertia control is k times of 
the system’s original inertial behavior, the negative sign is to 
present that power is injecting to the system, Cv’=kCv which 
is the virtual inertia coefficient introduced to the system. 

The equation (5) can be also transformed into: 

 1( ) ( )no vi

v

u s u i s
sC

= −
′

 (6) 

 ( )( ) ( )vi v noi s sC u u s′= −  (7) 

The equation (6) and (7) show that the desired virtual 
inertia control can be achieved using droop control framework 
by adding capacitive virtual impedance/admittance in addition 
to the conventional virtual resistance/conductance. It is also 
noteworthy that the proposed component shall be equivalently 
parallel connected to the original virtual component. Therefore, 
the modified droop control function become: 

 
1 ||( ) ( ) ( ) ( )dno vi no d o

v

Ru s u i s u Z s i s
sC

 
= − = − ′ 

 (8) 

 ( ) ( )1
( ) ( ) ( ) ( )vo no d no

d

sCi s u u s Y s u u s
R

 ′+= − = − 
 

 (9) 

In this case, each participant of droop based voltage 
regulation will be able to contribute both power support and 
virtual inertia support to the DC MG. Meanwhile, the virtual 
inertia become additional degree of freedom for the system 
design and management. 

III. IMPACT OF DIFFERENT REALIZATIONS 
 In the last section, the inertia issue and the control principle 
of the proposed virtual inertia control method is analyzed. 
However, in the previous analysis, the dynamic behavior of 
controllers and the impact of using different control diagrams 
(i.e. impedance-type or admittance-type droop methods as 
shown in Fig. 1) is completely neglected. To address this 
problem, the impact of different realization of the proposed 
method is analyzed in this section. 

 To analyze the impact of using different realization, an 
admittance based analysis is carried out to address and 
compare the effectiveness of impedance-type and admittance-
type droop methods when realizing the proposed virtual inertia 
control. In Fig. 2 the admittance based analysis is illustrated. 
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Fig. 2. Illustration of different droop control methods 

 



 In order to analyze the behavior of dual-loop control system,  
a common method is to assume the inner current loop is well-
designed with a control bandwidth of ωc, and simplified as a 
first order transfer function [6]. In this paper, the general-case 
controller (PI based voltage/current control loop) is considered, 
therefore, the transfer function of voltage controller and close-
loop transfer function of current loop are considered as: 

 ( ) ; ( ) ;i c
v p p clc

c

k sG s k k G s
s s s

ωα
ω

+
= + = =

+
 (10) 

 In [7], the detailed state-space model of the two basic droop 
control methods has been established. From which, the detailed 
close-loop transfer function of current loop and simplified case 
are shown in Fig. 3, it shows that the approximation is still 
accurate enough for further analysis. 

 
 In equation (8) and (9), the ideal droop control principle has 
been shown. However, when considering the non-ideal control 
behavior of the practical controllers, the variables shown in (8) 
and (9) are actually the reference of inner-loop controllers. By 
analyzing the control diagrams shown in Fig. 1, the behaviors 
of impedance-type and admittance-type droop controller can be 
descripted as following equations: 

 ( ) ( )( ) ( ( ))
1 ( ) ( ) ( )

V I v clc
o no

d v clc

G s G sI s u u s
Z s G s G s

− = −
+

 (11) 

 ( ) ( ) ( )( ( ))I V
o d clc noI s Y s G s u u s− = −  (12) 

In this case, the output admittance/impedance of droop-
controlled converters can be derived by: 
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From these equations, several very important remarks can 
be derived: 

• The output admittance/impedance of impedance-type 
realization is performed by desired virtual impedance 
and an irrelevant component connected in series. The 
additional component is determined by the parameters 
of the dual-loop controller, which can be treat as the 
intrinsic impedance of the controller. 

• The output admittance/impedance of admittance-type 
realization is performed by desired virtual admittance 
and a higher-order term of the virtual admittance. The 
additional component is determined by both the virtual 
admittance design and control bandwidth of the system. 

 By substitute (10) into (13), the intrinsic impedance can be 
descripted as: 
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In Fig. 4, the derived output admittance/impedance are 
presented by equivalent circuits. It is important to notice that 
the intrinsic impedance of the dual-loop controlled converter 
(including both voltage mode control and impedance-type 
droop control) is mainly inductive. The presence of inductive 
intrinsic impedance will make impedance-type method less 
effective when achieving proposed virtual inertia control. 
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(a) Derived equivalent circuit of impedance-type droop method 
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(b) Derived equivalent circuit of admittance-type droop method 

Fig. 4. Equivalent circuits of different droop approaches with proposed 
virtual inertia control. (virtual components introduced by proposed virtual 
inertia method is marked red) 
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Fig. 3. Frequency response of detailed close-loop current control 

 



 
 In Fig. 5, the frequency-response of source-side admittance 
with different settings of virtual inertia (k=0,1,3). In order to 
compare the effectiveness (or suitableness) of different droop 
approaches, the ideal cases which is derived by assuming the 
output admittance of droop-controlled converters are exactly as 
desired design (i.e. Yo=1/Rd+sCv’=1/Rd+ksCv).  

 From Fig. 5(a), it can be found that the system behavior 
within the control bandwidth of current loop is following the 
ideal case very well when using admittance-type realization of 
proposed virtual inertia control. Beyond the control bandwidth 
limitation, the virtual inertia will gradually degrade.  

 As for impedance-type realization, the output admittance of 
the system does not follow the ideal case very well, which 
means the system behavior will not meet the expectation. In 
addition to that, the interaction between the intrinsic impedance 
and desired virtual capacitance is significant. The interaction 

shows resonant behavior and it will further reduce the effective 
range of the impedance-type realization. 

 Based on these analytical results, the admittance-type droop 
method is chosen as the realization method for proposed virtual 
inertia control. 

IV. SIMULATION VALIDATION OF PROPOSED METHOD 
 In order to validate the proposed virtual inertia control 
method, simulations are carried out using PLECS. The study 
case DC MG used in the simulation has the same parameters of 
experimental setup. In the simulation, two droop-controlled 
converters are connected in parallel, feeding a resistive load. 
The system parameters are listed in Table I. 

 In Fig. 6 the simulation results are shown. In Fig. 6(a), the 
simulation results of basic admittance-type realization without 
virtual inertia control (i.e. k=0). In Fig. 6(b), the simulation 
results of using proposed virtual inertia control are shown.   
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(a) Simulation results of load changing without proposed virtual 

inertia control 

 
(b) Simulation results of load changing with proposed virtual 

inertia control 

Fig. 6. Simulation results of load changing with and without proposed 
virtual inertia control. 
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(a) Source-side admittance of the system using admittance-type 

droop method with different settings of virtual inertia 

0

20

40

60

M
ag

ni
tu

de
 (d

B)

Impedance-type, k=0

Ideal case, k=0

Impedance-type, k=1

Ideal case, k=1

Impedance-type, k=3

Ideal case, k=3

10 0 10 1 10 2 10 3 10 4 10 5

-45

0

45

90

Ph
as

e 
(d

eg
)

Bode Diagram

Frequency  (rad/s)
 

(b) Source-side admittance of the system using impedance-type 
droop method with different settings of virtual inertia 

Fig. 5. Derived source-side admittance of the system using different droop 
approaches together with different settings of virtual inertia. 

 



 The simulation results show that with proposed virtual 
inertia control, the dynamic response of DC bus voltage will 
have reduced overshoot and smoother transient when load 
changing occurs in the system. 

V. EXPERIMENTAL VALIDATION OF PROPOSED METHOD 
 In order to verify the proposed virtual inertia control 
methods, especially its performance under noised real-world 
DC MGs, experiments are also carried out using a LVDC MG 
setup with four DC/DC converters. The parameters of the 

LVDC MG setup are shown in Table II. The real-time control 
and data acquisition are done by dSpace RTI 1006 platform. 
The experimental results are shown in Fig. 7 and Fig. 8. 

 By comparing the experimental results shown in Fig. 7 and 
Fig. 8, it can be found that the inertial behavior of the system is 
strengthened after adopting proposed virtual inertia control 
method. It is performed by the improved bus voltage transient, 

Enlarged Area

  
 (a) (b) 

Enlarged Area

  
 (c) (d) 
Fig. 7. Experimental results of load changing with basic admittance-type droop (without proposed virtual inertia control design) : (a) DC bus voltage response; 
(b) Transient response of DC bus voltage; (c) Output currents of converters; (d) transient response of output currrent. 

TABLE II.  PARAMETERS OF SIMULATED STUDY CASE 

Description of the Parameter Symbol Value 

Global No-load Voltage Reference Vref 115 V 

Source Voltage E1, E2 230 V, 230 V 

Inductance of Buck Converters L1, L2 8 mH, 8 mH 

Stary Resistance of inductors, r1, r2 0.1 Ω, 0.1 Ω 

Switching Frequency fsw 10 kHz 

Virtual Resistances for Droop Control Rv1, Rv2 1.5 Ω, 1.5 Ω 

Total Capacitance in DC Bus C 3.3 mF 

Proportion Term of Current Controller Kpc1, Kpc2 0.02, 0.02 

Integral Term of Current Controller Kic1, Kic2 0.1, 0.1 

Resistive Load RLoad 28.75 Ω 

 

TABLE I.  PARAMETERS OF EXPERIMENTAL TESTBED 

Description of the Parameter Symbol Value 

Global No-load Voltage Reference Vref 120 V 

Source Voltage Ei 240 V, 240 V 

Inductance of Buck Converters Li 
8.6 mH,  
8.6 mH 

Stary Resistance of inductors, ri 0.1 Ω, 0.1 Ω 

Switching Frequency fsw 10 kHz 

Virtual Resistances for Droop Control Rvi 4 Ω, 4 Ω 

Virtual Capacitance for Virtual Inertia Cvi 2mF 

Total Capacitance in DC Bus C 3.3 mF 

Proportion Term of Current Controller Kpci 0.02, 0.02 

Integral Term of Current Controller Kici 0.1, 0.1 

Resistive Load RLoad 17 Ω 

 



significantly reduced overshoots, faster response of output 
voltage, and the increased time constant of the system when 
load increases. It is also noteworthy that the proper power 
sharing effect of droop control is not affected by the proposed 
virtual inertia control. 

 The experimental results show that with proposed virtual 
inertia control method, the inertia of the entire DC MG can be 
improved, and thus being able to mitigate the low-inertia issue 
of DC MG.  

VI. CONCLUSION 
 In this paper, an admittance-type RC-mode droop control 
method is proposed to introduce virtual inertia into DC MGs. 
The inertia issue and the mechanism of virtual inertia in DC 
MGs are analyzed. A comparative study is carried out to 
address the impact of using different realization methods of 
droop control, especially considering complex design of the 
virtual impedance/admittance. The analytical results indicate 
that admittance-type realization method has advantages when 
achieving proposed virtual inertia control. Based on the 
analytical results, simulations and experiments are carried out 
to validate the proposed control methods. The results show 
effective improvement in the system-level inertial behavior and 
transient response. Meanwhile, the desired proportional power 
sharing effect of droop control is not affected. To the author’s 
knowledge, with enhanced system inertia, DC MG will have 
(1) improved stability margin when feeding constant power 

loads; (2) enhanced ‘Plug & Play’ capability and better 
scalability. 
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Fig. 8. Experimental results with proposed virtual inertia control realized by admittance-type droop method (Rv=4Ω, Cv=2mF): (a) DC bus voltage response; (b) 
Transient response of DC bus voltage; (c) Output currents of converters; (d) transient response of output currents. 
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