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Abstract 

Moving towards more electric ships with sustainable designs can help in reducing the carbon footprint of the global 

transportation systems. Ship networks can be based on AC/DC microgrids with resilient structures to accommodate 

different types of power-generation and energy storage systems for supporting the dynamic loads of the vessel’s 

propulsion and bow-thruster units. This paper presents a shipboard AC/DC microgrid with a super-capacitor (SC) 

system to support the ship’s power system and to enhance its operational reliability under severe/transient loading 

scenarios, mainly arising from abrupt changes in the propulsion and bow-thruster power. A control system with SC 

voltage re-balancing mechanism is proposed for stabilizing the DC-bus voltage via bi-directionally power-controlled 

DC-DC converters utilizing the non-linear hyperbolic functions. The mechanism concurrently generates steady, 

slow-changing diesel-driven power through the microgrid voltage source converters to re-balance the SC voltage. 

The power system, including the diesel-generators, the microgrid components and the propulsion/thruster units, has 

been simulated in detail using the physical modelling-tools in the Matlab-Simulink® software, and run under harsh 

loading scenarios. The results demonstrated the effectiveness of the proposed control system with the microgrid 

structure and compared favourably with those obtained using other methods reported in the literature. 

Keywords: AC/DC microgrid; ship power system; super-capacitor energy storage; VSC; propulsion 

 

Nomenclature 

BESS Battery Energy Storage System 

DES Diesel Engine Generator 

ESR Equivalent Series Resistor 

LV Low Voltage 

MV Medium Voltage 

MVDC Medium Voltage Direct Current 

PE Power Electronic 

RoCoT Rate-of-Change of Torque 

SC Super-Capacitor 

SCESS SC Energy Storage System 

VSC Voltage Source Converter 

VSI Voltage Source Inverter 

𝐵 Mechanical damping factor [N.m/s] 

𝐶  Transfer function of the VSC and SC DC-DC converter  
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𝐶𝑑𝑐 DC-link capacitance [F] 

𝐶𝑝𝑖𝑑 Transfer function of the SC voltage controller 

𝐶𝑝𝑠𝑐 Transfer function of the SC current controller 

𝐶𝑠𝑐𝑐 Transfer function of the SC DC-DC converter 

𝐶𝑠𝑐 SC capacitance [F] 

𝐶𝑣𝑠𝑐 Transfer function of the VSC 

𝐷𝑃𝑎𝑐 DEG acceleration power [W] 

𝐷𝑃𝑑𝑐 Difference between the SC power and the DC load power [W] 

𝐹𝑑𝑐 Transfer function of the DC-link capacitor 

𝐹𝑃𝐿𝑑𝑐2𝑃𝑣𝑠𝑐 Transfer function from DC-load power to VSC power 

𝐹𝑃𝐿𝑑𝑐2𝑉𝑑𝑐 Transfer function from DC-load power to DC voltage 

𝐹𝑃𝐿𝑑𝑐2𝑃𝑠𝑐 Transfer function from DC-load power to SC power 

𝐹𝑃𝐿𝑑𝑐2𝑉𝑠𝑐 Transfer function from DC-load power to SC voltage 

𝐹𝑃𝐿𝑑𝑐2𝜔𝑚 Transfer function from DC-load power to DEG speed 

𝐹𝑃𝑣𝑠𝑐2𝜔𝑚 Transfer function from VSC power to DEG speed 

𝐹𝑠𝑐 Transfer function of the SC 

𝐺𝑑𝑐 DC-link conductance [1/Ω] 

𝐻𝑑𝑐 DC-bus inertia constant [s] 

𝐻𝑔 DEG inertia constant [s] 

𝑖𝑠𝑐
∗  SC current reference 

𝐽 DEGs moment of inertia [kg.m2] 

𝑘 Non-linear function parameter 

𝐾𝑑𝑟 DC voltage droop-gain 

𝐾𝑑𝑣 Differential gain of the SC voltage controller 

𝐾𝑖 Integral gain of the SC current controller 

𝐾𝑖𝑣 Integral gain of the SC voltage controller 

𝐾𝑝 Proportional gain of the SC current controller 

𝐾𝑝𝑣 Proportional gain of the SC voltage controller 

𝐾𝑣𝑠𝑐 Per-unit conversion factor 

𝑃 VSC AC power [W] 

𝑃𝐿𝑑𝑐 DC load power [W] 

𝑃𝑠𝑐 SC power [W] 

𝑃𝑠𝑐
∗  SC power reference or demand 

𝑃𝑣𝑠𝑐 VSC DC power [W] 

𝑆𝑔𝑛 Generators’ nominal VA power [VA] 

𝑆𝑣𝑠𝑐𝑛 VSC nominal VA power [VA] 

𝑉𝑑𝑐 DC-bus voltage [V] 

𝑉𝑑𝑐𝑛 DC-bus nominal voltage [V] 

𝑉𝑠𝑐 SC voltage [V] 

𝑉𝑠𝑐
∗  SC voltage reference 

𝜌𝑣𝑠𝑐 VSC conversion efficiency 

𝜏 Time constant [s] 

𝜔𝑚 DEG speed [rad/s] 

𝜔𝑚𝑠 DEG synchronous speed [rad/s] 

 

 

1. Introduction 

Microgrids have long been considered for, and demonstrated in, projects around the world where they can include 

various types of distributed energy sources (DESs) such as renewable power units, energy storage systems, and 

rotating generators [1], [2]. They can be configured within local medium/low voltage (MV/LV) networks or power 
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systems, and can operate in both grid-connection and standalone modes to ensure security of power supply, in 

addition to other merits such as contributing to a reduction in carbon emissions [3]. Their optimised design and 

control, and coordinated operation of the power generators and sources connected to the network have been actively 

researched, pushing the boundaries to improve performance and reliability [4]-[8].  

To accommodate various type of energy sources, these microgrids can be expanded with DC networks that 

interconnect with the AC networks through power electronic (PE) converters/inverters, mainly voltage source 

converters (VSC). The DC network also gives the microgrid greater flexibility in terms of accommodating battery 

energy storage systems (BESS) and multi-level DC capability using DC-DC converters [9]-[11]. Such microgrids 

are currently known as AC/DC microgrids, although DC microgrids have been separately studied and reported in 

the literature, e.g., in [12]. 

Being flexible and with the potential to be designed and configured for standalone and grid-connected applications, 

these AC/DC microgrids have been considered for application on ships with different hybrid architectures [13]-[17]. 

Review studies covering their characteristics, power electronic components, standard architectures, technical 

considerations and key advantages for utilisation in ships have been covered in the literature [14], [18]-[20]. The 

ship microgrid is inherently isolated when providing power to the vessel at sea, and it is mainly powered through its 

prime movers, typically diesel engine generators (DEG), which determine the working frequency of the AC supply 

on-board, and regulation of this frequency is achieved through controlling the speed of the rotating generators. Ship 

manoeuvrability requires a high dynamic response and, for vessels with electrical propulsion, the loads reflected on 

the generators can be high and of a pulsating nature, which can cause a significant drop in the generator speed unless 

an additional generator is brought online. If the load power is immediately consumed from the DC bus, a steep drop 

in the DC voltage below its standard limit may easily occur [18]. Therefore, optimal design, control and coordination 

of energy storage systems for maintaining the DC bus voltage of the ship microgrid are required [21]-[26]. In order 

to provide high dynamic response of the vessel, paper [21] presents an optimal design methodology for hybrid-

electric power systems on board, which focused on economic objectives. Reference [22] proposed an intelligent 

coordination algorithm to mitigate the effect of pulsating loads on a 5kV MVDC bus that ensures an appropriate 

sharing of power amongst the energy storage units. Paper [23] considered a passive hybrid topology for a ship 

microgrid based on parallel connection of batteries and super-capacitors, demonstrating that the DEG delivers 

constant power whilst the energy storage units stabilize the DC-link voltage. In [24], an energy storage management 

system based on fuzzy-logic was proposed for supporting an MVDC shipboard power system, whilst in [25] the 

authors proposed a hybrid energy storage system of batteries and ultra-capacitors connected immediately to the bow-

thruster drive and controlled respectively via low- and high-pass filters inside a primary controller. To meet the 

control and management requirements for a shipboard power system with a DC distribution network, reference [26] 

proposed a hierarchical control design, in which a frequency-division method (similar to the method of [25] - 

low/high-pass filters) was used for enabling the operation of the hybrid energy storage system. Controlling and 

managing issues for such systems based on batteries and super-capacitors, including their optimization, control and 

structures in general, are reviewed in reference [27]. 
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The contribution of this paper covers several aspects of ship AC/DC microgrids, with the main focus being on the 

utilization of short-term energy storage systems, represented by super-capacitor (SC) technology, and their power-

electronic converters for stable and reliable operation of the microgrid under harsh dynamic loading. These include 

a new method for controlling and stabilizing both the DC-bus voltage and AC-bus frequency, in addition to new 

dynamic-system analysis and design, which contribute to filling research gaps in the area and to enhancing the 

control performance of the vessel’s power and propulsion systems. In comparison with batteries, SCs are an 

attractive solution as they can provide very-high transient currents with low equivalent series resistance (ESR) giving 

higher system efficiency, and they have long operational lifetimes with typically a million charging/discharging 

cycles [28]. A microgrid architecture including the DEGs and the SC energy storage system (SCESS) with 20F 

capacitance has been developed to achieve optimized dynamic operation in terms of worst-case DC-loading scenario. 

A fast controller for stabilising the DC-bus voltage through exchanging the DC power with the SC has been proposed 

and designed utilizing nonlinear functions of a suitable order. A slow outer control-loop for re-balancing the SC 

voltage is also proposed to address the gradual increase/decrease in the DEG load when the DC load is high and 

pulsating. As a result, variations in the DEG frequency/speed and in the DC-bus voltage are kept within the standard 

limits, [29], and the frequency of the AC grid was found to be far from reaching these limits under all presented 

testing conditions. These test results were compared with those obtained when using the high-pass filter method for 

producing the power reference of the SC, as documented in references [25], [26]. It was demonstrated that the 

proposed control method, within the considered microgrid structure, provided improved performance and 

characteristics when compared with those reported in these references, as discussed quantitatively in section 8. The 

methods in [25] and [26], and a similar technique in [30] which also utilized a high-pass filter for producing power 

demand to a flywheel energy storage system, were all implemented in an open-loop manner and they cannot prevent 

the SC voltage or the flywheel speed from shifting down or biasing. In comparison, the proposed method is based 

on closed-loop control that guarantees the re-balancing of the SC voltage and prevents the voltage from drifting 

down whilst the system is running.  

The paper is organized in the following manner. Section 2 presents and explains the proposed structure of the ship 

AC/DC microgrid including the prime movers and the propulsion and bow-thruster units. Section 3 discusses the 

modular representation of the ship power system and its components whilst section 4 models and analyses the mutual 

effects between the AC and DC grids. In section 5, the purpose and characteristics of the nonlinear functions are 

discussed, and in section 6, the control structure of the SC DC-DC converter is discussed in detail. Frequency and 

time-domain analysis of the DC-bus voltage control system are presented in section 7. System simulation, results 

and their analysis with comparison to the literature are presented in section 8. Finally, conclusions are drawn in 

section 9 with some remarks. 

2. The architecture of the ship power system 

In this paper, the system architecture including the ship powertrain illustrated by the single-line diagram in Fig.1 

was used, which integrates the SCESS into the DC-bus to support the DC voltage and AC-bus frequency as part of 

the ship’s AC/DC microgrid. This architecture was designed to fulfil all power requirements for the ship’s electric 
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propulsion system, its bow-thrusters and service load. Both thrusters are rated at 0.25MVA each utilizing a voltage 

source inverter (VSI) based field-oriented or vector-controlled induction-machine drive for high-response torque 

performance, [31], which is a requirement for ship manoeuvrability. The propulsion system consists of twin-screw 

propellers, each driven by a 1000HP (0.75MVA) induction-machine drive that also operates with high-performance 

using the vector-control technique. These drives, for both the thrusters and the propellers, are powered through the 

DC-bus and their loads sum up to a 2MW maximum power at any operational instant. Accordingly, the SCESS was 

Fig. 1. A single-line block diagram of the vessel’s AC/DC power system including 

powertrains considered for the paper’s case study 
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rated at 3MW with 50% power margin capability as it relies on PE converters, and to securely tolerate the maximum 

transient power of the propellers and thrusters. The DEGs were rated at 1.35MVA each which can also cover the 

AC service load of the ship. To allow for connection of a cold ironing or shore supply when the ship is in port, a two 

position AC switch (SW) is provided to connect the ship’s service load to an onshore electrical network. 

In order to power the DC-bus, six 0.5MVA VSCs were utilized to form bridges between the AC and DC buses and 

to share the total AC/DC current between them with the capability of bidirectional power flow. Each VSC operates 

at a switching frequency of 2,250Hz and all switching waveforms for the VSCs are interleaved to produce smooth 

fundamental current waveforms, which considerably reduces the VA rating of the harmonic filter used on the AC 

side. To interleave the VSCs, their switching-frequency waveforms are shifted by 2𝜋/6 rad with respect to each 

other. The voltage ratings of the AC-bus and DC-bus were set at 690V and 1.5kV, respectively, to allow power 

distribution with lower currents and to comply with the standards for ship electrical power systems [29]. The SCESS 

is equipped with a bidirectional power-controlled DC-DC converter (buck-boost type, [32], [33]) in order to control 

the power flow into and out of the SC module. The technical specifications of the SCESS are given in Appendix A. 

3. System modular units and operation concept 

The ship’s power system considered in this study, as shown in Fig. 1, can be represented by a simplified block 

diagram with three main units as shown in Fig. 2. These units are: the SC and its bidirectional DC-DC converter, the 

DC load that represents the propulsion and bow-thruster loads, the DC-link capacitor and the VSC including its high-

pass harmonic filter. The DC-DC converter is composed of the six interleaved 0.5MW DC-DC converters connected 

in parallel, which share the total current amongst them. Both the DC-DC converter and the VSC have their own 

power controllers designed with typical response times in the range from 1.5ms to 3ms. For the VSC, power control 

is possible using different techniques, [34]-[38], but the method in [34] was adopted for this paper due to its modular 

design using a simple per-unit structure. Details of the power controller for the DC-DC SC converter are presented 

in section 6. 

Using the notations for power flows and directions for each unit as illustrated within the block diagram in Fig. 2, it 

can be realised that in order to regulate the DC-bus voltage, the power flow into the DC-link capacitor must be 

controlled as tightly as possible in response to any uncertain and sudden changes in the DC load. The control action 

must also guarantee that the DC voltage does not drift beyond the standard limits of ±10%. Accordingly, the 

proposed control method was set to take advantage of the DC voltage tolerance ±10% limits by allowing the SC DC-

DC converter to control the power flow (𝑃𝑠𝑐) into and out of the DC-link capacitor, whilst letting the diesel generators 

gradually ramp up their power (𝑃) to supply the DC-bus. This mechanism in turn prevents the speed or frequency 

of the DEGs from dropping below the recommended limit of 5% for ship power systems [18]. In rare circumstances, 

and for protection, if the SC state-of-charge is low and its voltage reaches the lower limit, the SCESS must be able 

to issue a signal to limit the rate-of-change of torque (RoCoT) demands for the propulsion or thruster drives (i.e., 

the DC load) and allow the DC-link voltage to build up by accumulating more power from the DEGs (𝑃𝑣𝑠𝑐). To 

control the SC power flow, linear and non-linear functions were utilized to generate power references for the SC 

DC-DC converter, whilst the VSC power demand was made available as an output of a non-linear PI controller 
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applied to control or re-balance the SC voltage. Such a controller must be designed and tuned to provide a slow 

changing/ramping output (as 𝑃𝑣𝑠𝑐
∗ ) in one direction, causing 𝑃𝑣𝑠𝑐 to flow towards the DC-link capacitor whilst re-

balancing the SC voltage within a minimum time sufficient for the DEGs to produce the required mechanical power 

without causing their speed to drop below the lower limit. 

 

4. Mutual effect between AC and DC grids 

To quantify the mutual effect between the DC- and AC-buses of the ship power system, an electromechanical model 

that combines the DC voltage and the DEG speed was firstly derived as follows. The per-unit power-speed model 

of the total rotating generation capacity can be described around the synchronous speed 𝜔𝑚𝑠 as [39], 

𝑑𝜔𝑚

𝑑𝑡
=

1

2 𝐻𝑔
 (𝐷𝑃𝑎𝑐 − 𝑃) −

𝐵

𝐽
𝜔𝑚 , (1) 

where, 𝐷𝑃𝑎𝑐 is the difference between the generators’ mechanical power 𝑃𝑚 and the AC load power 𝑃𝐿𝑎𝑐, 𝑃 is the 

power supplied to the VSC, 𝜔𝑚, 𝐵 are the generators’ speed and mechanical damping-factor, and 𝐻𝑔 is the inertia 

constant of all rotating generators which is defined as, 

𝐻𝑔 =
1

2
 𝐽 𝜔𝑚𝑠

2

𝑆𝑔𝑛
 ; (2) 

𝐽, 𝜔𝑚𝑠 and 𝑆𝑔𝑛 are the generators’ total moment of inertia, nominal speed and VA power, respectively. 

Aiming for a similar form to the power-speed dynamic model of the generator as given in (1), the following per-unit 

power-voltage model of the DC-bus source can also be derived, 

𝑑𝑉𝑑𝑐

𝑑𝑡
=

1

2 𝐻𝑑𝑐
 (𝐷𝑃𝑑𝑐 + 𝑃𝑣𝑠𝑐) −

𝐺𝑑𝑐

𝐶𝑑𝑐
𝑉𝑑𝑐 , (3) 

Fig. 2. A representation of the DC-bus circuit and its connected components 
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where, 𝐷𝑃𝑑𝑐 is the difference between the SC power 𝑃𝑠𝑐 and the DC load power 𝑃𝐿𝑑𝑐 (i.e. 𝐷𝑃𝑑𝑐 = 𝑃𝑠𝑐 − 𝑃𝐿𝑑𝑐), 𝑃𝑣𝑠𝑐 

and 𝐺𝑑𝑐 are respectively the power supplied to the DC capacitor by the VSC and the DC-bus parallel conductance, 

and 𝐻𝑑𝑐 is the inertia constant of the DC-bus which can be defined as, 

𝐻𝑑𝑐 =
1

2
 𝐶𝑑𝑐 𝑉𝑑𝑐𝑛

2

𝑆𝑣𝑠𝑐𝑛
 ; (4) 

𝐶𝑑𝑐, 𝑉𝑑𝑐𝑛 and 𝑆𝑣𝑠𝑐𝑛 are the DC-bus total capacitance, its nominal voltage and the nominal VA power of the VSC, 

respectively. In (1) the AC power 𝑃 supplied to the VSC can be written as 𝑃 = 𝐾𝑣𝑠𝑐  𝑃𝑣𝑠𝑐 according to Fig. 2, where 

𝐾𝑣𝑠𝑐 is the per-unit transfer factor between the DEGs’ power and the VSC power and can be calculated as, 

𝐾𝑣𝑠𝑐 =
𝑉𝑆𝐶 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

𝐷𝐸𝐺 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑝𝑜𝑤𝑒𝑟
=

3×106 

2.7×106 . 

The power-conversion efficiency of the VSC is assumed to be very-high and equal to one for calculation purposes. 

As the VSC is designed with power-control capability, its power, 𝑃𝑣𝑠𝑐 can be considered as an input control variable 

whereas 𝐷𝑃𝑎𝑐 and 𝐷𝑃𝑑𝑐 can be assumed constant or to act as system disturbances for the analysis. Therefore, by 

linearizing around the nominal generator speed and DC-bus voltage, Eq. (1) and Eq. (3) become, 

𝑑∆𝜔𝑚

𝑑𝑡
≅

−𝐾𝑣𝑠𝑐 ∆𝑃𝑣𝑠𝑐

2 𝐻𝑔
−

𝐵

𝐽
∆𝜔𝑚 ; (5) 

𝑑∆𝑉𝑑𝑐

𝑑𝑡
≅

∆𝑃𝑣𝑠𝑐

2 𝐻𝑑𝑐
 −

𝐺𝑑𝑐

𝐶𝑑𝑐
∆𝑉𝑑𝑐 ; (6) 

For transient analysis within the first second following a loading event, the change in the DEG mechanical power 

can be ignored for (5) due to the slow response of the DEG and, therefore, it has no effect on the generator speed 

within this time interval. Combining (5) and (6) by eliminating ∆𝑃𝑣𝑠𝑐 in both equations, and converting the resulting 

relationship between the generator speed and the DC-bus voltage to the s-domain, it can be found that, 

∆𝜔𝑚(𝑠) ≅
−𝐾𝑣𝑠𝑐 𝐻𝑑𝑐

𝐻𝑔
 
(𝑠 + 

𝐺𝑑𝑐
𝐶𝑑𝑐

)

(𝑠 + 
𝐵

𝐽
)

∆𝑉𝑑𝑐(𝑠), (7) 

∆𝑉𝑑𝑐(𝑠) ≅
−𝐻𝑔

𝐾𝑣𝑠𝑐 𝐻𝑑𝑐
 

(𝑠 + 
𝐵

𝐽
)

(𝑠 + 
𝐺𝑑𝑐
𝐶𝑑𝑐

)
∆𝜔𝑚(𝑠). (8) 

It can be realised that (7) and (8) possess the characteristics of phase lead-lag and lag-lead, respectively, and the 

response of the speed to a step change in the DC-bus voltage is ideally instantaneous, i.e. any drop in the DC-bus 

voltage as a result of DC-bus loading will be reflected immediately on the DEG speed, and vice-versa according to 

(8). This speed response to a 0.01pu step in the DC-bus voltage is equal to −0.01 𝐾𝑣𝑠𝑐 𝐻𝑑𝑐 𝐻𝑔⁄  at the time instance 

when the step in the DC-bus voltage takes place, according to (7). Using the parameters as given in Appendix A for 

the system in Fig.1, this response will be equal to 0.00656pu. Therefore, delaying the change in DC-bus voltage 

utilizing the SC system with high-response DC-DC power controller will enable a smooth operation of the DEGs 

under all loading conditions, particularly under severe transient loading resulting from high and sudden torque 

demands applied to the propulsion and bow-thruster drives. 
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5. Non-linear functions for power control 

It is usual to have a voltage-droop control for the DC-bus with a suitable gain according to the permitted DC voltage 

limits [29]. As the DC-voltage maximum tolerance is ±10%, the voltage-droop gain, 𝐾𝑑𝑟 must be higher than 10 in 

order to generate ±1pu power for the DC-link capacitor before the DC voltage shifts completely by ±0.1pu. This 

gain can be represented via the voltage droop line (line 1), as illustrated in Fig.3. Accordingly, the per-unit power 

reference for controlling the DC voltage via the SC DC-DC converter can be derived as, 

𝑃𝑠𝑐
∗ = 𝐾𝑑𝑟 (𝑉𝑑𝑐

∗ − 𝑉𝑑𝑐) = 𝐾𝑑𝑟 𝑒 = 𝑓1(e);  (9) 

where, 𝑒 is the DC-voltage error.  

It is considered that whilst 𝑃𝑠𝑐
∗  regulates the DC-bus voltage, the VSC power 𝑃𝑣𝑠𝑐 is constant or changing slowly in 

comparison with the dynamics of the DC-bus voltage. As the power demand 𝑃𝑠𝑐
∗  in (9) is a linear function of the DC 

voltage error, higher order or non-linear odd functions can also be used to add different features to the control process 

of the DC voltage, e.g. as illustrated by curves 2 and 3 around line 1 in Fig. 3. As such, these functions will also be 

able to generate a bidirectional power demand 𝑃𝑠𝑐
∗  with very low or high gains near zero voltage-error, but they will 

result in maximum values for 𝑃𝑠𝑐
∗  when the voltage error is close to ±0.1pu. The curve functions can be represented 

by polynomials of odd orders such as those of 7th and 9th orders in terms of the DC voltage error. Suitable hyperbolic 

tangent functions and their inverse counterparts with some design parameters can also be possible, which were 

adopted in this study to demonstrate the concept. Details of the testing of a wide variety of relevant curve functions 

for the selection process are beyond the scope of this paper. Accordingly, in Fig. 3, 𝑓2 was designed to embody a 

hyperbolic tangent function whilst 𝑓3 was considered as the inverse function of 𝑓2, and all associated dashed and 

dashed-doted curves are obtained at different function parameters, as explained below. As can be demonstrated via 

Fig.3, the curves are able to generate the power demand 𝑃𝑠𝑐
∗ , and the selected functions can be represented by, 

Fig. 3. The control functions that produce the power 

command for the super-capacitor DC-DC power converter 
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𝑃𝑠𝑐
∗ = 𝑓2(𝑉𝑑𝑐

∗ − 𝑉𝑑𝑐) = 𝑓2(𝑒), or , (10) 

𝑃𝑠𝑐
∗ = 𝑓3(𝑒),    (11) 

It can be realised that function 𝑓3(𝑒) generates a low power demand 𝑃𝑠𝑐
∗  in the region close to the DC voltage 

reference 𝑉𝑑𝑐
∗  which makes better utilisation of the DC-bus stored energy before reaching the DC voltage limits. In 

contrast, function 𝑓2(𝑒) generates a higher 𝑃𝑠𝑐
∗  within the same region, providing better DC voltage stabilization but 

does not exploit the DC-bus stored energy, which leads to an increase in the magnitude of 𝑃𝑠𝑐
∗  for the DC-DC 

controller of the SC unit. Curves 2 and 3 can be described mathematically using the following forms which account 

for mapping the input range {−0.1 ⋯ + 0.1} of the DC voltage error to an output range {−1 ⋯ + 1} that represents 

the per-unit power demand, 𝑃𝑠𝑐
∗ .  

𝑓2(𝑒) = 𝑡𝑎𝑛ℎ {𝑘. (𝑉𝑑𝑐
∗ − 𝑉𝑑𝑐)} , or 

𝑓2(𝑒) =
1−𝑒−2𝑘∙(𝑉𝑑𝑐

∗ −𝑉𝑑𝑐)

1+𝑒−2𝑘∙(𝑉𝑑𝑐
∗ −𝑉𝑑𝑐)

 ,   (12) 

𝑓3(𝑒) = 10 ∙ 𝑎𝑡𝑎𝑛ℎ {10. (𝑉𝑑𝑐
∗ − 𝑉𝑑𝑐)}/𝑘 , or 

𝑓3(𝑒) =  
{𝑙𝑛(1+(𝑉𝑑𝑐

∗ −𝑉𝑑𝑐))−𝑙𝑛(1−(𝑉𝑑𝑐
∗ −𝑉𝑑𝑐))}

2𝑘
 , (13) 

where, 𝑘 is the functions’ parameter. The curves shown in Fig. 3 are produced for 𝑘 = 55 (solid lines), 𝑘 = 40 

(dashed lines) and 𝑘 = 80 (dashed-dot lines). 

It should be noted that for implementation purposes the designed curves for 𝑓2(𝑒) and 𝑓3(𝑒) can be embedded within 

look-up tables using a certain number of data points over the full input/output ranges with a suitable interpolation 

mechanism. 

6. The control structure of the super-capacitor DC-DC converter 

In order to prevent the SC voltage from exceeding its maximum and minimum limits and allow the SC unit to 

function properly in both power directions, hysteresis functions (HFs) were developed to adaptively set the current 

upper and lower limits of the SC according to its voltage level, as shown in Fig. 4. The hysteresis function of graph 

(a) is for setting/adapting the current upper limit 𝐼𝑈𝐿 as a function of 𝑉𝑠𝑐, whilst the hysteresis function of graph (b) 

is similarly used but for the current lower limit 𝐼𝐿𝐿. To implement these hysteresis functions, 𝑉𝑠𝑐 is used to derive 

the initial current demand 𝑖𝑠𝑐𝑖
∗  from the power demand 𝑃𝑠𝑐

∗ , as illustrated within the structure of the DC-DC 

converter’s power-controller shown in Fig. 5. If the SC voltage exceeds its maximum limit, 𝑉𝑚𝑎𝑥, the hysteresis 

function 𝐼𝑈𝐿(𝑉𝑠𝑐) will only permit a current demand in the positive direction, or a current that will only discharge 

the SC by restricting the final current demand within a range from 0 to MAX level. Similarly, but in the opposite 

direction, if the SC voltage drops to a level below its minimum limit, 𝑉𝑚𝑖𝑛, the hysteresis function 𝐼𝐿𝐿(𝑉𝑠𝑐) will only 

permit a current demand in the negative direction, within a range from MIN to 0 level, to charge the SC. As shown, 

the hysteresis functions update the current limiter of the reference current 𝑖𝑠𝑐
∗  that passes to a closed-loop current-

control structure using the controller function 𝐶𝑝𝑠𝑐(𝑠), which was selected as a PI type to produce the voltage-
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difference reference ∆𝑉𝑝𝑤𝑚
∗ . The latter is then added to the measured SC voltage in order to obtain the voltage 

reference 𝑉𝑝𝑤𝑚
∗  for the DC-DC converter. When the SC voltage hits one of its limits, or when one of the SC current 

limits becomes zero, the DC load must be restricted to change slowly in order to prevent the collapse of the DC-

voltage, as the SC is no longer able to dynamically support DC-voltage stabilization under this condition. Although 

such a condition would only occur in rare events, a protective measure has been considered by issuing a signal 

through the HFs block, when one of the current limits is zero, to limit the RoCoT for the propulsion or thruster 

drives, as shown in Fig. 5. It should be noted that as the SC voltage is a very slow-changing variable with respect to 

the SC current, fixed parameters for the 𝐶𝑝𝑠𝑐(𝑠) were derived around the voltage operating-point of the SC, based 

on the DC-DC converter model. By considering the per-unit values of the controller variables, and that a typical 

current/power step-response of around 2ms is sought, the controller 𝐶𝑝𝑠𝑐(𝑠) was designed with fixed proportional 

and integral gains, respectively as 𝐾𝑝 = 0.01 and 𝐾𝑖 = 10. 

Fig. 4. the hysteresis functions (HFs) for setting 

/updating the upper and lower limits for the SC 

current according to the SC voltage level, (a): 

for the upper limit, (b): for the lower limit 

𝐼𝑈𝐿(𝑉𝑠𝑐) 

MAX 

𝑉𝑚𝑖𝑛 + ℎ𝑤 

0 

(a) 

𝑉𝑚𝑖𝑛 𝑉𝑚𝑎𝑥 

𝑉𝑠𝑐  

𝐼𝐿𝐿(𝑉𝑠𝑐) 
𝑉𝑚𝑎𝑥 − ℎ𝑤 

0 𝑉𝑚𝑖𝑛 

𝑉𝑚𝑎𝑥 

𝑉𝑠𝑐  

MIN 

(b) 

Fig. 5. Block diagram representing the super-capacitor power/ 

current controller including hysteresis functions and RoCoT signal 

− 
𝐶𝑝𝑠𝑐(𝑠) 

𝑖𝑠𝑐
∗  

PWM 
reference 
for DC-DC 
converter 

𝑖𝑠𝑐 

𝑉𝑝𝑤𝑚
∗  

𝑉𝑠𝑐 

∆𝑉𝑝𝑤𝑚
∗  𝑃𝑠𝑐

∗  
Divide 

𝑉𝑠𝑐 

÷ 

𝑉𝑠𝑐 

𝑖𝑠𝑐𝑖
∗   

𝐼𝑈𝐿 𝐼𝐿𝐿 

ە
ۖ
۔

ۖ
ۓ

𝐼𝑈𝐿 𝑜𝑟 𝐼𝐿𝐿 = 0 → 𝑅𝑜𝐶𝑜𝑇: 𝐿𝑖𝑚𝑖𝑡𝑒𝑑
 
 

൝
 𝐼𝑈𝐿 = 𝑀𝐴𝑋 

&
 𝐼𝐿𝐿 = 𝑀𝐼𝑁 

ൡ  → 𝑅𝑜𝐶𝑜𝑇: 𝑈𝑛𝑙𝑖𝑚𝑖𝑡𝑒𝑑

 HFs 

RoCoT: Rate-of-Change of Torque 



12 

 

7. Analysis of the DC-bus-voltage control system 

The close-loop control system including system models and controllers has been constructed and represented by the 

block-diagram as shown in Fig. 6. It was used to analyse and verify the characteristics and performance of the DC-

bus voltage controller, utilizing the proposed super-capacitor control concept, and to select the most suitable value 

for the DC-link capacitor. It should be noted that the SC voltage controller 𝐶𝑝𝑖𝑑(𝑠) must be selected with a memory 

component, such as an integrator, in order to sustain a controller output for demanding the VSC power that balances 

the total DC-load whilst leading to zero steady-state error in the SC voltage. Such features can be fulfilled using the 

proportional-integral-differential (PID) structure for the 𝐶𝑝𝑖𝑑(𝑠) as adopted in this design study. The system block-

diagram was also used to derive a perturbation model of the system around the nominal values of the DC-bus and 

SC voltages or their references. For a linear presentation, the voltage-droop gain 𝐾𝑑𝑟 (line 1 in Fig. 3) was considered 

for this analysis as demonstrated in Fig. 6. From the block-diagram, the following transfer functions in the s-domain 

can be derived, 

𝐹𝑃𝐿𝑑𝑐2𝑉𝑑𝑐 =
∆𝑉𝑑𝑐

∆𝑃𝐿𝑑𝑐
=

−𝐹𝑑𝑐

1 + 𝐾𝑑𝑟 𝐶 𝐹𝑑𝑐 [1−𝐶𝑝𝑖𝑑 𝐶 𝐹𝑠𝑐]
, (14) 

𝐹𝑃𝐿𝑑𝑐2𝑃𝑣𝑠𝑐 =
∆𝑃𝑣𝑠𝑐

∆𝑃𝐿𝑑𝑐
=

−𝐹𝑑𝑐 𝐾𝑑𝑟 𝐶𝑝𝑖𝑑 𝐶2 𝐹𝑠𝑐

1 + 𝐾𝑑𝑟 𝐶 𝐹𝑑𝑐 [1−𝐶𝑝𝑖𝑑 𝐶 𝐹𝑠𝑐]
, (15) 

𝐹𝑃𝐿𝑑𝑐2𝑉𝑠𝑐 =
∆𝑉𝑠𝑐

∆𝑃𝐿𝑑𝑐
=

𝐹𝑑𝑐 𝐾𝑑𝑟 𝐶 𝐹𝑠𝑐

1 + 𝐾𝑑𝑟 𝐶 𝐹𝑑𝑐 [1−𝐶𝑝𝑖𝑑 𝐶 𝐹𝑠𝑐]
, (16) 

𝐹𝑃𝐿𝑑𝑐2𝑃𝑠𝑐 =
∆𝑃𝑠𝑐

∆𝑃𝐿𝑑𝑐
=

𝐹𝑑𝑐 𝐾𝑑𝑟 𝐶

1 + 𝐾𝑑𝑟 𝐶 𝐹𝑑𝑐 [1−𝐶𝑝𝑖𝑑 𝐶 𝐹𝑠𝑐]
, (17) 

where the notation ‘(𝑠)’ of all functions is dropped to simplify the presentation.  

The derived functions were utilized to design and tune the parameters of the SC controller in addition to selecting 

the value of the DC-bus capacitor 𝐶𝑑𝑐. The SC value, which is the main parameter of 𝐹𝑠𝑐(𝑠), was determined based 

on the following design setting: the SC voltage should not be allowed to drop by more than 40% from its rated value 

(900V) during the first 5s after applying a DC current step corresponding to the maximum propulsion and thruster 

power (i.e. 2MW or 0.666pu). Accordingly, a value of 20F for the SC was found to be sufficient for satisfying the 

Fig. 6. A block-diagram representing the close-loop of the DC-bus and SC voltage controllers for 

modelling, analysis and design, using the proposed super-capacitor control concept  
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above design requirement. To get an initial design value for the DC-bus capacitor 𝐶𝑑𝑐, it was assumed that under a 

worst-case delay in the SC power response, which was assumed 3ms, the 𝐶𝑑𝑐 nominal voltage should not drop to a 

level below its lower limit (1350V) when a DC-load power-step equal to the rated power is supplied by DC-bus. 

Considering this condition, an initial value of 40mF was found for 𝐶𝑑𝑐 and used as an initial design value. For 

selecting the most suitable gains of the 𝐶𝑝𝑖𝑑(𝑠), the frequency and time responses of the above functions were used. 

The selected gains are listed in Appendix A. Utilizing the function in (14), with the selected gains and relevant 

parameters given in Appendix A, the DC-bus voltage response to a full-load step in the DC-bus power, for different 

values of 𝐶𝑑𝑐, was calculated and depicted in Fig.7. It can be realised that the larger the 𝐶𝑑𝑐 value used, the higher 

the performance can be obtained in terms of regulating the DC-voltage. Substituting the parameters and gains in 

Eqs. (15)–(17) for their selected values, the step-responses of the DC-bus voltage, VSC power, SC voltage and 

power, in addition to the generator speed/frequency, were all derived and presented in Fig. 8 under maximum step 

in the DC-load. It can be realized that these responses conform to the expected system performance, according to 

the design limits and parameters, within the presented time-range. 

Based on Eq. (5), the perturbation power-speed model in the s-domain, around the synchronous speed and under 

constant 𝐷𝑃𝑎𝑐, can be derived as, 

𝐹𝑃𝑣𝑠𝑐2𝜔𝑚 =
∆𝜔𝑚

∆𝑃𝑣𝑠𝑐
=

− 𝐾𝑣𝑠𝑐

2 𝐻𝑔 𝜌𝑣𝑠𝑐 (𝑠 + 
𝐵

𝐽
)
; (18) 

Multiplying Eq. (18) by Eq. (15) gives, 

𝐹𝑃𝐿𝑑𝑐2𝜔𝑚 =
∆𝜔𝑚

∆𝑃𝐿𝑑𝑐
=

− 𝐾𝑣𝑠𝑐

2 𝐻𝑔 𝜌𝑣𝑠𝑐 (𝑠 + 
𝐵

𝐽
)

∙
−𝐹𝑑𝑐 𝐾𝑑𝑟 𝐶𝑝𝑖𝑑 𝐶2 𝐹𝑠𝑐

{1 + 𝐾𝑑𝑟 𝐶 𝐹𝑑𝑐 [1−𝐶𝑝𝑖𝑑 𝐶 𝐹𝑠𝑐]}
, (19) 

which can represent the frequency-response of the generator speed to any change in the DC-load. Utilizing this 

function with the function of Eq. (15), the responses of the generator speed and VSC power can be depicted as shown 

Fig. 7. The DC-bus voltage response to a maximum step in DC-

bus load (1pu) for different values of the DC-link capacitor 𝐶𝑑𝑐 
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in Fig. 9. It can be noticed that because the VSC power is forced to ramp up slowly as a response to the large step in 

the propulsion DC-load, there is a corresponding slow variation in the generator speed which is around 4% at a time 

of 1s. However, when the response of the generator-engine starts to build up to regulate the generator speed, the 

latter will recover towards its nominal value and the action of the SC re-balancer will gradually transfer the generator 

power via the VSC to the propulsion DC-load through the DC-bus. 

8. System tests, results and analysis 

Under harsh and transient DC loading conditions exerted by the propulsion and bow-thruster units, the DC-bus 

voltage can drop suddenly to a level below the permitted lower limit. This extreme condition could cause the whole 

AC/DC ship power-system to shut down as a result of activating the protective circuit breakers and devices unless a 

limit on the rate of change of the electrical load is introduced. Such a limit is usually adopted in typical ship systems, 

[40], [41], which adversely affects the dynamic performance of the ships and their manoeuvrability. However, as 

Fig. 8. (a): DC-bus voltage response to a maximum step in the 

propulsion DC-load (0.666 pu), (b): the VSC power and SC 

voltage & power responses to the same step in the DC-load. 
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the vector-controlled drives for the propulsion and bow-thruster units are designed to provide high-torque response  

(typically within few milliseconds), it would be highly recommended to test the proposed control system under 

extreme torque demands applied to these drives, without imposing any rate limit on the torque for high-dynamic 

positioning. For this, the whole ship power system and its components, including the propulsion and bow-thruster 

units, have been simulated utilizing the physical modelling and simulation tools of the Matlab-Simulink® software. 

The proposed controllers were then added and activated for testing under different torque or DC-loading scenarios 

to validate the control system operation and performance, and to compare its performance with those obtained using 

the other methods reported in the literature. 

8.1. Testing and comparing the performance using the non-linear functions 

To clearly demonstrate the difference in the system performance when using the non-linear functions 𝑓1(e), 𝑓2(e) 

and 𝑓3(e), three simulated power systems, each implemented with one of the functions were run in parallel. The 

recorded results are shown in Fig. 10. As the differences in the SC power and the voltage fluctuation in the DC-bus 

can be more clearly seen at a lower DC power, the common torque command was set to levels between ±0.2pu, as 

demonstrated by graph (a). The torque demand sequence was selected to change suddenly between these levels to 

represent possible transient power conditions with the corresponding DC power, and to clearly demonstrate the 

occurrence of the re-generated propulsion and bow-thruster power due to the mechanical inertia of the rotating 

propellers. Graph (b) of Fig. 10 illustrates the resulting speeds of the shafts of the propulsion and bow-thruster units 

whilst graph (c) demonstrates the corresponding DC power for both groups of units, respectively. The total DC-bus 

power is shown in graph (d). Given this total power, the SC power for the three functions to regulate the DC-bus 

voltage are shown in the corresponding graph (e). Clearly, when using function 3 (𝑓3), the SC power fluctuates the 

least resulting in the lowest DC power exchange, but as shown in graph (f), this function results in the highest 

fluctuation in the DC-bus voltage. However, since this fluctuation is within the standard limits (±0.1pu), the 

Fig. 9. The responses of the generator speed and VSC power 

to a maximum step in DC propulsion load for 1s when there 

is no change in power contribution from the diesel engine 
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performance is acceptable, and the system has the advantage of exploiting the electrical energy stored within the 

DC-bus components. In comparison, utilizing function 2 (𝑓2), gave the best performance in terms of regulating the 

DC-bus voltage but at the expense of generating the highest fluctuation in the SC power, although there is little 

difference from the SC power generated by function 1. When using functions 1 and 2, the system will not be able to 

fully exploit the energy stored in the DC-link capacitance or any other energy storage devices added by any modular 

expansion. A trade-off selection amongst the non-linear functions can be carried out to optimize for specific 

performance according to the application and the specification of the energy storage components used. 

8.2. Performance tests and comparison 

The full system operation using the proposed control structure was tested and compared with the low/high-pass filter 

or frequency-division method, reported in [25] and [26], under severe and transient DC loading conditions that can 

represent the worst-case scenario of the ship electrical load. For this, a heavy and reversing torque demand pattern, 

changing between its highest and lowest levels (±1pu), was applied to all propulsion and bow-thruster units, as 

demonstrated via trace 1 of graph (a) in Fig. 11. Trace 2 of the same graph illustrates the corresponding total DC 

power, where the negative part of the power represents the re-generative power at instants of changing the direction 

of the common torque command. This re-generated power, which is transformed from the kinetic energies stored in 

the rotating parts of the propulsion and bow-thruster units, is absorbed by the SC through the DC-bus. As a reaction 

to the transient change in the torque or the total power, graph (b) shows the resulting SC power as trace 1 and the 

Fig. 10. (a): the pattern of the per-unit torque demand applied simultaneously to all propulsion and bow-thruster 

units, (b): the corresponding per-unit speeds of the propulsion and bow-thruster units, (c): the corresponding power 

of both the propulsion units and the bow-thrusters, (d): the total DC power for all propulsion and bow-thruster units, 

(e): the corresponding super-capacitor power when using the three DC-bus control functions (𝑓1, 𝑓2, 𝑓3) at k=55 for 

𝑓2, 𝑓3, (f): the fluctuation of the DC-bus voltage when using these functions. 
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change in the SC voltage as trace 2, whilst trace 3 demonstrates the variation of the corresponding VSC power when 

utilizing function 2. It can be realized that the reaction of the SC power controller to any change in the DC-bus 

voltage resulted in the variation in the DC-bus always being maintained within the permitted limits of ±0.1pu, but 

mostly around ±0.02pu as illustrated via trace 1 of graph (c). It is clearly shown that the VSC power varies relatively 

slowly within the given 5s period, which reduces the stress on the DEGs leading to a smooth and negligible 

fluctuation in the DEGs speed or frequency as demonstrated via trace 2. 

Graphs (a) and (b) of Fig. 12 represent the same results but obtained when utilizing the frequency-division or the 

low/high-pass filter method. This method uses a high-pass filter to pass the high-frequency components of the DC-

bus voltage error to an SC power controller in an open-loop manner, whilst leaving the low-frequency components 

to pass to a battery power controller. For comparison, this method was implemented under the same test conditions 

used for the proposed control method but with a 0.1Hz cut-off frequency to bring its results to an appropriate level 

for comparison. The cut-off frequency of the filter used in [25] was comparatively high (1Hz) so could not be used 

for comparing the performance of the two methods. The characteristics of the low/high-filter method are clearly 

demonstrated; the resulting variation in the VSC power is not as smooth as that obtained using the proposed control 

Fig. 11. (a)-(c): Test results when utilizing the proposed 𝑉𝑠𝑐  closed-loop 

control method with 𝑓2, (a): the pattern of the per-unit torque demand 

applied simultaneously to all propulsion and bow-thruster units and the 

corresponding total DC-power for a worst-case scenario, (b): the 

corresponding per-unit super-capacitor power ‘1’ and its voltage ‘2’ and 

the per-unit VSC power ‘3’, (c): the fluctuation in the DC-bus voltage ‘1’ 

and in the DEG speed ‘2’. 
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method, and the SC voltage always varies below its set-point value, as a result of the filter open-loop structure. In 

other words, the SC voltage has no mechanism to return back to its set-point or its reference value, even when it 

drifts down as a result of any internal or external leakage currents. It should be noted that trace 3 in graph (a) 

represents the battery energy storage (BES) power demanded via the low-pass frequency components through the 

BES DC-DC converter. Graph (b) illustrates that a relatively large offset is associated with the resulting fluctuation 

in the DC-bus voltage (trace 1), which always keeps the DC voltage below its set-point or nominal value with 

significant fluctuations, and the DEGs speed (trace 2) is comparatively affected by the unsmooth variation in the 

BES power demonstrated by trace 3 of graph (a). 

In Figs (11) and (12), after 60s run time, it can be realized that for both methods the VSC and BES power are the 

primary sources for supplying the DC loads or the propulsion and bow-thruster power. However, the SC storage 

capability is not fully utilized when using the filter method (Fig. 12) as its voltage is always biased due to the lack 

of a re-balancing mechanism. Also, using this method led to a sustained offset in the DC-bus voltage, even when the 

DC power was no longer fluctuating. The advantage of utilizing the proposed method for controlling the SC voltage 

in a closed-loop manner is clearly demonstrated in comparison with the low/high-pass filter or frequency-division 

method reported in the literature. 

To demonstrate the features of using function 3 (𝑓3) for comparison with the frequency-division method, Fig. 13 

shows the results obtained under the same test conditions as for the above scenario. The utilization of this non-linear 

hyperbolic function permits a wide relaxation in the DC voltage fluctuation within the range from 0.9pu to 1.1pu, 

allowing a maximum utilization of the DC-bus capacitive energy storage, whilst reflecting a smooth variation on the 

DEG power through the VSC power. The results also demonstrate a very low fluctuation in the DEG 

speed/frequency. It should be noted that the slight increase in the DC-bus voltage above its maximum limit at time 

Fig. 12. (a), (b): Test results when utilizing the low/high-pass filter method 

reported in [25], [26]. All graphs are repeated but using the filter method 

for comparison. 

(a) 

(b) 
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54s (Fig. 13(b), trace 1) occurred as result of limiting the SC power to -1pu at this time, but this increase can be 

tolerated. The slight decaying oscillation in the DC voltage around its set-point or nominal value is quite tolerable, 

as this can be outweighed by considering the necessary mechanism for re-balancing the SC voltage. 

9. Conclusion 

This paper has presented and discussed an AC/DC microgrid architecture that forms the main part of a vessel power 

system with electric propulsion and bow-thruster units. To enhance the performance and response of the power 

system, the paper proposed a new closed-loop control structure which employs a 20F SC as a short-term energy 

storage unit to support the DC-bus voltage and the speed/frequency of the diesel generators. As both the propulsion 

and bow-thruster units of the vessel are supplied directly through the DC-bus, they may cause an immediate and 

severe effect on the generator frequency under uncertain and transient loading conditions. It has been demonstrated 

through the results presented in the paper that the proposed control structure, using the SC energy storage unit, is 

very effective under harsh operational scenarios when sudden and reversing torque demands take place for both the 

propulsion and bow-thruster units. The energy storage unit effectively absorbed the re-generated power due to 

deceleration of the propellers, and the action of the proposed control method was clearly demonstrated when 

handling such a reversal of power. Through a suitable design of the control system with an SC voltage re-balancing 

controller, it was illustrated how this system prevented the speed of the generators from dropping below its standard 

lower limit. The paper also presented results obtained when using the frequency-division or low/high-pass filter 

method for controlling the SC power, as reported in the literature, for comparison with the proposed control method. 

Due to the lack of SC voltage re-balancing, the filter method does not guarantee sustained operation of the SC energy 

Fig. 13. (a), (b): Test results when utilizing the proposed 𝑉𝑠𝑐  closed-loop 

control method with 𝑓3, (a): the corresponding per-unit super-capacitor 

power ‘1’ and its voltage ‘2’ and the per-unit VSC power ‘3’, (b): the 

fluctuation in the DC-bus voltage ‘1’ and in the DEG speed ‘2’. 

(a) 

(b) 
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storage unit and there is a DC voltage offset below the nominal voltage as demonstrated in the final comparison. 

The effectiveness of the proposed method is clearly demonstrated. 
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Appendix A 

1. Per Unit (PU) Base Systems : 

- Base/nominal DC-bus voltage 𝑉𝑑𝑐𝑛: 1500V 

- Base/nominal super-capacitor voltage: 900V 

- Base/nominal super-capacitor power 𝑉𝑠𝑐𝑛: 3MW 

- Base/nominal VSC power: 3MW 

- Base/nominal generator power: 2x1.35MW 

- Base/nominal generator speed: 2π x 50/2 

2. Maximum/minimum limits: 

- DC-bus voltage limits: Min: 1350V, Max: 1650V 

- Maximum DC-bus load (propulsion load): 2MW or 0.666pu 

- Super-capacitor voltage limits: Min: 540V, Max: 1150V 

- Super-capacitor maximum current: 5.5kA 

- Diesel generator speed limits: Min: 0.96pu, Max: 1.04pu   

3. Electrical and mechanical parameters used: 

- Maximum DC-bus load (propulsion load): 2MW or 0.666pu 

- DC-link/bus capacitor value 𝐶𝑑𝑐: 360mF 

- DC-link parallel resistance (including capacitor EPR) 𝐺𝑑𝑐: 1/1kΩ 

- Inertia constant of the DC-bus 𝐻𝑑𝑐: 0.135s 

- Super-capacitor value 𝐶𝑠𝑐: 20F 

- Super-capacitor ESR: 5mΩ 

- Super-capacitor EPR: 40kΩ 

- Time-constant for the VSC power controller 𝜏: 3µs 

- Time-constant for the Super-capacitor power controller 𝜏: 3µs 

- Inertia constant of the generators 𝐻𝑔: 0.3085s 

- Total moment of inertia 𝐽: 67.5 [kg.m2] 

- Mechanical damping factor 𝐵: 1.3 [N.m/s] 

- Generator power to VSC power per-unit conversion factor 𝐾𝑣𝑠𝑐: 3/2.7 
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- VSC conversion efficiency 𝜌𝑣𝑠𝑐: 0.98 

4. Parameters of the super-capacitor current/power controller (pu): 

- Proportional gain 𝐾𝑝: 0.01 

- Integral gain 𝐾𝑖: 10 

5. Parameters of the super-capacitor voltage balancer/controller (pu): 

- Proportional gain 𝐾𝑝𝑣: 0.6 

- Integral gain 𝐾𝑖𝑣: 1.2 

- Differential gain 𝐾𝑑𝑣: 0.01 

- Controller sampling time 𝑇𝑠: 1ms 

 


