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Abstract 

This thesis proposes the V-dp/di droop control algorithm of an islanded dc microgrid (MG) 

system with multiple photovoltaic (PV) arrays. A comprehensive literature review on three 

main coordinated control strategies is carried out, namely centralized, distributed and 

decentralized control. Decentralized control has some advantages over centralized and 

distributed control, including plug-and-play capability, easy to implement, and absence of 

communication agent. The conventional control method implemented in the simulation model 

is V-dp/dv droop control, which can be used to investigate the dynamic performance of the 

PV-based dc MG. The simulation results show that the accuracy issue of dp/dv leads to 

doubling settling time and ±5% power oscillations. Therefore, it is important for a PV 

generator to perform voltage regulation in a PV standalone mode, in order to continue 

stabilising the bus voltage of a dc MG. The stability analysis of the proposed V-dp/di control 

and conventional V-dp/dv method is undertaken based on a PV-based dc MG. The 

mathematical results show 50% improvements in voltage fluctuations and power ripple during 

steady state. Compared to conventional V-dp/dv control, the inner loop of the proposed dp/di 

controller can independently be stabilised without the implementation of outer voltage loop. 

A comparison between conventional and proposed control schemes is carried out to validate 

the feasibility and robustness of proposed V-dp/di method, and to present the working 

principle of the control variable dv/di. This is referred to as incremental-resistance (INR) 

maximum power point tracking (MPPT) algorithm. The characteristic of a searching MPPT 

algorithm leads to huge oscillation of the common dc bus voltage, which is the drawback of 

traditional MPPT schemes. Another contribution of this thesis is the introduction to second 

differential term of current approach 𝑑𝑑2𝑝𝑝/𝑑𝑑𝑖𝑖2. The 2nd derivative is used to minimise the 

fluctuations of dp/di during steady state. The application of second derivative of power to 

current yields an improved steady-state performance in a PV-based dc MG. The simulation 

results present a 30% further improvement in PV power ripple with the help of second 

differential term.  
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Chapter 1. Introduction 

1.1 Background 

Photovoltaic (PV) system is becoming increasingly important in the distributed generation 

(DG) networks to tackle key challenges such as global warming and energy crisis. Solar 

energy is currently one of the dominant sources of renewable energy, providing clean energy 

to local consumers and feeding excess power into the distribution network. There are many 

advantages of solar energy, including low maintenance costs, reduction of environmental 

impacts on energy transportation and noise pollution. According to the Renewables 2022 

Global Status Report, it was found that around 12.6% of total global energy consumption in 

2021 is supplied by the modern renewable resources, in which hydropower, wind, solar and 

biomass power are some typical examples [1]. As shown in Figure 1.1, the global PV capacity 

is increased by almost 24% to 942 gigawatts (GW) in 2021, compared to the cumulative 

installed capacity in 2020. Meanwhile, solar PV surpassed 30% of total global electricity 

production from renewable energy sources (RES) in 2021 with a 3% increase compared with 

the capacity in 2020. The total PV capacity is expected to continue growing after 2021 due 

largely to cost reductions and technology improvements, reported by Renewable Energy 

Policy Network for the 21st century (REN21) [1]. 

 

Figure 1.1 Global cumulative PV capacity, 2011-2021. 

More importantly, the investments in mini-grid start-ups have more than doubled to USD 113 

million in 2019. An estimated USD 468 million in corporate-level investment flows in 2019, 

down 8.6% from USD 512 million raised in 2018 [2]. The global cumulative capacity of solar 
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mini-grids is increased to 365 MW, which accounts for 55% of mini-grids [1]. Therefore, the 

utilisation of embedded generation network is becoming popular worldwide. The term 

‘embedded’ refers to those renewable resources which are directly connected to distribution 

network rather than traditional high-voltage transmission network.  

RES play a vital role in facilitating the development of DG networks. Whilst popular, these 

sources of renewable energy are intermittent; solar output is low in overcast conditions and 

negligible during the night; wind brings 24-hour generation to the system, but output is highly 

variable and unpredictable based on atmospheric conditions [3]. In residential or small-scale 

commercial systems, multiple sources of renewables, often PV, are integrated alongside 

various local energy storage systems and consumer loads. The battery energy storage system 

(BESS) consists of a battery and a bi-directional dc/dc converter. It is capable of supporting 

and providing backup energy to the distribution network during periods of low, or negligible 

power generation from renewables, and vice versa. Given the output of PV array and batteries 

is typically direct current (dc), the concept of employing a common dc bus system approach 

has been established. It is now regarded as a dc microgrid (MG) [4]. The research conducted 

by Karlsson and Svensson (2003) demonstrated a typical configuration of a dc MG system 

with five power converters associated with energy sources or loads [5]. In [6], Kumar et al. 

(2017) analysed that dc MG is a category of low voltage (LV) power network and thus it is 

interconnected to the utility grid for the purpose of improved stability of the distribution 

network. DC MGs have lots of advantages over the alternating current (AC) MGs such as 

natural interface with dc renewable energy resources and local loads, higher conversion 

efficiency, compatible with increasing penetration of RES and higher reliability in terms of 

grid disturbances [6-9]. Both RES and BESS can be integrated in a coordinated control 

system based on digital signal processor (DSP).  

In the event of grid faults, mainly short circuits, the grid-connected converter in a dc MG has 

to be disconnected from the utility grid as quickly as possible in such a way that it can avoid 

any risk of further damage [10]. For instance, the renewables might overload the grid 

infrastructure if the single phase grid-connected inverter is a unique component for voltage 

restoration in a dc MG. It is mandatory to ensure that a dc MG can operate autonomously. 

This is commonly referred to as islanded mode. BESS plays a critical role in accommodating 

the stochastic characteristic and growing penetration of PV arrays [11]. To guarantee a stable 

dc-link voltage and sufficient load power in a dc MG, the BESS usually offers a two-way 

power flow to address the problems, particularly in rural areas. State of Charge (SoC) of a 
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battery is a key concern in literature, which results in shorter lifespan if the cell imbalance 

issues occur. A number of studies have been published to realise the SoC balancing and 

precise power distribution [12], [13]. However there is always a possibility for the battery to 

be fully charged. In other words, the battery could indeed attain certain amount of energy 

where the BESS is no longer available for RES to charge until the SoC is below the highest 

level of charge. The classical maximum power point tracking (MPPT) scheme is used to 

harvest the maximum available power from PV systems or dc renewables. It turns out the 

disconnection of solar panels from the dc MG is sometimes mandatory for stabilising the MG 

system. As a consequence, curtailing the power of the PV system at a limited level has been 

found as an effective approach to overcome the key challenges [10]. Therefore, researchers 

are encouraged to consider the participation of PV systems in dc bus voltage regulation and 

power sharing.  

1.2 DC MG 

In recent years, there are various topologies of dc MG systems published in literature that can 

typically be divided into three major categories, namely single-bus topology, multibus 

topology and reconfigurable topology [14]. A general overview of these main topologies can 

be observed in Figure 1.2. To focus on the scope of this thesis, single-bus topology is 

introduced and discussed in detail in Chapter 3.  

 

Figure 1.2 Typical topologies of dc MG systems. 

Single-bus topology is one of the most widely used topologies in a dc MG. As can be seen 

from Figure 1.3, it is interconnected with PV systems, BESS, local loads and grid-connected 

converter based on singular bus structure. A dc bus reference voltage, range of 350 V to 450 
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V, is the unique dc power link connected to all energy sources and loads simultaneously. In 

[15], a reference dc bus voltage of 400 V is defined as a common value in a dc MG system, 

which is usually higher than the peak voltage of grid-connected inverter. The concept of 

utilising a high dc-link voltage is supported by the study undertaken by Hong et al. [16]. It is 

noted the power flow direction of BESS and distribution grid is bipolar, which in turn means 

the surplus energy can be taken from or fed into these sources, respectively. In [17], the 

fundamental control functions of a grid-connected converter are given for reference. This 

topology benefits from its simplicity and extendibility, but reliability is lower compared with 

modern architecture, i.e. reconfigurable topology [14]. In [18], the authors have established a 

low-voltage bipolar dc bus structure to acquire superior performance of dc distribution 

network. The dc-dc converter can operate in +170, -170, or 340 V. The bipolar topology is 

used to avoid single point of failure, due to various selections of dc bus voltage. This is 

beyond the scope of this thesis and hence will not be further discussed.  

The alternative to the above system layout is a multibus dc MG. This is usually achieved by 

means of expansion of the dc MGs by adding power lines, and thus each dc MG has its own 

local dc bus to operate [19]. Another typical example of multiple dc links in MG system can 

be observed in [20]. Besides, this technique can be used for power distribution in the 

application of aircraft electric power systems, rural areas, telecommunications systems and 

data centres etc. A detailed hierarchical control algorithm along with multiple dc MGs is 

presented in [21]. Shafiee et al. (2014) has demonstrated a distributed control method to 

manage the operations of numerous dc MG clusters. However, the main disadvantage of 

employing multibus topology is high complexity. In [14], the authors analysed high reliability 

and compatibility are the merits of using coordinated dc clusters.  

Moreover, in case of MG fault detection, the researchers in [14] found that reconfigurable 

topology is the best available architecture among three main topologies. Since each of the 

subsystems between nodes in a common dc ring-bus are associated with two intelligent 

electronic switches, it turns out part of the dc bus can be isolated and therefore fault clearance 

in the power line is allowed to be carried out during operation [22]. There are a number of 

configurations proposed in literature, including zonal architecture, multi-terminal dc system 

and dc ring bus configuration [23]. While these approaches are robust and reliable, it may be 

difficult to design a dc MG in a reconfigurable topology, and to implement corresponding 

control strategy. 
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In terms of dynamic modelling of a dc MG, a dynamic analysis of dc bus voltage control in a 

microgrid is presented by Li et al. (2021) in [24]. This paper aims to demonstrate the dynamic 

modelling of a typical dc MG in a reduced-order with commonly used droop control 

algorithms. This provides a platform to accurately describe the dynamic characteristic of the 

dc voltage control, particularly the impacts of multiple parallel-connected converters. In [25], 

a state-space dynamic modelling of a dc MG with a model predictive controller is carried out 

to evaluate the transient and steady-state performance of the dc MG system. This can be 

accomplished by calculating the online parameters and tuning the controller gains.  

 

Figure 1.3 Single bus PV-based dc MG with BESS and grid-connected inverter. 

Generally speaking, a PV-based dc MG system consists of PV arrays, dc/dc converters, BESS 

and dc loads. This implies that the system briefly contains power supplies, energy storage 

component and resistive loads. As shown in Table 1.1, the parameters for simulation study 

and stability analysis are presented. Two PV sources are implemented in the simulation model 

to validate the proposed control method, provided that the droop coefficient is used for 

primary power sharing of PV generators. In the meantime, Table 1.1 details the computed 

values for each passive element of converters to obtain the desired dynamic response.  

The simulation model provides a platform to replicate the conventional V-dp/dv droop control 

method, and to evaluate the overall performance of the proposed V-dp/di control algorithm. 

The simulation study introduces three main modes of operation, in which it includes grid-

connected mode, battery islanded mode and PV standalone mode. To fully understand the 
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behaviour of the proposed V-dp/di method in grid-connected mode, a single-phase grid-

connected inverter is built to validate its ability to extract the maximum available power from 

multiple PV arrays. However, in grid-connected mode, the proposed control strategy simply 

becomes a classical constant voltage MPPT method. It is beyond the scope of the PhD study. 

The focus on the grid-side operation is thus neglected. 

Table 1.1 Specifications of the PV-based dc MG system 

Parameter Value 

𝑃𝑃𝑉𝑉1 2 𝑘𝑘𝑘𝑘 

𝑃𝑃𝑉𝑉2 1.37 𝑘𝑘𝑘𝑘 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝐵𝐵𝑝𝑝𝐵𝐵𝑐𝑐𝑖𝑖𝐵𝐵𝐵𝐵 250 𝐴𝐴ℎ 

𝐷𝐷𝐶𝐶 𝐿𝐿𝐿𝐿𝐵𝐵𝑑𝑑 1 9.216 Ω 

𝐷𝐷𝐶𝐶 𝐿𝐿𝐿𝐿𝐵𝐵𝑑𝑑 2 2.304 Ω 

𝐶𝐶𝑃𝑃𝑃𝑃_𝑖𝑖𝑛𝑛𝑝𝑝𝑜𝑜𝑜𝑜 470 µ𝐹𝐹 

𝐿𝐿𝑃𝑃𝑃𝑃1, 𝐿𝐿𝑃𝑃𝑃𝑃2 1.875 𝑚𝑚𝑚𝑚 

𝐶𝐶𝑃𝑃𝑃𝑃1,𝐶𝐶𝑃𝑃𝑃𝑃2 80 µ𝐹𝐹 

𝐶𝐶𝑑𝑑𝑐𝑐_𝑙𝑙𝑖𝑖𝑛𝑛𝑙𝑙 2 𝑚𝑚𝐹𝐹 

𝐿𝐿𝑙𝑙𝑜𝑜𝑙𝑙𝑑𝑑, 𝐿𝐿𝑏𝑏𝑙𝑙𝑜𝑜 0.253 𝑚𝑚𝑚𝑚 

𝐶𝐶𝑙𝑙𝑜𝑜𝑙𝑙𝑑𝑑,𝐶𝐶𝑏𝑏𝑙𝑙𝑜𝑜 110 µ𝐹𝐹 

𝑉𝑉𝑑𝑑𝑐𝑐
𝑟𝑟𝑟𝑟𝑟𝑟 400 𝑉𝑉 

𝑉𝑉𝑝𝑝𝑝𝑝𝑖𝑖(𝑀𝑀𝑃𝑃𝑃𝑃) 111.7 𝑉𝑉 

𝑉𝑉𝑏𝑏𝑙𝑙𝑜𝑜 ,𝑉𝑉𝑙𝑙𝑜𝑜𝑙𝑙𝑑𝑑 48 𝑉𝑉 

𝑚𝑚𝑃𝑃𝑃𝑃1 5 

𝑚𝑚𝑃𝑃𝑃𝑃2 5.03 

𝑓𝑓𝑠𝑠𝑠𝑠 20 𝑘𝑘𝑚𝑚𝑘𝑘 

1.3 Control Principles of a DC MG 

The recent developments in advanced control schemes have been crucial for the robust and 

stable operation of an islanded dc MG system. As shown in Figure 1.4, the control framework 

can be divided into two levels. In general, local control level provides the following features: 

1) primary control functions, e.g. traditional dual loop and droop control; 2) source-dependent 

functions such as MPPT algorithms for solar panels, battery charging and discharging control, 
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and estimation of SoC for BESS; 3) decentralized control functions, in particular, adaptive 

adjustment of droop coefficients, power line communication (PLC) and dc bus signalling 

(DBS) [8], [26]. PLC aims to transmit the data signals via the distribution network. DC bus 

signalling refers to the data being transferred on the dc bus, which indicates the direction of 

power flow. In contrast, coordinated control level is commonly used by modern control 

strategies to achieve high reliability and stability in a dc MG. For instance, optimal energy 

storage management, accurate power balancing, proportional load sharing, consensus 

algorithm and SoC balancing etc. [27], [28]. The term ‘coordinated’ means the dc MG 

requires a communication network to obtain local real-time neighbours’ data and send them to 

DSP for data analysis. The control structure is based on digital communication links (DCLs), 

which usually refers to a centralized or distributed control.  

 

Figure 1.4 Hierarchical control architecture of a dc MG system. 

1.3.1 Local Control Functions 

In theory, the local control level is made up of primary control functions, source-dependent 

functions and decentralized control functions. Traditional cascaded loop, as a local control, is 

generally used by the primary control functions to regulate the dc-link voltage and current of a 
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power converter, respectively [13]. To realise proportional power balancing, droop control is 

one of the most prominent solutions for controlling dc MG, particularly in an islanded mode. 

A thorough literature review on the droop control can be found in Chapter 4. Source-

dependent function literally means how the control algorithm can achieve specific objectives, 

MPPT algorithm, battery charging/discharging and estimation of SoC, are relating to the 

energy supply installed in a dc MG. On top of the above two fundamental control functions, 

decentralized control function can be exploited to control the operations of every single unit 

in a dc MG. In simple words, only local data is received by the controller and thus each of 

these components in the MG would have a unique controller to operate autonomously, and 

effectively. Generally speaking, proportional-integral (PI) compensator is the most commonly 

used controller in a dc MG to eliminate the steady-state error (SSE) and achieve a satisfactory 

step response. Moreover, researchers may design a proportional-integral-derivative (PID) 

controller to shorten the rise time and minimise the overshoot/undershoot observed in 

transient response.  

1.3.2 Coordinated Control Functions 

Digital communication channels are widely used by secondary and tertiary control functions 

to realise complex objectives, i.e. accurate power sharing among distributed energy sources, 

SoC balancing control for BESS and load shedding under extreme conditions [8]. It can be 

either in centralized or distributed control. One of the main drawbacks of centralized strategy 

is that it usually suffers from low flexibility since all the local information are required to 

transfer to the central controller for generating corresponded PWM signals to power 

converters. Therefore the technique is inapplicable for an extendable dc MG system [29].  

In terms of distributed control, DCLs exist in a dc MG where it can be regarded as an 

independent communication system for exchanging neighbours’ data between different 

distributed controllers. The number of distributed controller mainly depends on the number of 

power sources, usually RES and BESS. In [12], [13], [30], it is concluded that optimal energy 

management and SoC balance of BESS are the main goals of implementing coordinated 

control. To realise accurate power sharing among energy sources in a dc MG, it is essential to 

apply a coordinated control to the system [4], [13], [31]. Decentralized control is unable to 

accomplish precise power sharing due to the absence of local neighbours’ information. Wang 

et al. (2016) proposed a distributed control scheme to restore dc bus voltage and minimise the 

operation costs based on consensus algorithm [28]. Each energy source has its own distributed 
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controller with exchanged neighbours’ information to make the best available decision. To 

achieve generation costs minimization, the utilization of renewables is maximised under 

normal circumstances. In [32], the operation cost minimisation was undertaken by 

incremental cost consensus with the help of distributed controllers among energy sources. 

However, the cost-effective operation is beyond the scope of this thesis. Furthermore, the 

researchers in [30] reported that their control strategy relies on the change in operation modes 

of the dc MG. Fuzzy logic is used to manipulate the adaptive droop resistances for RES and 

BESS, respectively. However, there is a possibility for the control system to experience a 

significant dc bus voltage deviation in case of abrupt irradiance change. Such a voltage 

deviation could actually lead to the dc bus voltage fluctuating around threshold value of the 

operation mode. In [33], a distributed control strategy based on small-signal model of a dc 

MG is proposed to enhance the dynamic response performance of the overall system. This is 

performed by exchanging neighbours’ information to calculate the reference power value for 

each distributed generation, in order to perform accurate power sharing among energy 

sources.  

1.4 Scope and Objectives of the Research 

• This work focuses on the decentralized coordination control scheme of a PV-based dc 

MG system. 

• A stability analysis of the control algorithms is conducted and discussed in detail. 

• To demonstrate the effectiveness and benefits of implementing the proposed V-dp/di 

method, transient and steady-state performance of the closed-loop control are 

examined. 

The main aim of this thesis is to investigate the limitations of the conventional 

coordinated control strategies under abrupt conditions, propose a V-dp/di droop control 

method to endow fast dynamic response and improved steady-state performance to the PV 

generators in an islanded dc MG, and to provide new insights into the application of 

second differential control variable.  

The specific objectives of the research are organised as follows: 

• To understand the dynamic characteristics of the existing control algorithms and 

identify the limitations of these techniques. 
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• To validate and evaluate the proposed droop control scheme under fast changing 

irradiance and step load change. 

• To discuss the impacts of utilising second order derivative of PV power with 

respect to current under steady-state conditions. 

1.5 Thesis Contributions 

The following summarise the original contributions of this thesis: 

In terms of MPPT algorithm, a comparison of dynamic performances of two droop control 

methods with incremental conductance (INC) and incremental resistance (INR) algorithms 

is presented in this thesis to outline the limitations of the conventional V-dp/dv control 

strategy. The error between calculated value and actual dp/dv is statistically significant, 

mainly due to steep slope of the P-V characteristics and intrinsic error arising from the 

non-linear PV relationship. However, this phenomenon does not occur in the proposed 

algorithm, which refers to slope of power versus current (dp/di).  

To address the issue mentioned above, an improved droop control scheme based on 

incremental resistance (INR) algorithm is introduced to maximise the accuracy of the 

dv/di which affects the inner control variable dp/di. Thus, the first differential term can be 

used to represent the PV power level in order to attain solar power curtailment, 

particularly in battery islanded mode or PV standalone mode.  

A novel decentralized droop control scheme with second differential of power to current is 

proposed to further minimise the PV power fluctuation in a steady state. The second order 

derivative of power to current (d2p/di2) refers to the instantaneous rate of change of the 

internal control variable (dp/di), where the control term is employed to improve the PV 

power ripple. The novel control method benefits from better steady-state performance and 

easy to implement.  

1.6 Publications 

This thesis is based on the following original publication: 

1. W. C. Chan, M. Armstrong, D. Atkinson and V. Pickert, "V-dP/dI droop control 

technique with d2P/dI2 to improve steady state performance for multiple PV modules 

in a dc microgrid," 2019 21st European Conference on Power Electronics and 

Applications (EPE '19 ECCE Europe), Genova, Italy, 2019, pp. P.1-P.10.  
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1.7 Thesis Outline 

The contents of the thesis are described as follows: 

Chapter 1 begins by introducing the background of solar energy, gives a brief overview of 

the recent development of dc microgrids, presents the key functions of a converter controller 

in a typical dc MG system, and states the aims and objectives of this study. Chapter 1 

highlights the main contributions of the thesis and original publication.  

Chapter 2 presents a thorough literature review of three major coordinated control strategies 

in the area of dc MG systems, including centralized, distributed and decentralized control. 

Chapter 2 analyses the advantages and disadvantages of these approaches, as well as key 

challenges and limitations. The compromise between decentralized and distributed control 

schemes is provided in this chapter.  

Chapter 3 performs a mathematical modelling of a PV array and demonstrates the design of 

the dc MG system in islanded mode. 

Chapter 4 focuses on the existing decentralized coordination control technique of a PV-based 

dc MG in literature, which in turn illustrates the research motivation of the thesis. Chapter 4 

elaborates the proposed V-dp/di control method and describes how it can be implemented in 

an islanded dc MG system. 

Chapter 5 develops the closed-loop design analysis of the V-dp/di droop control method, 

focusing on the small-signal model of the control system. Chapter 5 performs a stability 

analysis to illustrate the characteristics of the novel control variable dp/di. The stability 

analysis of the conventional V-dp/dv droop control method with a boost converter is 

undertaken to make a comparison between two control strategies.  

Simulation results of V-dp/di droop control method are presented in Chapter 6, which is used 

to verify the feasibility of the proposed control in a dc MG system. The controller parameters 

on the dynamics of the dc MG such as settling time, voltage overshoot, and power oscillations 

are assessed and compared with the conventional V-dp/dv control algorithm.  

In Chapter 7, a summary of the thesis and suggestions for future work are presented.  
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Chapter 2. Review of Existing Coordinated Control Strategies for DC MG 

Systems 

2.1 Introduction 

Researchers have shown continued interest in the field of coordinated control schemes. 

Previous studies have established three main coordinated control methods for dc MGs to 

realise local and coordinated control functions, i.e. centralized, distributed and decentralized 

control. To identify the category of a coordination control strategy, one of the most important 

factors is the configuration of a communication network used in a dc MG system. Digital 

communication link is a communication channel that establishes a connection between two 

independent energy subsystems in a dc MG for the purpose of exchanging useful digital 

information such as real-time power level of RES and SoC of batteries. Nevertheless, the 

analog voltage or current output measured by the transducers should be converted to a digital 

form in order for DSPs to directly process the digital signals. It is noted only decentralized 

coordination control does not require any DCL to perform coordination control of a dc MG. 

In contrast, a digital communication network is mandatory for centralized and distributed 

control schemes to accomplish secondary and tertiary control functions.  

Chapter 2 presents a comparison of the existing coordination control methods to outline the 

key advantages and disadvantages of those techniques. Furthermore, a thorough literature 

review on three major control strategies is conducted. This should help understand the state-

of-the-art control approaches and evolving trends of islanded dc MG. PI controller is the most 

commonly used controller in control systems due to its ability to eliminate SSE. Section 2.2 

provides some background information about PI/PID controller, in addition, some common 

challenges encountered in conducting this research.  

2.2 PI and PID Controllers 

A controller usually plays a crucial role in achieving the desired response of a power 

electronic system. The most widely used controller in industry and academia is a classical PI 

controller due to effectiveness, simplicity and adaptability. PI controller is a feedback control 

system that calculates the difference between the desired set-point and output signal, and 

generates a duty ratio to reduce the error until the desired reference value is obtained. The 

proportional gain (𝐾𝐾𝑝𝑝) produces an output that is directly proportional to the present error, 

while the integral gain (𝐾𝐾𝑖𝑖) accounts for the past errors.  
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Figure 2.1 Control structure of a PI controller. 

It is shown in Figure 2.1 that a block diagram of a PI controller in s-domain is presented. 

Integral windup is a common phenomenon in designing a PI controller, since the actuator is 

limited by the physical range for plant. The actuator could have reached its saturated value, 

but the integral term will continue to rise until further changes. Once the error signal suddenly 

becomes negative, in which the proportional part is negative, it takes certain amount of time 

for the integral term to attenuate its impact on the controller. To overcome the windup 

problem, a simple saturation block is employed in the control loop to limit the overall output 

of the PI controller. 

Table 2.1 Impacts of increasing PID parameters individually 

Control Element Rise Time Overshoot Settling Time Steady-State Error 

𝑲𝑲𝒑𝒑 Decrease Increase Small Change Decrease 

𝑲𝑲𝒊𝒊 Decrease Increase Increase Eliminate 

𝑲𝑲𝒅𝒅 Minor Change Decrease Decrease Minor Change 
 

Last but not least, the derivative gain is a prediction of future errors that aims to improve the 

overshoot and reduce the settling time. Despite the fact that a PID controller is the full version 

of the feedback control system, the derivative part often leads to huge oscillations in the 

process variable. As the measured output signal of voltage/current sensor is always associated 

with measurement noise, differentiating a noisy signal may create a lot of confusion to the 

controller. A low pass filter is used to reduce the noise in the derivative term. Table 2.1 

summarises the impacts of increasing the above control gains individually. The table above 

can be used to better understand the effects of increasing each control term. This allows 

control engineers to apply manual tuning method to optimise the controller, in order to meet 
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the system requirements. The most commonly recognized tuning method to compute initial 

PID terms is Ziegler-Nichols tuning algorithm. The proportional gain is expected to 

moderately increase until it reaches the point of critical stability, in which a continuous 

diverging oscillation can be observed at the output of the plant. It is regarded as critical gain 

(𝐾𝐾𝑐𝑐). It is noted the period of oscillation (𝑃𝑃𝑐𝑐) can be measured. As shown in Table 2.2, the 

formulas for estimating the P/PI/PID gains are provided. 

Table 2.2 Calculations of P/PI/PID terms with Ziegler Nichols method 

Controller 𝑲𝑲𝒑𝒑 𝑲𝑲𝒊𝒊 𝑲𝑲𝒅𝒅 

P 0.5𝐾𝐾𝑐𝑐 - - 

PI 0.45𝐾𝐾𝑐𝑐 
0.54𝐾𝐾𝑐𝑐
𝑃𝑃𝑐𝑐

 - 

PID 0.6𝐾𝐾𝑐𝑐 
1.2𝐾𝐾𝑐𝑐
𝑃𝑃𝑐𝑐

 0.075𝐾𝐾𝑐𝑐𝑃𝑃𝑐𝑐 

PID1 (some overshoot) 0.33𝐾𝐾𝑐𝑐 
𝑃𝑃𝑐𝑐
2

 
𝑃𝑃𝑐𝑐
3

 

PID2 (minimal overshoot) 0.2𝐾𝐾𝑐𝑐 
𝑃𝑃𝑐𝑐
2

 
𝑃𝑃𝑐𝑐
3

 

 

2.3 Centralized Control 

Centralized control is the most commonly used technique implemented in traditional grid 

operation that makes the best use of a central controller (CC). There are two important 

features resulting from the control framework, including data analysis for the energy sources 

and loads as well as generation of PWM signals for each power converter in a dc MG system. 

The architecture of a centralized control algorithm is presented in Figure 2.2. It can be 

observed that instantaneous power levels of all sources and loads are fed into the CC so as to 

compute the power imbalance across the dc bus of the MG system. This is to ensure sufficient 

power to be transferred to the consumer loads and battery. The desired voltage and power 

references can eventually be provided by the central controller, following the process of 

power balancing. A classical single loop or multi-loop control is thus applied to various 

converters, depending on the specifications of the components. The centralized control 
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scheme provides the following benefits: i) easy to understand; ii) cost minimization, i.e. only 

one DSP is employed to control the whole system; iii) precise power balancing.  

 

Figure 2.2 Control diagram of a centralized control in a dc MG [34]. 

In [8] and [28], these studies reported that the dc MG system could cease the operation in the 

event that a single point of failure occurs, which turns out low reliability compared with the 

other two coordinated control strategies. Besides, the CC may require a high-performance 

DSP to shorten the processing time. The minimum switching frequency of a typical power 

converter would usually be 10 to 20 kHz. Given CC is a unique processing unit in the MG 

system, it is necessary to complete all the necessary tasks within a short period of time. It is 

essential for a dc MG system to accommodate the growing penetration of renewables, due to 

new exciting development of RES technologies. Centralized control is apparently 

inappropriate for the use of extendable DG networks. To illustrate, the centralized control has 

the lowest level of flexibility in terms of system architecture. When a new energy source is 

planned to connect to the system, the main code of DSP has to be modified again to prioritise 

the computational processes and the data transmission in a digital communication network to 

avoid any time delay. This is the key disadvantage of centralized control algorithm.  
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2.4 Distributed Control 

Distributed coordination strategy has become the most prominent solution in literature to 

accomplish multiple objectives such as accurate load power sharing and SoC balancing 

control for BESS. It is implemented by developing a multi-agent system with DCLs for 

neighbours’ information exchange and a distributed controller for each source and/or load to 

perform both local and coordinated functions [8], [35]. This highlights every subsystem 

usually has its own power converter and corresponded digital controller to maintain the 

functionality. As aforementioned, DCLs are used to obtain real-time information from 

neighbours in the network. The study in [27] presents the skeleton of a dc MG system with a 

communication link connected to all power sources and loads, so that energy balancing can be 

achieved. The key characteristics of this control framework are that dedicated local controller 

is permitted to collect relevant data from the other energy sources, e.g. PV power generation 

and battery current, and to share the total power consumption with available sources to 

significantly reduce the error of current sharing. In [36], to improve the robustness of a dc 

microgrid, the authors proposed a distributed coordination method to be used in any dc-dc 

converter. This has validated the effectiveness of a droop control algorithm, which is indeed 

the most commonly used solution in the field of dc MG system.  

 

Figure 2.3 Typical standards and technologies of main communication networks [6]. 



Chapter 2. Review of Existing Coordinated Control Strategies for DC MG Systems 

  17 

In [6], Kumar et al. (2017) identified the main types of communication networks in a dc MG 

system: 1) consumer’s premises area networks; 2) Neighbourhood area networks; 3) Wide 

area networks. Figure 2.3 provides some information about the effective coverage range, data 

transfer rate and some available techniques in three main communication networks for a dc 

MG system. With reference to local premises, e.g. residential and commercial areas, the 

coverage range and data rate are up to 100 m and 100 kbps, respectively. Therefore, 

communication technologies such as local area networks, Wi-Fi and low-bandwidth 

communication (LBC) are suitable for the use of local premises. LBC network is widely used 

in a dc MG system for the purpose of transmitting necessary variables to neighbour’s unit [4] 

and [37]. Taking into account only voltage and current data are the common information 

requested by the local converter, LBC network can significantly reduce data traffic by 

increasing time period between every data transfer process compared to high-bandwidth 

communication. In [38], the researchers confirmed there is an impact of communication delay 

in LBC-based distributed control, but the overall performance of the step response is 

acceptable with some overshoots and more oscillations.  

To develop a communication infrastructure between grid-connected device and consumer 

load in neighbourhood area network, some advanced techniques are used to cover a wide 

range of area where the maximum distance can be approximately 10 km. Some examples 

would be power-line signalling (PLS), Wi-Fi mesh network and Worldwide Interoperability 

for Microwave Access (WiMAX). PLS refers to the transmission of local data via existing 

power cables. In [39], the authors suggested PLS can be used to conduct mode transitions. It 

is different from DBS in which a voltage deviation is compulsory for the controller to 

determine the mode of operation. Hence this is the main benefit of PLS in distributed control.  

Furthermore, in wide area networks, it is essential for dc MG systems to share real-time 

information with smart grid systems in favour of protection and reliability. This implies 

available communication technologies have to ensure the device can cover a range of 100 km 

and attain a high speed data capacity in not less than 100 Mbps, for instance, Fiber optics, 

PLS and WiMAX [6].  

Droop controller, usually based on current feedback signal, is used by the distributed 

coordination control methods to realise accurate power sharing among parallel connected 

power converters in a dc MG. This is commonly referred to as adaptive voltage positioning 
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[38], [40]. The current-based and power-based droop control methods can be defined as 

follows [8] 

𝑉𝑉𝑑𝑑𝑐𝑐_𝑖𝑖
∗ = 𝑉𝑉𝑑𝑑𝑐𝑐∗ − 𝑚𝑚𝐼𝐼 ∙ 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜_𝑖𝑖 (2.1) 

𝑉𝑉𝑑𝑑𝑐𝑐_𝑖𝑖
∗ = 𝑉𝑉𝑑𝑑𝑐𝑐∗ − 𝑚𝑚𝑃𝑃 ∙ 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜_𝑖𝑖 (2.2) 

 

where 𝑉𝑉𝑑𝑑𝑐𝑐_𝑖𝑖
∗  is the output reference voltage of the converter #𝑖𝑖, 𝑉𝑉𝑑𝑑𝑐𝑐∗  is the nominal value for 

dc-link voltage, 𝑚𝑚𝐼𝐼  is the droop coefficient for current-based droop control, 𝑚𝑚𝑃𝑃  is droop 

coefficient for the power-based droop control, 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜_𝑖𝑖  and 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜_𝑖𝑖  are the output current and 

power of the converter #𝑖𝑖, respectively. With reference to current-based droop controller, the 

droop coefficient is known as virtual output impedance [41], [42]. In the aforementioned 

equations, line resistance is usually neglected in a classical droop controller to simplify the 

algorithm where the output dc-link voltages of power converters are assumed to be equal in a 

dc MG.  

In an open-circuit condition, the current of the interface converter in (2.1) is zero and thus the 

voltage deviation can be neglected. However, an increase in output current for the local 

converter could lead to an inevitable voltage deviation [38], as can be seen from Figure 2.4. 

Depending on the calculation of droop coefficient m, higher value of droop coefficient results 

in greater current sharing accuracy, more damped oscillations and rise in voltage deviation [8]. 

Given these interface converters are connected in parallel, the difference in line resistances is 

a main drawback of traditional droop controller which in turn causes a degradation of load 

current sharing performance [38].  

 

Figure 2.4 Classical droop controllers in a dc MG. (a) Current-based. (b) Power-based.  
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Moreover, as an alternative method, a distributed droop controller based on output power is 

commonly used to realise accurate power balancing and dc-link voltage restoration. Line 

resistance is usually taken into consideration in advanced control algorithm, but not limited to 

traditional droop control. As described in Figure 2.4, the output power of each DG source can 

be a feedback signal in a droop controller to calculate a corresponding reference voltage in a 

dc MG. This strategy is similar to the current-based droop controller, where the determination 

of droop coefficient is the most crucial factor in a droop control. In [37], the researchers 

proposed a power distributed control strategy to achieve dc bus voltage restoration and 

proportional power sharing based on power capacities of all output converters. Besides, by 

exchanging the neighbours’ data, the distributed controller can reassure that output power per 

unit of each converter is balanced and directly proportional to the available power capacity. 

The calculation of droop coefficient based on power is expressed as 

𝑚𝑚𝑃𝑃 =
𝑉𝑉𝑑𝑑𝑐𝑐∗ − 𝑉𝑉𝑑𝑑𝑐𝑐_𝑚𝑚𝑖𝑖𝑛𝑛

𝑃𝑃𝑟𝑟𝑙𝑙𝑜𝑜𝑟𝑟𝑑𝑑_𝑖𝑖
 (2.3) 

 

where 𝑉𝑉𝑑𝑑𝑐𝑐_𝑚𝑚𝑖𝑖𝑛𝑛 is the minimum allowable voltage of the dc bus, and 𝑃𝑃𝑟𝑟𝑙𝑙𝑜𝑜𝑟𝑟𝑑𝑑_𝑖𝑖  represents the 

rated power of the converter #𝑖𝑖.  

Considering the impacts of the line resistance in a dc MG, the authors in [31] established a 

distributed control method with SoC balancing and LBC. There is a SoC balancing scheme to 

balance the SoC levels among BESS with the support of average SoC value. Plus, a 

compensation term for output power is included in the droop control to ensure accurate power 

sharing among DG sources. This is achieved by means of virtual power rating. It is beyond 

the scope of the thesis and therefore detailed explanation can be found in literature. In 

accordance with the number of battery units, the average per unit power for each element can 

thus be calculated by a classical PI controller to define a compensation term for the purpose of 

precise power balancing. Last but not least, the fundamental objective of a dc MG, dc bus 

voltage regulation, is conducted by computing the average output voltage of battery energy 

units. Given all compensation terms are identified, a global reference voltage for the dc bus is 

used by a traditional cascaded loop to manipulate the output voltage and local battery 

charging/discharging current for each parallel-connected converter in a BESS.  

A vast number of distributed control techniques have recently been addressed by researchers 

to tackle the key challenges of a dc MG system, particularly in an islanded mode. Some 

typical examples of key challenges in literature are balancing SoC of battery [13], [31], issues 
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of communication delay [31], [38], accurate load current sharing among energy sources [38], 

[43], consideration of transmission line impedances [4], [31], [42]. In summary, the 

distributed coordination control strategy provides the following advantageous features: 1) 

high reliability; 2) absence of single point of failure; 3) high efficiency; 4) accurate power 

sharing among parallel-connected energy sources; 5) plug-and-play capability [44]. However, 

there are a number of existing limitations in relation to distributed control, including 

communication delay and failure, measurement noise, complex design of digital 

communication network and difficult to perform stability analysis for non-linear dc MG 

model [8].  

2.4.1 Adaptive Droop Resistance Control  

As previously mentioned, the conventional droop control method generally suffers from poor 

load current sharing performance and significant voltage deviation. To overcome these two 

key challenges, several advanced control schemes have been proposed in literature. The most 

commonly used solution for an islanded dc MG system would be distributed adaptive droop 

control. In principle, droop control is a decentralized control that accounts for output current 

and voltage of local converters in a MG. In [42], the authors recommended the adaptive droop 

approach to adjust the global reference voltage in order to mitigate the effects of line 

impedance and low current sharing accuracy. It can be seen from Figure 2.5 that measured 

per-unit current and average voltage from its neighbours are transferred to local controller via 

a sparse communication network. The per-unit current refers to the percentage of load current 

in a power converter, which helps to achieve proportional load balancing among individual 

energy sources. In the event of current mismatch, the droop coefficient will accordingly be 

varied to minimise the current residues with the support of current regulator, as shown in 

Figure 2.5.  

There exists a voltage regulator to reduce the difference between nominal voltage and local 

voltage set-point. In the first place, an average dc bus voltage is locally estimated at certain 

node. A dynamic consensus protocol is applied to take neighbours’ data into consideration 

and to determine the average voltage of a dc MG system. Detailed equations can be observed 

in [42]. By comparing the nominal voltage with the average dc-link voltage, a voltage 

correction term can be fed into the outer control loop to compute the desired local voltage. In 

conclusion, this control algorithm is a good representation of distributed adaptive droop 

control for the use of an islanded dc MG. 
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Figure 2.5 Control diagram of a distributed adaptive droop approach [42]. 

There are a number of ways in which we can enhance the performance of a dc MG. Provided 

performance degradation is due to unequal cable resistances, a study by Augustine et al. (2015) 

introduced an adaptive droop control scheme to improve the load sharing accuracy and 

voltage deviation [43]. Despite the fact that the necessary information requested by this 

control method is similar to the aforementioned one, it focuses on the adjustment of droop 

coefficient to simplify the implementation of advanced control. Eventually, Figure 2.6 

presents a current-based adaptive droop control which is employed to identify the local 

reference voltage followed by a classical multi-loop with PI controllers. The voltage variation 

across the dc MG with the proposed method in [43] is less than ±1% in average. This is one of 

the key benefits of distributed adaptive droop control. Last but not least, current sharing error 

is notably decreased as the converter output power losses are evaluated prior to control 

operations. 
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Figure 2.6 Control framework of an adaptive droop control method [43]. 

2.5 Decentralized Control 

Decentralized coordination method is implemented to locally control variables of power 

electronic converter for RES and BESS, where DCL does not exist in the MG. Therefore, 

digital communication system can be neglected in this algorithm which indicates the 

simplicity of fully decentralized approach. Taking the characteristic into consideration, the 

fundamental control parameter of an islanded dc MG would be dc bus voltage 𝑉𝑉𝑑𝑑𝑐𝑐. To clearly 

signify the present mode of operation, i.e. PV standalone mode or battery islanded mode, it is 

compulsory for a single dc bus to allow an intrinsic voltage deviation for power transfer of 

interface converters. The presence of voltage deviation could bring a potential issue to this 

control scheme in which a conflict between classical controller of BESS and RES’ 

compensator may arise, due to the lack of communication channel. In [3], however, a 

simulation study was conducted to prove that the settling time for a BESS controller to reach 

a desired value of dc-link voltage is much shorter than the time for a MPPT control algorithm. 

The battery current can immediately be computed based on the error of the outer loop to 

restore the dc bus voltage. Certain period of time required to track the new MPP for a PV 

array is indispensable in the event of abundant PV generation under high-irradiance 

conditions. BESS would thus be the dominant energy source in an islanded dc MG system 

unless the battery cannot maintain full functionality, whilst PV controller continues to 

maximise the available output power. There are no conflicts of interest in local converters 

when a dc MG is operated in a battery islanded mode. 
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Droop control is a well-known strategy adopted by decentralized controller to define a 

maximum allowable voltage deviation for the purposes of proportional power balancing 

among renewables, and dc bus voltage regulation. Regarding the droop curve, the adaptive 

voltage positioning is one of the most widely used methods in which it can be categorised as a 

current-based droop controller, as mentioned in Section 2.4. In [10], the authors demonstrated 

the control structure of a traditional 𝑉𝑉 − 𝐼𝐼 droop controller. A mode transition is necessary for 

the PV-based droop controller to transfer from MPPT mode to voltage restoration mode, and 

vice versa. Another example of using a mode switching control for a PV boost converter can 

be found in the study conducted by Liu et al. [45]. There is a single control loop for the MPPT 

algorithm and an individual loop for dc bus voltage regulation. In [46], the approach of mode 

transition strategy is utilised in a low-voltage dc MG system for PV arrays, where the MPPT 

function and voltage regulation are in two different control loops. Accordingly, there is a 

room for further improvement of classical droop controller, which will be explained in 

Chapter 4.  

Over the past 15 years, Plug-and-Play (PnP) capability is becoming increasingly important in 

the field of dc MG system due to growing penetration of renewable resources. The term is 

originated in computer science which could then be utilised in wide variety of applications. In 

terms of dc MG, it refers to the extendibility of a common dc bus approach without the need 

for human intervention or physical configuration. In [19], they suggested the following 

criteria to assess the flexibility of a dc MG: 1) control architecture; 2) topology of dc MG; 3) 

coordinated control method; 4) centralized versus extendable coordinated controller. There 

are some attractive reasons to implement decentralized control strategy, including PnP 

capability, absence of complicated digital communication network, and reduction in 

implementation costs compared with distributed control. However, some of the most 

prominent problems existed in decentralized control scheme include adverse effects of 

inaccurate voltage sensor, inherent voltage deviation and performance degradation of power 

balancing among local interface converters [8].  

DC bus signalling (DBS) is the most commonly used method in decentralized distribution 

approach [8], [47]. As shown in Figure 1.3, each energy source and BESS are individually 

connected to the common dc bus. This allows the dc bus to behave as a communication 

channel. By defining the relationship between voltage deviation and power level via droop 

curve, the local converter for RES or BESS can inherently be reassured that sufficient power 

is supplied to the consumer loads [48]. Based on the droop control technique, the generated 
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power of each interface converter is directly proportional to the maximum capacity of the 

energy source. Every unit in a dc MG system eventually participates in the voltage restoration 

to prolong the lifetime of individual sources, i.e. Balanced SoC of battery and proportional 

power sharing among PV arrays. In DBS approach, a voltage deviation is vital for regulating 

the dc bus voltage to an acceptable level since this is the key signal to indicate the state of a 

dc MG [30]. The so-called SSE can usually be observed in a common dc bus, especially in a 

PV standalone mode. The academics in [49] proposed a mode-adaptive decentralized droop 

control to identify the operation mode under different circumstances. It introduces three major 

modes of operation to represent the dominant unit and corresponding actions to be taken. In 

[10], they argued the continuous oscillations between operation modes could potentially be a 

downside where an anti-oscillating method may be necessary. Besides, the study aims to 

unify both MPPT and voltage restoration algorithms to establish a one-off control system 

which can be applicable to every scenario. A detailed analysis of the conventional PV droop 

control strategy is presented in Chapter 4. 

2.5.1 Adaptive PI Droop Controller 

In theory, the traditional droop control is realised by means of virtual impedance to 

manipulate the output bus voltage and current reference, respectively. To facilitate the 

development of a decentralized controller for autonomous current sharing, an embedded-

virtual-impedance based 𝐼𝐼 − 𝑉𝑉 droop control algorithm is proposed in [50]. Wang et al. (2018) 

reported poor dynamic response of a droop control method could lead to the issues of low 

power quality and huge dc bus voltage fluctuations, where the study specifically concentrates 

on the dynamic characteristics of a decentralized controller for parallel connected dc-dc 

converter. It can be seen from Figure 2.7 that the control scheme consists of external voltage 

and internal current loops. An adaptive PI compensator is implemented to perform advanced 

functions in a decentralized control. Once the error attains an unacceptable level, the 

proportional term is gradually increased by the adaptive controller to ensure that the system 

quickly reaches a steady-state condition in a short period of time [50]. To understand the 

principle of adaptive control, in [51], similar approach of using an adaptive proportional term 

for PR current controller is presented, where the proportional term depends on the error value 

of inner current. The SSE can theoretically be eliminated by a small proportional term, 

following the use of large proportional gain during transients. This is the key advantage of 

deploying an adaptive PI controller to simultaneously improve the transient response and 

steady-state performance of a parallel-connected dc converters system.  
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Figure 2.7 Control diagram of an adaptive PI controller with 𝐼𝐼 − 𝑉𝑉 droop control [50]. 

As shown in (2.1), this is the most common droop characteristic in literature. The 𝐼𝐼 − 𝑉𝑉 droop 

control in [50] refers to the reverse of the traditional 𝑉𝑉 − 𝐼𝐼 droop control method, which can 

be written as 

𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜∗ =
1
𝑚𝑚𝐼𝐼

(𝑉𝑉𝑑𝑑𝑐𝑐∗ − 𝑉𝑉𝑑𝑑𝑐𝑐) (2.4) 
 

where 𝐼𝐼𝑜𝑜𝑜𝑜𝑜𝑜∗  is the output current reference and 𝑉𝑉𝑑𝑑𝑐𝑐 is the dc bus voltage. Relating to the load 

current of nth parallel-connected dc converters, droop coefficient is re-calculated to achieve 

proportional power balancing by means of equal maximum voltage deviation of the dc bus.  

 

Figure 2.8 Control structures of two droop control strategies. (a) Classical 𝑉𝑉 − 𝐼𝐼 droop 

control. (b) 𝐼𝐼 − 𝑉𝑉 droop control [50]. 
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It can be observed in Figure 2.8 that the classical droop control requires two separate PI 

controllers for outer voltage and inner current control, respectively. However, only the current 

compensator is compulsory for the 𝐼𝐼 − 𝑉𝑉 droop control algorithm. This has highlighted the 

benefit of implementing the 𝐼𝐼 − 𝑉𝑉  droop method in [50]. The traditional control scheme 

suffers from slower attenuation in low frequency fluctuation. As a result, the authors 

concluded that the 𝐼𝐼 − 𝑉𝑉 droop control takes less time to reach the steady-state value than the 

conventional 𝑉𝑉 − 𝐼𝐼 method where a pole shifting trajectory is presented in [50]. It has become 

one of the state-of-the-art technologies in which the control structure reduces the number of 

PI controller to one. In principle, it is usually effortless to manually tune the internal PI 

compensator rather than two PI controllers in a cascaded loop. The improved 𝐼𝐼 − 𝑉𝑉 droop 

control has become a promising solution to enhance the dynamic response performance of a 

dc MG system.  

2.6 Comparison of Three Main Coordinated Control Methods 

In this chapter, three major coordinated control strategies have been reviewed in terms of 

implementation, control architecture, dynamic performance and steady-state response. Each 

of them plays a critical role in the development of dc MG systems such as load current 

sharing and voltage regulation. Therefore, the selection of coordinated control algorithm 

depends on the criteria of a dc MG. Centralized control has some advantages over the 

distributed and decentralized control schemes. Cost minimization and easy to implement are 

two key benefits of centralized control. However, the centralized control usually suffers from 

single point of failure which is apparently inappropriate for an extendable dc MG. 

Decentralized control is capable of independently manipulating the dc-dc converter to achieve 

voltage regulation and proportional power sharing. PnP capability is one of the advantageous 

features of utilising decentralized method. Given decentralized control is easy to implement 

and suitable for dc MGs especially in an islanded mode, this thesis focuses on the 

improvement of a decentralized controller to enhance the dynamic performance and steady-

state response of the PV-based dc MG system. Decentralized approach is subject to certain 

limitations, including inaccurate load power balancing and inevitable voltage deviation. Most 

of the researchers are thus keen on the most prominent emerging technology, distributed 

control, which is realised by means of sparse communication network. High reliability, 

accurate load current sharing and no single point of failure are the main advantages of 

distributed control technique. It is noted that distributed control requires complex design of 

digital communication network to ensure a stable connection between local interface 
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converters. Last but not least, the researchers in [8] summarises that it is a common challenge 

for control engineers to undertake a performance analysis of a distributed control.  

Table 2.3 Benchmarking of the coordinated control methods 

Coordinated 
Control 

PnP 
Capability 

Voltage 
Deviation Reliability DCL 

Complexity 
Control 

Simplicity 
Centralized 

Control −− + − − + 

Distributed 
Control + + + + + −− −− 

Decentralized 
Control + + −− + + + + + 

Note: the more +, the higher capability, less voltage deviation, better reliability, less complexity, and simpler.  

Eventually, Table 2.3 analyses the characteristics of the main coordinated control strategies 

for a dc MG system in relation to PnP capability, voltage deviation, reliability, complexity of 

digital communication network, and simplicity of control algorithm. This has summarised the 

benefits and drawbacks of implementing various coordinated control schemes for engineers to 

decide the best control algorithm to accomplish multiple goals in a dc MG system.  

2.7 Chapter Summary 

In this chapter, the main coordinated control methods of a dc MG system have been reviewed, 

including centralized, distributed and decentralized control. Some typical examples and 

fundamental theories of each technique in literature are presented in the previous sections. A 

comparison of those control algorithms has been presented in terms of various requirements 

such as PnP capability and reliability, following an introduction to centralized, decentralized 

and distributed control methods. It summarises the key advantages and disadvantages of the 

coordinated control schemes, which helps researchers to better understand the trade-offs 

between them. Plus, it is essential to provide an overview of the PI/PID controllers and to 

highlight some key concerns like integral windup loop and voltage overshoot issue in this 

thesis. Researchers can thus decide the best control strategy based on the system requirements. 
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Chapter 3. Modelling of PV Arrays and DC MG 

3.1 Introduction 

This chapter presents the mathematical model of a PV array and simulation model of a dc MG 

using MATLAB/Simulink. In general, there are two common methods of modelling a PV 

generator which includes mathematical modelling of a PV array and implementation of a 

built-in PV array block in Simulink. In [52], a mathematical model of a PV generator with 

necessary procedures was illustrated. The electrical specifications of a solar panel in practice 

are used by the characteristic equation to represent the behaviour in Simulink. The non-linear 

characteristics of a PV array such as P-V and I-V curves can be replicated. The mathematical 

model of PV array provides an extra degree of freedom to design an appropriate PV generator, 

according to the size of dc MG system. By connecting the PV modules in series and in 

parallel, the PV output voltage and current are raised, respectively. The total power of the PV 

array can be calculated. To evaluate the performance of the proposed control algorithm, the 

mathematical model of PV array is permitted to vary the solar insolation and temperature over 

time so as to generate some preliminary results under abrupt changes in atmospheric 

conditions. The model can therefore be implemented in a dc MG with the support of power 

converter for the use of simulation.  

In literature, battery islanded and PV standalone modes have attracted an increasing interest 

from researchers in the field of dc MG. Provided that grid faults and power outage could often 

arise, resulting in a temporary disconnection of the single-phase inverter from the utility grid. 

The mode of operation is regarded as islanded mode. To minimise the disruption to the local 

consumers, it is essential to build up to an extendable dc MG system and to increase the 

stability of the distribution network. In this scenario, the dc MG comprises an ESS, PV arrays, 

dc-dc power converters and local loads. A BESS has become the dominant power source to 

serve as a finite energy supply to restore the DC-link voltage and to satisfy the needs of the 

local energy consumption. The BESS can be used for capturing the surplus energy from PV 

generators, and vice versa.  

Due to the intermittent nature of renewable sources, a battery could in turn be fully charged 

and isolated at a particular time. A PV array plays a crucial role in generating sufficient 

energy to the loads. Therefore, the dc MG has the capability to operate in a PV standalone 

mode. These modes of operation will be demonstrated in MATLAB/Simulink. This provides 

a theoretical framework to understand the key challenges of the established coordination 



Chapter 3. Modelling of PV Arrays and DC MG 

  29 

control strategies in a dc MG system and to validate the devised V-dp/di control system. The 

details of the design process for a complete dc MG system are given in the following sections.  

3.2 PV Array 

Photovoltaic (PV) effect is to convert the energy from the sunlight into electric current with 

the help of semiconductor materials such as mono-crystalline silicon and cadmium telluride. 

When a photon in the light reaches the semi-conductor, the electrons are excited from the 

valence band into the conduction band [53]. Correspondingly, the phenomenon creates an 

electron-hole pair and electrons around the “hole” are allowed to move. This is the basic 

principle of the conduction process in the semi-conductor material along with the PV effect. 

In terms of a PV module, it generally comprises 108 solar cells. The equivalent circuit of a 

solar cell can be observed in Figure 3.1 [12]. 𝐼𝐼𝑝𝑝ℎ represents the photocurrent generated by the 

solar cell. 𝐼𝐼𝑟𝑟𝑠𝑠 is the reverse saturation current. 𝑉𝑉𝑝𝑝𝑝𝑝 and 𝐼𝐼𝑝𝑝𝑝𝑝 are the output voltage and current 

of a PV cell. 𝑅𝑅𝑠𝑠 and 𝑅𝑅𝑠𝑠ℎ  are the intrinsic series and shunt resistances, respectively. 𝑅𝑅𝑜𝑜 

represents the load resistance. 𝐷𝐷𝑗𝑗  is the diode representing the single PV cell and hence 𝑅𝑅𝑗𝑗 is 

the intrinsic resistance of the diode.  

 

Figure 3.1 Equivalent circuit of a PV cell [12]. 

Typical voltage of solar cell is about 0.5-0.6 V and the power would be approximately 3.75 W. 

Therefore, PV cells are always interconnected in series to attain sufficient voltage in a PV 

system. In [53], the authors highlighted that solar cells in series-parallel configuration allow a 

PV array to easily stabilise at a range of voltage values. The topology provides a relatively 

high voltage for the use of power electronics converter to perform various operations. For 

instance, step up/step down dc-dc conversion and dc-ac conversion. Since the dc bus voltage 

is set to 400 V in the simulation, it is essential to have a PV generator which can generate 

more than 100 V to reduce the voltage conversion ratio of the boost chopper. It turns out a 



Chapter 3. Modelling of PV Arrays and DC MG 

  30 

lower voltage stress across the process of power conversion. Taking the highest allowable 

voltage into account, the PV output power remains small even if a group of solar cells are in 

series. Another way of raising the overall power is to connect these groups of solar cells in 

parallel, resulting in an increase in current output to an acceptable level. The above concepts 

can theoretically be applied to those PV modules so that a PV array is developed based on the 

requirements in a dc MG system.  

In the event of short circuit or faulty wiring, the PV current flows in an opposite direction, 

leading to severe damage to the PV array. There are two methods of taking safety precautions, 

including the implementation of blocking diode and use of bypass diode. In accordance with 

the blocking diode, it is simply a single diode to avoid reverse current flow from the load or 

battery. In [53], they reported the blocking diode could indeed bring a forward voltage drop 

and power loss in this scenario. It is the main drawback of utilising blocking diode, given the 

diode in low power applications in kW may induce a significant power loss. The approach of 

using blocking diode is uncommon to be adopted by manufacturers. Regarding the bypass 

diode, it is connected in parallel, but in reverse bias, with a group of series cells. In case of 

low photocurrent, the diode offers a current path which in turn limits the current to avoid 

overheating issue. The bypass diode provides an alternative current path in case of failure. To 

sum up, bypass diode is the most commonly used device in a PV panel to afford protection to 

partially shaded solar cells.  

 

Figure 3.2 Outline of a PV array. 
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As shown in Figure 3.2, a typical example of a PV array can be observed [53]. The overall PV 

voltage depends on the number of the solar panels in a series connection. In the meantime, 

these panels are wired in parallel to increase the total PV output current. Therefore, the 

specifications of a PV block in MATLAB/Simulink can be varied in accordance with the 

power dissipation of a local consumer load. In principle, the PV cell is assumed to be at 

standard test conditions which would be typical cell temperature of 25 °C, air mass 1.5 

(AM1.5) spectrum, as well as 1000 W/m2 of solar insolation.  

3.2.1 Mathematical Modelling of PV Array 

This section illustrates the design procedure to develop a PV model in order to meet the 

specifications of the dc MG system. In 1996, Gow and Manning provided a comprehensive 

mathematical analysis of a PV array which can be used to understand the characteristics of a 

PV model in accordance with system parameters [54]. The details of basic formulas for a 

solar cell are provided in Appendix A for reference. In [52], a detailed mathematical model of 

a PV generator is given. Basically, it consists of four subsystems which include photocurrent, 

reverse saturation current, module saturation current, and output PV current. As can be seen 

from Figure 3.3, a layout of the 2 kW PV array is summarised. Provided some of those terms 

correspond to the specifications of a solar panel, they are kept constant at standard test 

conditions. Consequently, they are substituted into the formulas given in Appendix A for 

calculations.  

 

Figure 3.3 Block diagram of mathematical PV array. 
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The equation for computing the output current of PV model can be observed in (3.1). A 

mathematical function block is utilised to express the formula for PV current in Simulink 

library. There is a feedback path with series resistance, since the equation requires the 

previous value of PV output current to calculate the present value. This key formula can be 

given by the equation (3.1) [55].  

Ipv = NpIph − NpIo[e
q�Vpv+IpvRs�

NsAkT − 1] (3.1) 
 

Where 𝐼𝐼𝑝𝑝ℎ is the module photocurrent, 𝐼𝐼𝑜𝑜 is the saturation current, 𝐴𝐴 is the ideal factor, 𝑞𝑞 is 

the charge of electron, 𝑘𝑘 is the Boltzmann constant and 𝑇𝑇 is the cell operating temperature. 

According to (3.1) and Appendix A, this implies that higher temperature and/or lower 

irradiance results in lower maximum PV output power, and vice versa. To simplify the 

analysis of the study, three general test conditions are determined to validate the electrical 

characteristics of the PV model in terms of irradiance. The effect of varying the temperature is 

beyond the scope of this study and so the operating temperature is set to a typical value of 

room temperature throughout the simulation.  

To assess the effectiveness of the mathematical model, a PV array based on the solar panels 

(SPR-X21-335-BLK) is built up to a PV system for simulation. The 2 kW PV generator, i.e. 

PV1, is used to generate solar power at different levels of irradiance. There are three 

workspace blocks in this model to store the data of output signals from the PV array which 

would be PV current, voltage, and output power. Therefore, the electrical characteristics of 

this PV model can be produced to review the requirements of the dc MG. This is the main 

benefit of employing a mathematical model for PV array due to its high flexibility for the 

interaction with the dc MG.  

As shown in Figure 3.4, the I-V characteristic curve of the PV array is presented to validate 

the mathematical model and to understand the effect of fast changing irradiance. It can be 

analysed the decrease in solar insolation leads to lower short-circuit PV current, as well as the 

maximum current point. It is undoubted that the P-V characteristics given in Figure 3.5 

clearly indicates the maximum PV power dramatically drops from 1996 W to 1212 W, almost 

40% of maximum available energy, in accordance with the step change in irradiance. The 

significant change in solar insolation has provided a challenge to a control system, since the 

variation results in an inevitable difference between the set-point and feedback value. Indeed, 

this refers to the error signal in the voltage control loop. To always ensure a high power 



Chapter 3. Modelling of PV Arrays and DC MG 

  33 

conversion ratio during the process, it is compulsory to promptly restore the dc-link voltage 

and achieve maximum power point tracking in a PV system. Eventually, taking the irradiance 

change into consideration is one of the most important factors to show the robustness and 

reliability of the proposed control algorithm.  

 

Figure 3.4 I-V characteristics of the 2 kW PV model at three irradiance levels. 

 

Figure 3.5 P-V characteristics of the 2 kW PV model at three irradiance levels. 

3.3 Working Principle of Step-up DC-DC Converter 

There are three main categories of DC-DC converters, including buck, boost, and buck-boost 

converters. They can be used to efficiently step up or down the voltage in relation to the input 

and output voltages of a power system. In [56], they analysed that the efficiency is in between 

80% and 90% which can be the basic standard for evaluating the overall performance. In the 

past ten years, some researchers have established high efficient dc-dc converter which aims to 

have an efficiency of more than 90%, up to 99%. It is noted these topologies are usually 

challenging to be manufactured in a factory. There exists a compromise between efficiency 

and complexity of converter topology.  
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An ideal DC-DC converter is assumed to be 100% efficiency. 20 kHz of switching frequency 

would be recommended as a starting point by the author in [56]. A significant amount of time 

is required for a MPPT algorithm to search for new MPP. Therefore, the switching frequency 

is applicable to sample the voltage/current signal and control the power switch in a switching 

cycle. A power MOSFET is ideal which means it can be switched ON/OFF instantaneously 

without any delay. In theory, from off (0) to on (1), it is expected to allow a turn-on delay 

time and a rise time for the MOSFET to be fully on, and vice versa. Plus, the energy storage 

components, mainly inductor and capacitor, are ideal without any internal parasitic element 

such as equivalent series resistance (ESR). In practice, the open-loop response of an ideal 

power converter can remarkably be different from the actual converter. For instance, the 

overshoot of an ideal converter is always higher than a practical one. Since a notable amount 

of voltage drops across the ESR, the output voltage can experience an unusual high overshoot 

in an ideal case. This in turn reduces the stability of a control system but the negative outcome 

can be prevented by involving the ESRs in front of the inductor and the capacitor in the 

simulation, respectively. As a consequence, the efficiency of the dc converter in the dc MG 

system is no longer 100%. The effect of relatively low efficiency in the process of energy 

conversion can be negligible as it is always true in real-life applications. This provides a 

platform to easily predict the energy conversion efficiency, and to design a practical dc-dc 

converter for the purpose of simulation data acquisition.  

3.3.1 Design of a PWM Boost DC-DC Converter 

Generally speaking, a step-up dc-dc converter is composed of an inductor, a power switch, a 

diode, a capacitor, and a resistive load [56]. The output voltage of a step-up converter must be 

larger than its input voltage. Continuous or discontinuous conduction mode can be used to 

describe the mode of operation of the boost converter in a steady state. During the continuous 

conduction mode, zero level is never reached by the inductor current since either the switch or 

diode will be turned ON in any time interval. However, in the discontinuous conduction 

mode, the switch and diode can both be OFF. The inductor current drops to zero, and remains 

at zero for a short period of time before the beginning of the next cycle [57]. In the thesis, the 

step-up converter is assumed to be operated in continuous conduction mode for simplicity.  

The 𝐿𝐿𝐶𝐶 circuit of the boost converter includes several main features in which it plays a vital 

role in operating a dc-dc converter. To begin with, an 𝐿𝐿𝐶𝐶 circuit refers to an electrical circuit 

which is composed of two passive elements, inductor 𝐿𝐿 and capacitor 𝐶𝐶. This low-pass filter is 



Chapter 3. Modelling of PV Arrays and DC MG 

  35 

fully capable of filtering out high switching frequency in a step-up chopper. It is known as a 

second-order low-pass filter. The term “second-order” represents the number of energy 

storage elements in a circuit, in which it has 2 passive components in this circuit. In principle, 

duty ratio 𝐷𝐷 can be in a range of 0 to 100%. However, it is subject to the turn-on and turn-off 

delay time of a power device. In MATLAB/Simulink, it can be assumed to be an ideal switch 

and thus the PWM signal always varies from 0 to 1. The dead time of the controlled PWM 

signal is neglected in the simulation study to simplify the analysis.  

When switch is ON, 

When the switch is placed in the ON position. In an ideal case, the voltage dropped across the 

switch is supposed to be zero. It means the current will only flow through the inductor and the 

switch, but not the diode. This circuit analysis can be undertaken using Kirchhoff’s Voltage 

Law. The equation for the inductance of a common step-up converter can be written as 

𝐿𝐿 =
𝑉𝑉𝐼𝐼 ∙ 𝐷𝐷
∆𝐼𝐼𝐿𝐿 ∙ 𝑓𝑓𝑠𝑠𝑠𝑠

 (3.2) 
 

where 𝐿𝐿 is the inductance of the converter inductor, 𝑉𝑉𝐼𝐼 is the input dc voltage, 𝐷𝐷 is the duty 

ratio of the boost converter, ∆𝐼𝐼𝐿𝐿 is the inductor ripple current, and 𝑓𝑓𝑠𝑠𝑠𝑠 is the switching 

frequency of the converter.  

When switch is OFF, 

During the OFF-state, a threshold voltage is supplied to the diode for this passive component 

to be switched on. Again, an ideal diode with a zero forward voltage drop is implemented in 

the simulation study. The energy is directly transmitted to the dc-link capacitor and the 

resistive load, respectively. The capacitance of the boost converter can be derived as 

𝐶𝐶 =
𝐼𝐼𝑐𝑐 ∙ (1 − 𝐷𝐷)
∆𝑉𝑉𝑐𝑐 ∙ 𝑓𝑓𝑠𝑠𝑠𝑠

 (3.3) 
 

where 𝐶𝐶 is the capacitance of the converter capacitor, 𝐼𝐼𝑐𝑐  is the capacitor current, and ∆𝑉𝑉𝑐𝑐  is the 

capacitor ripple voltage.  

The above equations (3.2) and (3.3) have given the guidelines on the selections of the 

converter inductor and capacitor. In [58], a formula for computing minimum capacitance is 

provided to ensure the desired open-loop response of the boost converter. It should be kept in 
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mind that the minimum value may not be the best solution to the design of the basic 

converter. While most of the formulas found in books and studies are suggesting minimum 

values for the converter inductor and the capacitor, these two equations are capable of 

defining the sizes of the key components in which the circuit satisfies the general 

requirements of the boost converter in terms of the ripple current and voltage. To strengthen 

the simulation study, it is recommended to include the ESRs for the inductor and the filter 

capacitor, respectively. The overshoot of the step response of a boost converter is usually 

lower than its ideal case, due to the fact that ESR is capable of absorbing the voltage spike. In 

other words, the voltage across ESR should be taken into account to reduce the output voltage 

to a reasonable level. A thorough review on the state-space averaged model and continuous 

transfer function of a step-up converter is given in Appendix B.  

There are three main ways of simulating a step-up converter in MATLAB/Simulink, 

including Simulink implementation of the circuit, calculation of the open-loop transfer 

function, and use of boost converter block in Simscape library. The circuit model developed 

in this study takes advantage of high flexibility. This feature allows the user to effortlessly 

change the parameter values of the boost converter. One of the key benefits of establishing a 

simulation model is the lack of converter transfer function derivation. It is highly 

recommended to implement a simulation model, instead of mathematical analysis, to detail 

the operating principle of a practical boost converter.  

3.4 Battery Energy Storage System 

In this section, a SoC-based battery management system using MATLAB/Simulink is 

introduced to operate the dc MG system in an islanded mode. Compared with supercapacitor, 

battery benefits from high energy density but low power density and slow dynamic response 

to abrupt load change [59]. To simulate the behaviour of a BESS, the system is briefly made 

up of generic battery model, bi-direction dc-dc converter and a charge/discharge cascaded 

control loop. In [60], a thorough review on the grid-connected inverter interconnected with 

BESS is provided to summarise the main features of employing a battery management 

system. There are a number of key characteristics of implementing a BESS: 

i. Capable of compensating the power difference between renewables and dc consumer 

loads.  

ii. The ability to deliver adequate energy to the loads during periods of low, or negligible 

power generation from renewable sources.  
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iii. The features of load levelling and peak shaving can be achieved. 

iv. Improvement of power quality in a dc MG due to lack of ac frequency variations.  

v. High response speed to step load change compared with PV system.  

vi. Acts as a voltage source to restore dc-link voltage [61] and [62].  

A study conducted by Jia et al. (2015) has highlighted the significance of high efficiency and 

high power density of the bi-directional dc-dc converter [63]. They concluded that there is a 

compromise between conversion efficiency and power density, in which the selections of 

switching frequency and passive components’ sizes are critical. In case of high switching 

frequency (>20 kHz), the passive components’ volumes tend to be saturated. However, the 

converter efficiency dramatically reduces which is the key disadvantage of increase in 

switching frequency. The initial switching frequency of the bi-directional converter is set to 

20 kHz in this thesis.  

Lithium-ion battery is widely used in many areas such as electric vehicle, portable electronics, 

and dc MG [62] and [64]. The advantages of a lithium-ion battery include high power density 

and low self-discharge rate. Provided that the dc MG system in the thesis is specifically 

designed for residential applications, the power level would thus be low compared to BESS 

for grid storage applications. As a consequence, a Lithium-ion battery is implemented in the 

simulation model to behave as a secondary power source during periods of low solar 

insolation. Energy requirements are usually dictated by the application. Taking the frequency 

of use of battery into account, the battery stack is meaningless to have a huge amount of 

capacity due to the fact that it is beyond the scope of this thesis. It is noted the nominal 

capacity of a BESS depends on the total number of cells, in which the series/parallel 

combination defines the output voltage and current, respectively. Voltage of the cells is 

additive in a series connection while parallel connection increases the battery current.  

Bi-directional dc-dc conversion has become the most prominent solution to the needs for the 

implementation of distributed generation with RES, since it is common for lithium BESS to 

extract power from or feed energy into the dc bus [65]. A circuit diagram of the bi-directional 

converter can be found in Subsection 3.4.1. The specifications of input and output 

components have been taken into consideration in the Simulink model, in which the 

designated values are appropriate to realise the primary function of a BESS without huge 

amount of power losses.  
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SoC of a battery is one of the most essential parameters in a BESS, which determines the ratio 

of present level of charge of battery to the nominal capacity. In [14] and [66], SoC has been 

employed in a secondary power management control algorithm to ensure the level of charge is 

maintained in an acceptable range. There are some main drawbacks of neglecting the battery’s 

SoC, which includes battery aging degradation, no protection for overcharge/over-discharge, 

and unable to estimate the remaining energy of the battery. The SoC is permitted to range 

from 20%-80%, as a preliminary setting [67]. In the simulation model, to simplify the 

analysis, the BESS stops charging/discharging if the level of charge is out of the safe range. In 

other words, the dc MG system in the thesis is expected to operate in PV standalone mode 

rather than battery mode.  

Table 3.1 Technical specifications of the Lithium-ion battery 

Parameter Value 

𝑉𝑉𝐵𝐵𝐵𝐵𝐵𝐵 48 𝑉𝑉 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝐵𝐵𝑝𝑝𝐵𝐵𝑐𝑐𝑖𝑖𝐵𝐵𝐵𝐵 250 𝐴𝐴ℎ 

𝐼𝐼𝑛𝑛𝑖𝑖𝐵𝐵𝑖𝑖𝐵𝐵𝐼𝐼 𝑆𝑆𝐿𝐿𝐶𝐶 50% 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝐵𝐵𝐵𝐵𝑟𝑟𝑝𝑝𝐿𝐿𝑛𝑛𝑟𝑟𝐵𝐵 𝐵𝐵𝑖𝑖𝑚𝑚𝐵𝐵 30 𝑟𝑟 

𝐹𝐹𝐹𝐹𝐼𝐼𝐼𝐼𝐵𝐵 𝑐𝑐ℎ𝐵𝐵𝐵𝐵𝑎𝑎𝐵𝐵𝑑𝑑 𝑑𝑑𝐿𝐿𝐼𝐼𝐵𝐵𝐵𝐵𝑎𝑎𝐵𝐵 56 𝑉𝑉 

𝐶𝐶𝐹𝐹𝐵𝐵 − 𝐿𝐿𝑓𝑓𝑓𝑓 𝑑𝑑𝐿𝐿𝐼𝐼𝐵𝐵𝐵𝐵𝑎𝑎𝐵𝐵  36.08 𝑉𝑉 

 

The system specifications of the BESS are presented in Table 3.1. The nominal voltage of the 

battery is set to 48 V. Huge battery capacity allows the battery to be discharged at 50 A in 5-

hour. This rating is appropriate for the use of stabilising the dc MG during periods of low PV 

generation. The voltage is increased to 56 V when the battery is fully charged. The cut-off 

voltage is set to 36.08 V. The generic battery model can be simulated based on the above 

parameters. It is used to observe the dynamic response performance in islanded battery mode.  

3.4.1 Bi-directional DC/DC Converter 

Basically, the bi-directional dc-dc converter is used as a power converter in an islanded dc 

microgrid for integrating the single dc bus alongside storage devices such as BESS and 

supercapacitor. This circuit comprises two switches (MOSFETs), an inductor, an input 

capacitor for boost side, and a filter capacitor for buck side [63]. As shown in Figure 3.6, the 

schematic diagram of this power converter can be observed [65]. The input voltage is the dc-
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link voltage, whilst the output dc voltage is exactly the battery voltage. In case of discharging, 

the input voltage of the converter is now battery voltage, and vice versa. It is capable of 

transmitting power in both forward and reverse directions, operating in either buck or boost 

mode.  

 

Figure 3.6 Topology of a bi-directional dc/dc converter [65]. 

It can be assumed that both switches in the simulation model are ideal, which means there is 

no turn-on or turn-off delay time. This is commonly known as deadband. As mentioned 

earlier, it is vital to include the impacts of ESRs on the inductor and capacitor to significantly 

reduce the overshoot of the step response. To generate a duty ratio to control the electrical 

circuit, a classical cascaded control loop is applied to simultaneously manipulate the dc bus 

voltage and battery current. The control algorithm would be an outer voltage loop and inner 

current loop each associated with a PI controller, respectively [65] and [68].  

The study in [47] demonstrated the control strategy of a bi-directional dc-dc converter in both 

charging and discharging mode, as can be seen from Figure 3.7. The key difference of the 

outer voltage loop would specifically rely on the mode of operation. In charging mode, the 

battery voltage is the fundamental parameter to be manipulated to prevent overcharging issue 

as a first step. Outer PI controller strengthens the ability of voltage loop to minimise the error 

and to compute an appropriate current value for the inner loop to track. A saturation block is 

implemented to limit the current reference to a tolerated level in relation to the specifications 

of BESS, following the primary voltage loop. A basic secondary current loop with a PI 

compensator is used to achieve the desired current. However, in discharging mode, the major 

objective of the voltage loop is to restore the dc bus voltage to nominal value. It is subject to 

the maximum available discharging current of the battery and measured battery voltage. As 
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usual, the outcome of the outer voltage loop would be the reference current. The control 

algorithm of a bi-directional converter generates a duty cycle to control the ON/OFF 

operation of the switches, where switch 1 (𝑆𝑆1) applies duty ratio D and switch 2 (𝑆𝑆2) applies 

complement of duty cycle (1-D).  

 

Figure 3.7 Control diagram of a battery’s converter in charging/discharging mode [47]. 

The power flow heavily depends on the deviation of the dc bus voltage in an islanded dc MG. 

For example, the rise in dc-link voltage representing additional power should be stored by the 

battery for regulating the dc bus voltage. This in turn states that the multi-loop control 

technique instantaneously transfers the power to the Lithium-ion battery in buck mode. 

However, energy can be delivered from battery to the load in which the converter is operated 

in boost mode [69]. In this scenario, it is usually because of the low electricity supply of PV 

arrays. An adequate energy can therefore be fed into the consumers’ loads to meet the local 

demands. No communication agent between power sources and loads is required in battery 

mode, since the primary variable dc-link voltage indicates the present power level of the dc 

MG system.  

There are two modes of operation for the bi-directional converter. In buck mode, when switch 

𝑆𝑆1is ON and 𝑆𝑆2 is OFF, the energy is transferred from the dc bus to the battery. Switch 2 acts 

as a diode which is exactly the same as the diode in a step-down dc/dc converter. Therefore, 

when 𝑆𝑆1 is OFF, 𝑆𝑆2 is turned on for the inductor to continuously supply power to the dc load. 

In boost mode, the battery charges up the inductor with the help of 𝑆𝑆2. When 𝑆𝑆1 is ON and 𝑆𝑆2 

is OFF, sufficient power can hence be delivered to the dc bus. This in turn behaves as a step-

up dc/dc converter. In practice, a deadband for switching operations is implemented to ensure 

one switch is OFF before turning ON the other switch. Regardless of how the converter 

operates, a filter-capacitor has to be associated with input side and output side, respectively. 

This provides a platform for the bi-directional circuit to operate in either buck or boost mode.  
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To develop a bi-directional dc/dc converter in MATLAB/Simulink, it is mandatory to 

calculate the capacitance and inductance of the circuit. The value of the inductor can be 

obtained by (3.2), where the circuit is assumed to be performed in boost mode. The 

capacitance on the load side is thus computed by (3.3). Similarly, the value of the filter 

capacitor connected to the battery is obtained in buck mode. The formula is derived as 

𝐶𝐶1 = 𝐶𝐶𝑏𝑏𝑜𝑜𝑐𝑐𝑙𝑙 =
∆𝐼𝐼𝐿𝐿

8 × 𝑓𝑓𝑠𝑠𝑠𝑠 × ∆𝑉𝑉𝑐𝑐
 (3.4) 

 

In order to evaluate the performance of the converter, a fixed duty ratio can be inputted to the 

switches 𝑆𝑆1 and 𝑆𝑆2. The characteristics of this system can usually be observed in the step 

response, for example, overshoot, settling time, and SSE etc. Taking these parameters into 

account, manual tuning of a PI controller can be undertaken to optimise the controller 

settings. Eventually, the BESS is interconnected with the dc bus in an islanded dc MG to 

behave as a dominant energy storage device in battery mode. 
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3.5 Chapter Summary 

This chapter presents a detailed description of the PV-based dc MG system to develop a 

simulation model to simulate the step response in different scenarios, including PV standalone 

mode and islanded mode. In the beginning, the mathematical model of a PV array is 

demonstrated based on the parameters of the real commercial products in industry. This PV 

model benefits from high flexibility to accommodate with designated load demand. To 

validate the effectiveness of the proposed V-dp/di method, PV sources with two levels of 

power have been established to realise proportional power balancing with the support of 

predefined droop coefficients.  

It is compulsory to design a classical dc-dc boost converter to ensure the desired output 

voltage of the PV system, which simply means voltage reference value in a single-bus dc MG. 

The design of a step-up converter can be observed in this chapter for reference, following the 

description of the working principle. The boost chopper is used to deliver the PV power to 

local loads and/or battery via the dc bus. It is concluded that the implementation of ESRs has 

a huge impact on the suppression of unusual overshoots in a dc-dc converter.  

Last but not least, the importance of a BESS in an islanded dc MG system is critical due to the 

intermittent nature of PV sources. A lithium battery with a traditional bi-directional dc-dc 

converter can be observed in this chapter, which implies the capability of absorbing surplus 

power or providing sufficient energy in a dc MG. A cascaded control loop is compulsory for 

manipulating the dc-link voltage and battery current simultaneously. SoC of a battery is a key 

concern of a BESS and therefore the system is assumed to be unavailable when the SoC is 

over 80%. The BESS is temporarily disconnected from the dc MG system. As a result, this 

forces the MG to operate in PV standalone mode. The above scenarios are simulated in 

Chapter 6.  
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Chapter 4. Comparison of Conventional and V-dp/di Droop Control 

Methods 

4.1 Introduction 

DC-DC converters are commonly used in dc MG systems to integrate PV arrays alongside 

BESS and local consumer loads. A PV system is capable of transmitting solar power to the 

DG network, which only allows unidirectional flow of current. Recently, the increase in PV 

penetration has become one of the most critical challenges in the development of islanded dc 

MGs [2], [10], [70]. There is a purpose for power curtailment and increase in total capacity, 

however, the implementation of large-scale lithium BESS in an islanded dc MG is cost 

ineffective and complicated in both residential and commercial uses. The BESS has low 

capacity, supplying continuous load current for 5-hour, so that the cost of battery storage can 

be minimised. During periods of high solar PV output, it is crucial for PV sources to take part 

in constant power generation [71], [72]. The algorithm is to restrict the overall solar PV 

production to a certain level so that the dc-link voltage can be regulated, regardless of how the 

supply exceeds demand. In simple terms, this can reassure a stable operation of the islanded 

dc MG system under significant changes in weather conditions and/or loads, in case of low 

demand. As aforementioned, dc-link voltage regulation and proportional power sharing 

among PV arrays are the two main objectives of common decentralized control methods. A 

decentralized coordination method does not acquire any neighbours’ data to calculate the 

average common bus voltage across the dc MG, and hence the plug-and-play capability is the 

key advantage of this algorithm.  

The major control strategies of PV generators in an islanded dc MG system are reviewed. 

This contains the traditional MPPT algorithms, conventional droop control strategies, as well 

as the proposed V-dp/di control in this thesis. The classification and comparison of different 

MPPT techniques are demonstrated. In the meantime, the benefits and drawbacks of various 

general approaches will be presented in detail. The selection criteria of an appropriate control 

method mainly depend on the specifications and requirements of the PV systems. These 

details will be discussed in the following sections.  

4.2 Operating Principle of Traditional MPPT Algorithms 

In literature, the traditional control scheme for PV standalone systems is classified into two 

parts. The first control algorithm usually applies a single loop voltage control method to 
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restore the voltage, which in turn curtails part of maximum solar power to stabilise the overall 

system. The second MPPT algorithm is used for maximising the available PV power if 

applicable. As shown in Figure 4.1, the block diagrams of voltage, current, and direct duty 

ratio control are presented. PI controller is the most commonly used controller in MPPT 

algorithms. A typical example of employing a PI controller in MPPT method can be observed 

in [73]. The operation mode can be determined by the measured dc-link voltage, but the mode 

adaptive control suffers from rapid fluctuations if the feedback voltage oscillates around the 

reference value. In the end, this creates confusion for the PI controller to minimise the 

unpredicted error by incrementing the integral term, resulting in system stability issues. This 

is commonly referred to as integral windup.  

 

Figure 4.1 Control structure of three P&O MPPT algorithms. (a) PV voltage control. (b) PV 

current control. (c) Direct duty ratio control. 

Furthermore, there are some drawbacks of the traditional MPPT algorithms. In terms of 

current control, it is incapable of tracking a MPP under significant change in solar insolation. 

The details of the experiment can be referred to [71]. The authors demonstrated that the short-

circuit instability turns out to be a problem of current MPPT control. A possible explanation 
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for these results might be slow dynamic response of PV arrays. In case of decrease in 

irradiance, the desired PV current is lower than its feedback value. The PV current would be 

unable to change instantaneously, however, the P-I characteristics under significant change in 

irradiance results in lower short-circuit current which is close to array output current.  

For the direct duty ratio control, it is one of the perturb and observe (P&O) methods without 

the need to employ a proper compensator. The duty cycle of the dc-dc converter is used as the 

primary control parameter to implement a P&O MPPT algorithm. In an islanded PV-based dc 

MG, the control strategy accommodates with all weather conditions so as to maintain 

robustness and stability of the system. In [74], they highlighted the confusion of direct duty 

ratio control during fast changes in solar insolation. Since the dc bus voltage of the MG has a 

limited range of values to control, this is one of the key characteristics of the direct duty ratio 

control which should be aware of. 

In an islanded dc MG, it is considered as a complicated system in which a PI controller is the 

minimum requirement for a comprehensive control scheme. Indeed, voltage MPPT control is 

the most commonly used MPPT algorithm. In this scenario, both dc bus voltage and PV 

voltage have to be regulated simultaneously. But the fundamental rule of a multi-loop control 

is that the response speed of inner loop is supposed to be at least ten times faster than the 

outer loop, so the overall control system works effectively. In [75], they reported that the 

implementation of P&O algorithm under fast changing irradiance leads to overshoots and 

additional power losses. Furthermore, the confusion relating to irradiance reduction and 

system dynamics is found in [76]. These two factors are the top challenges of a dc MG. To 

conclude, all of these classical MPPT algorithms are inappropriate for the application of a PV-

based dc MG system, particularly in an islanded mode. These results of using those traditional 

MPPT control in a dc MG can be observed in [10]. 

4.3 Working Principle and Limitations of Conventional Droop Control Techniques 

This section describes the principle of operation of some common droop control methods, in 

which it can be implemented in an islanded dc MG system with multiple PV generators. To 

realise proportional power balancing and dc bus voltage regulation, Cai et al. established a 

control scheme for PV arrays to act as a dominant energy source in the PV standalone mode 

[10]. Solar power generation, in turn, is reduced to a lower level for restoring the common bus 

voltage of the dc MG. The conventional PV control algorithm benefits from comprehensive 

multi-loop control without having to define two single loops for different modes of operation. 
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However, during the simulation phase of the work, there exists some performance issues 

associated with the mechanism of the traditional PV droop control technique. The details and 

main limitations are illustrated in the following sub-sections.  

Moreover, a comparison between V-I and I-V droop control systems is presented. These 

methods are intended for the use of a basic dc-dc converter, but the implication of the study 

has a significant impact on the backbone of the thesis. In theory, the key characteristic of a 

general cascaded loop is the existence of two PI controllers, one for the primary loop and the 

other for the secondary loop. In [50], they carried out a stability analysis of these two 

algorithms, with the help of pole shifting trajectory, to better understand the behaviour of the 

feedback control systems. The researchers suggested the droop control technique with a single 

PI controller yields an improved dynamic performance over the traditional cascade control 

described in literature. Moreover, there is a paper published by the authors in 2017 prior to the 

publication of conventional PV droop control method. This is a classical cascade control of a 

PV-based dc MG with two independent PI controllers [77], [78]. They analysed that the 

conventional control strategy with a single controller results in simplified design and 

improved transient performance. Therefore, the published works greatly support the 

preliminary conceptual framework of this thesis, and clearly explains the phenomenon behind 

the scene.  

4.3.1 Classical Droop Control and MPPT Algorithms in a PV-based DC MG 

Generally speaking, a traditional droop control system is made up of an outer droop loop and 

an inner current loop. A current feedback for the inner control loop is the most commonly 

used variable in power electronic converter. In [79], a decentralized coordination method with 

inner current control is implemented in a generalised dc MG system. However, this is 

inappropriate for the application of PV arrays due to poor tracking performance. In a PV-

based dc MG system, there exist many limitations of utilising the PV output current to 

perform a basic MPPT function. As shown in Figure 4.2, an overview of the droop control 

scheme with inner PV current is presented to describe the traditional way of regulating the dc 

bus voltage and PV current simultaneously [10].  
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Figure 4.2 Control framework of a classical voltage droop control with inner PV current loop. 

This is a combination of the traditional droop control implementation and PV current control 

algorithm, where n is a droop rate. In [71] and [74], the authors reported that the short-circuit 

stability issue often occurs during fast changes in solar irradiance. The results concluded that 

the system may collapse under short-circuit conditions. Furthermore, the study in [80] 

summarised that the dynamic tracking performance of a P&O MPPT algorithm is poor under 

abrupt conditions. A P&O current algorithm is developed in the simulation model to 

maximise the extracted PV power. The PV current could unusually reach the short-circuit 

value under rapidly changing irradiance, due to incorrect control decision. The variations in 

PV short-circuit current highly depend on the irradiance change, in which the stability issue 

occurs if the MPPT regulator response speed is low. In principle, the P&O algorithm takes a 

significant amount of time in milliseconds to search for the desired power level and its 

corresponding PV current. Hence, the main drawback of the P&O current MPPT algorithm.  

 

Figure 4.3 Mode-adaptive V-P droop control loop [49]. 

Indeed, the implementation of P&O MPPT scheme based on PV power could lead to the 

short-circuit instability, which mainly correlates with PV output current. As shown in 

Figure 4.3, the control diagram of a mode-adaptive V-P droop control method is present. 

In [49], the process is identified by the mode of operation, including utility-dominating, 

storage-dominating and generation-dominating modes. The droop control scheme is 

applied in a PV standalone mode, when both grid and BESS are unavailable, to produce 
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sufficient solar power to match the power consumption of a dc MG. In outer voltage loop, 

a set-point of the PV power is computed with the help of voltage deviation and droop rate. 

The saturation block is placed in front of the droop coefficient to limit the reference power. 

Finally, dividing the power by dc-link voltage, a reference current value is obtained to 

calculate the duty ratio. This in turn behaves as a P&O current MPPT algorithm. The P-I 

characteristics of a PV array indicate that same amount of solar power can be generated on 

the left/right of MPP, which means either high current or voltage is measured, and vice 

versa. In case of PV curtailment, this might fall into a short-circuit condition if it is 

improperly controlled. In terms of control aspect, this may cause confusion to the 

controller under abrupt irradiance change in the process of power limitation. In simple 

words, the MPP could be perturbed at least one step in the opposite direction and hence 

the mechanism of MPPT is most likely to be interrupted. P&O MPPT algorithm is usually 

confused by system dynamics and rapidly changing atmosphere conditions [71], [74]. In a 

dc MG, a promising dynamic response always outweighs the complexity of a feedback 

control system. As a consequence, it is meaningful to look into the alternatives, for 

example, INC and INR MPPT algorithms.  

 

Figure 4.4 Traditional voltage droop controller. 

Last but not least, P&O voltage MPPT algorithm is one of the most commonly used 

control strategies in PV power generation. As can be seen from Figure 4.4, a classical 

coordinated voltage droop control solution is demonstrated [10]. In case of low power 

demand, this method is used to restore the dc-link voltage and to produce a desired PV 

voltage for power curtailment. The output PV power would always be lower than its 

maximum available power regardless of the atmosphere conditions. The control loop is 

only activated in PV standalone mode, which is triggered by the feedback value of dc bus 

voltage. If the dc-link voltage is within an allowable range of values, the operation mode 

changes back to storage-dominating mode and thus the P&O voltage MPPT algorithm 

comes into effect. It has the advantages over the current and power MPPT algorithms. 
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This includes high stability, good stead-state response and ability to work under abrupt 

change in irradiance [71]. To sum up, the control system shown in Figure 4.4 usually 

offers a poor dynamic behaviour. All of the classical coordinated droop control techniques 

are inappropriate for the application of a PV-based dc MG, particularly in islanded mode.  

4.3.2 Description of the Conventional V-dp/dv Droop Control Method 

In [10], the conventional V-dp/dv droop control strategy was proposed to integrate voltage 

regulation with INC MPPT algorithm. As shown in Figure 4.5, an overview of the V-dp/dv 

droop control algorithm is presented [10]. The outer loop would be dc-link voltage regulator, 

followed by the primary INC MPPT algorithm with a traditional PI controller. The key 

advantage is no restriction on the type of the power converter. 

 

Figure 4.5 Control diagram of the conventional V-dp/dv droop control method [10]. 

To realise proportional power balancing, a linear droop coefficient is added to the voltage 

regulator for sharing energy consumption among multiple PV generators. It is the most 

common technique in decentralized control, in which communication agent is absent from the 

single-bus dc MG system. The line resistance and voltage drop in line are thus negligible. In 

grid-connected or battery dominant mode, the error of dc bus voltage is assumed to be zero, 

given the voltage is regulated by the single-phase inverter and/or BESS. As a result, the 

nominal dp/dv value at the MPP of P-V characteristics is null. A PI controller is deployed in 

the inner loop to minimise the difference between desired dp/dv and feedback value. The PV 

array always operates in a MPPT mode to harvest the maximum solar power under different 

weather conditions.  
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In PV standalone mode, for low power consumption, the droop control method acts as a 

voltage regulator to stabilise the voltage at a level which is higher than the nominal value. In 

theory, the dc-link voltage tends to increase if there is excess current flowing into the single 

dc bus. The maximum allowable dc bus voltage is about 5% of the reference value. A range of 

dp/dv values is equally distributed by the voltage deviation in the droop control. Therefore, 

the droop rate is used to identify the power required for the dc MG system with regards to the 

dc-link voltage deviation. A temporary reference voltage is calculated by the droop control 

equation to operate the MG in PV standalone mode. A seamless MG operation mode 

transition can hence be assured. 

 

Figure 4.6 P-V characteristics of a PV panel. 

Once again, the control framework of the conventional V-dp/dv droop control strategy can be 

obtained in Figure 4.5. The desired dp/dv value is first computed in the outer loop. In [10], the 

authors provided the formula to express the dp/dv compensator as  

𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉

𝑟𝑟𝑟𝑟𝑟𝑟

=
𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉

∗

− 𝑚𝑚𝑖𝑖(𝑉𝑉𝑑𝑑𝑐𝑐 − 𝑉𝑉𝑑𝑑𝑐𝑐∗ ) (4.1) 
 

where 𝑑𝑑𝑃𝑃
𝑑𝑑𝑃𝑃

𝑟𝑟𝑟𝑟𝑟𝑟
 is the set-point of the inner dp/dv loop, 𝑑𝑑𝑃𝑃

𝑑𝑑𝑃𝑃

∗
 is nominal value (zero) of dp/dv, 𝑚𝑚𝑖𝑖 

is droop coefficient of the 𝑖𝑖𝑜𝑜ℎ converter, and 𝑉𝑉𝑑𝑑𝑐𝑐∗  is desired dc voltage of the MG.  
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As shown in Figure 4.6, the P-V curve of a PV generator can be observed. In mathematical 

analysis, the curve has only one local maximum point. The maximum power point of the solar 

panel is found at which the dp/dv is zero. As can be seen from the graph, the power level can 

be represented by two dp/dv values, one for negative and the other for positive. In principle, a 

PV array starts to operate at the open-circuit voltage. As previously mentioned, a P&O MPPT 

algorithm is deployed to search for the MPP if a new value is larger than present value. 

However, the conventional dp/dv regulator is indistinguishable from INC MPPT method [81]. 

In principle, the tangent line with a slope of zero at MPP in INC MPPT algorithm is expected. 

The dp/dv formula is written as 

𝑑𝑑𝑃𝑃𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝

= 𝐼𝐼𝑝𝑝𝑝𝑝 + 𝑉𝑉𝑝𝑝𝑝𝑝
𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝

 (4.2) 
 

Considering the impact of MPP in the P-V curve, (4.2) can be rewritten as 

𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝

= −
𝐼𝐼𝑝𝑝𝑝𝑝
𝑉𝑉𝑝𝑝𝑝𝑝

 (4.3) 
 

Equation (4.3) indicates the main objective of the INC MPPT method, which deduces the 

possibility of fluctuating around the MPP. By incrementing/decrementing the duty cycle of 

the dc-dc converter, the MPP can easily be reached. In the conventional dp/dv regulator, the 

dp/dv parameter is directly manipulated by the inner control loop which correlates to the 

theory of INC method. To perform the operating principle of the dp/dv controller, it is 

expected to restrict the range of dp/dv values. The PV array usually works on the right side of 

the MPP due to the behaviour of a solar panel, in which the value of dp/dv is always less than 

or equal to zero [10]. This means the desired dp/dv value cannot be positive. In simple words, 

with the use of traditional PV droop control strategy, the operating point should be on the 

right side of the curve. To conclude, the conventional method prevents short-circuit issue, as 

the positive part of the slope of a tangent line to the P-V curve is isolated.  

Rearranging the terms of (3.1) it yields 

𝐿𝐿𝐵𝐵𝐵𝐵 𝑥𝑥 =
𝑞𝑞

𝑁𝑁𝑠𝑠𝐴𝐴𝑘𝑘𝑇𝑇
 

𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜𝐵𝐵𝑥𝑥𝑃𝑃𝑝𝑝𝑝𝑝𝐵𝐵𝑥𝑥𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠 + 𝐼𝐼𝑝𝑝𝑝𝑝 = 𝑁𝑁𝑝𝑝𝐼𝐼𝑝𝑝ℎ + 𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜 
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This is the mathematical equation of PV output current. In [55], the PV current equation 

includes a specific term to describe the impact of the equivalent parallel resistance on the PV 

array. However, in a small-scale PV source, the effect is considered to be minor. In the 

following assumption, this term is hence neglected to simplify the mathematical analysis.  

By differentiating both sides with respect to PV output voltage, the equation can be computed 

as 

𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜 �𝐵𝐵𝑥𝑥𝑃𝑃𝑝𝑝𝑝𝑝 ∙ 𝐵𝐵𝑥𝑥𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠 ∙ 𝑥𝑥𝑅𝑅𝑠𝑠 ∙
𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝

+ 𝐵𝐵𝑥𝑥𝑅𝑅𝑠𝑠𝐼𝐼𝑝𝑝𝑝𝑝 ∙ 𝐵𝐵𝑥𝑥𝑃𝑃𝑝𝑝𝑝𝑝 ∙ 𝑥𝑥� +
𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝

= 0 

The above formula can be rewritten as the following compact form: 

𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝

= −
𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜𝑥𝑥𝐵𝐵𝑥𝑥(𝑃𝑃𝑝𝑝𝑝𝑝+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠)

1 + 𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜𝑥𝑥𝑅𝑅𝑠𝑠𝐵𝐵𝑥𝑥(𝑃𝑃𝑝𝑝𝑝𝑝+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠) 
(4.4) 

 

𝑤𝑤ℎ𝐵𝐵𝐵𝐵𝐵𝐵 𝑥𝑥 =
𝑞𝑞

𝑁𝑁𝑠𝑠𝐴𝐴𝑘𝑘𝑇𝑇
 

Equation (4.4) can be applied in the dp/dv regulator to calculate the specific value of di/dv, as 

well as the variable dp/dv. In Subsection 4.3.3, one of the main challenges of deploying the 

conventional droop control strategy can be illustrated by equation (4.4).  

 

Figure 4.7 P-dp/dv curve of a 2 kW PV source. 

The P-dp/dv curve of a 2 kW PV generator is shown in Figure 4.7. The value of dp/dv in 

different scenarios can be analysed using (4.4) to compute di/dv. By substituting the value of 
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di/dv into (4.2), the data is used to plot the graph of power versus dp/dv. Figure 4.7 illustrates 

the non-linear characteristics of a PV model, in which the model is linearized to form a 

straight line. This is known as droop coefficient. The droop regulator utilises the linearized 

model of a PV array to accomplish proportional power balancing among PV arrays in a fully 

decentralized coordination approach.  

In [10], it is recommended to linearize the PV source and to calculate a linear droop 

coefficient, in order to share PV output power in proportion. A detailed elaboration of 

establishing a droop coefficient for each PV array is provided. However, there is no sharp 

distinction between droop controller and proportional controller in [10]. In theory, a P 

controller is implemented to help reduce the SSE and to improve the stability of a system. In a 

droop controller, however, the deviation is an indicator for the voltage regulator to calculate 

dp/dv. In case of energy oversupply, a new voltage reference is determined in the droop 

control loop and thus dc bus voltage always lies within the acceptable spread of values. 

Despite the fact that the framework of two controllers is exactly the same, having a good 

understanding of their own tasks ensures a feasible solution to a controller design with 

multiple objectives.  

It can be observed in Figure 4.7 that the P-dp/dv curve can be linearized for the realisation of 

proportional energy balancing. In [10], an equation for the straight line of the curve is given. 

Taking the sign of the slope into consideration, the term becomes a negative slope as the 

open-circuit value of the dp/dv is negative. The straight line of the linearized PV model is 

arranged into the form 𝐵𝐵 = 𝑚𝑚𝑥𝑥 + 𝑐𝑐. The equation can thus be expressed as 

𝑃𝑃�𝑝𝑝𝑝𝑝,𝑛𝑛 = 𝑓𝑓𝑛𝑛 �
𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉𝑛𝑛

� = −
𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛
𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉�𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

∙
𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉𝑛𝑛

+ 𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛 (4.5) 
 

where 𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛 is the rated power of the nth PV array at standard test conditions, 𝑑𝑑𝑃𝑃
𝑑𝑑𝑃𝑃
�
𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

 is the 

dp/dv of the nth PV source at open-circuit voltage, and 𝑑𝑑𝑃𝑃
𝑑𝑑𝑃𝑃𝑛𝑛

 is the value of tangent line for the 

nth PV model. Hat operator means an estimated value of the power point on a straight line is 

considered. Subscript n denotes the variables for the nth PV array.  

To proportionally share the output power among PV sources, the formula for achieving the 

main objective is written as 
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𝑃𝑃�𝑝𝑝𝑝𝑝,1

𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,1
=

𝑃𝑃�𝑝𝑝𝑝𝑝,𝑛𝑛

𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛
 (4.6) 

 

Equation (4.6) means the ratio of output power to maximum power for each PV source has to 

be approximately the same as others. In other words, the desired PV array power heavily 

depends on its maximum available power under varying atmospheric conditions, as well as 

the ratio of the present power to the total amount of maximum PV power. By substituting 

(3.3) into (4.5), it yields 

𝑃𝑃�𝑝𝑝𝑝𝑝,𝑛𝑛 =
𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛
𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉�𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

∙ 𝑚𝑚𝑛𝑛 ∙ (𝑉𝑉𝑑𝑑𝑐𝑐 − 𝑉𝑉𝑑𝑑𝑐𝑐∗ ) + 𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛 (4.7) 
 

where  𝑚𝑚𝑛𝑛  is a constant droop coefficient of the nth PV array. The maximum allowable 

voltage should be reached when the value of solar power is zero. The equation for calculating 

a droop coefficient can be expressed as 

𝑚𝑚𝑛𝑛 = −

𝑑𝑑𝑃𝑃
𝑑𝑑𝑉𝑉�𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

�𝑉𝑉𝑑𝑑𝑐𝑐,𝑚𝑚𝑙𝑙𝑥𝑥 − 𝑉𝑉𝑑𝑑𝑐𝑐∗ �
 (4.8) 

 

where 𝑉𝑉𝑑𝑑𝑐𝑐,𝑚𝑚𝑙𝑙𝑥𝑥 is the upper voltage limit of the dc bus in an islanded dc MG. Compared to the 

equation in [10], a negative sign is included in (4.8) to ensure the value of the droop 

coefficient is always positive due to negative dp/dv values in the operating range. This is in 

line with the illustration of (4.5). It turns out that (3.3) calculates a negative reference 

command for the inner dp/dv regulator to provide adequate solar energy. 

4.3.3 Challenges and Limitations of Conventional Droop Control Strategy 

Debate continues about the best coordinated control strategies for the power management of 

an islanded dc MG system. A decentralized control configuration has some advantages over 

the other two main strategies, namely centralized and distributed control. This includes 

absence of communication agents, easy to implement, plug-and-play capability, and no 

transition between two independent control methods. The classical coordinated control is used 

to produce the preliminary results in [10]. This yields an improved dynamic performance of 

an islanded dc MG. However, there are some drawbacks associated with the conventional V-

dp/dv droop control technique such as poor transients and significant fluctuations in PV 

output power. In this section, the limitations and key challenges of the conventional V-dp/dv 
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control method are investigated. The thesis provides new insight into the decentralized 

coordination control, which indicates some of the theoretical problems occurred in [10].  

First, the primary control parameter dp/dv can be described as a category of voltage reference 

control which is employed in the inner control loop, as shown in Figure 4.5. The PV output 

voltage has become a dominant variable to participate in proportional power balancing, as 

well as dc-link voltage regulation. The capacitor voltages are typically regarded as slower 

variables, compared to the current references in a cascade control system. In a PV standalone 

mode, the dc-link voltage of the dc MG system is expected to rise at the beginning of the 

voltage restoration. This is mainly because the conventional V-dp/dv control requires a 

voltage deviation to identify the correct amount of power to be generated by each PV array. 

When it comes to the inner control loop, the dp/dv is again a voltage reference signal which 

fails to comply with the fundamental rule of a general cascaded loop. In theory, the response 

speed of the inner control loop should be at least ten times faster than the outer loop in such a 

way that a promising dynamic performance can be achieved. This is the key mechanism of a 

multi-loop feedback control system. In this scenario, the inner dp/dv regulator takes longer 

than usual to reach a steady-state value in response to short-term transients. To conclude, it 

could result in a poor dynamic behaviour such as huge overshoot and long settling time which 

has an adverse impact on the fluctuations of PV power.  

In [10], the results show that there are significant voltage overshoots and undershoots. The 

maximum overshoot at standard test conditions is around 4% of the dc bus voltage in their 

experiments. Another possible explanation for these results is that a classical PI controller 

instead of full PID controller is implemented to calculate the duty cycle of a dc-dc converter. 

Generally speaking, the derivative gain is mainly used to reduce the overall overshoot of the 

system dynamic response. In the simulation model, a PID controller is deployed to yield an 

improved system dynamics of an islanded dc MG. Meanwhile, it offers an opportunity to 

assess the feasibility of devising a novel control algorithm based on the method in [10].  



Chapter 4. Comparison of Conventional and V-dp/di Droop Control Methods 

  56 

 

Figure 4.8 The percentage error in the measurement of di/dv. 

Plus, it is challenging to calculate the actual value of dp/dv for a PV array, due to the intrinsic 

error arising from the non-linear relationship between PV array power and output voltage. It is 

noted that di/dv stands for the derivative of current to voltage. As illustrated in Figure 4.8, the 

percentage error of measured di/dv values is at an average rate of 2%. This is produced by 

measuring the di/dv in MATLAB/Simulink, and by calculating the expected di/dv by (4.4). 

The larger the di/dv, the closer the MPP. Surprisingly, the percentage error of di/dv around 

the MPP grew 6% on average. This result may be explained by the fact that these values are 

treated as a part of maximum PV power. The value of di/dv decreased more than 25% in the 

first 50 W range of a 2 kW PV source. Provided that the di/dv value around the MPP is small, 

the mode of operation should be MPPT mode where the PV output power is maximally 

harvested. It is worth to mention the impact of di/dv, since it is the key issue to calculate a 

precise value of dp/dv. 
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Figure 4.9 The percentage error of measured dp/dv value. 

As shown in Figure 4.9, the percentage error between measured and calculated values of 

dp/dv on the right side of MPP is presented. The percentage error in Figure 4.9 is an absolute 

value. Zero value of dp/dv represents the MPP of a PV array. Due to the effect of di/dv, the 

first two values of percentage error of dp/dv dramatically rose 14% and 19%, respectively. 

The larger the dp/dv, the worse the accuracy. All of the remaining errors fall into a range of 2 

to 4%. The parameter dp/dv is incapable of generating sufficient PV power to the load, 

because of lack of ability to compute a precise value of dp/dv in the feedback loop. It results 

in excessive power oscillations in the PV system. This is the major drawback of employing 

dp/dv in a decentralized control system.  

To avoid the short-circuit problem, a PV voltage is expected to operate on the right side of the 

MPP in a P-V characteristics. It can be observed in Figure 4.6 that the PV voltage is in the 

range of open-circuit value and MPP, given the dp/dv value should be below zero. This can be 

accomplished by introducing a limiter to restrict the range of dp/dv, in order to ensure it is 

always equal to or less than zero. A steeper downward tilt to the line can be found in P-V 

characteristics on the right side of the PV curve. Consequently, the dp/dv is sharply declined 

with the PV power. This turns out an inevitable error obtained in Figure 4.9. The small 

variation in dp/dv results in a notable increase in power oscillations and thus a poor PV power 

quality.  
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In [81], an investigation into the step size for INC MPPT method was carried out. The rate of 

change of PV array power versus voltage is normalised in per-unit system. The operating 

region of the dp/dv regulator is only valid, at which the output voltage of PV source is higher 

than its voltage at MPP. The range of negative values of dp/dv is significantly varied with a 

small change in PV array voltage. However, the corresponded PV output power is greatly 

affected. In Figure 4.9, the graph clearly displays the intrinsic error between measured and 

actual values of dp/dv. The impact of power oscillations can partially be caused by the 

inherent error. Besides, in [81], there is a compromise between fast dynamic response and 

steady-state fluctuation, in which the issue associated with INC MPPT algorithm should be 

addressed. This implies some improvements can be performed by devising an advanced 

control scheme to realise fast system dynamics and excellent steady-state response. 

Sangwongwanich et al. indicated that the values of dp/dv on the right-hand side of the MPP 

are abruptly changed [71]. Last but not least, they provided the main downsides of 

implementing dp/dv regulator, including high power loss, huge power oscillations, and low 

tracking accuracy. The key drawbacks of dp/dv controller are mentioned in [81]. Eventually, 

this is the focus of the thesis to yield enhanced dynamic characteristics of an islanded dc MG. 

A variable step-size Incremental-resistance (INR) MPPT algorithm was proposed in [82]. The 

traditional INC tracking method is one of the most commonly used MPPT algorithms in 

literature. Generally speaking, this benefits from high tracking efficiency and simple 

implementation reported in [82]. However, there is a trade-off between transient response 

speed and steady-state performance. To further enhance the overall performance of the MPPT 

method, some studies have suggested a variable step size to accommodate fast changing 

irradiance. A small step size is used in a steady state to suppress the oscillations. Plus, the 

maximum step size is employed to increase the dynamic response speed under significant 

change in ambient conditions. In [82], they conducted simulation and experimental studies to 

prove that INR method has a faster dynamic response and wider operating range than INC 

MPPT algorithm, leading to an excellent tracking accuracy during steady state. Given dp/dv 

can be used as a direct control variable to proportionally share the PV array power in [10], 

similar control algorithm with INR MPPT method should be able to be implemented. 

4.4 Proposed V-dp/di Droop Control Strategy 

A common approach to improve the dynamic and steady-state characteristics is adaptive PI 

control. In [50], Wang et al. proposed an adaptive PI control scheme to offer a substantial 
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improvement of the response speed in a dc MG system with parallel dc-dc converters. They 

carried out some experiments to understand the impact of increasing proportional or integral 

term in closed-loop pole trajectories. The increase in proportional gain leads to reductions in 

rise time and SSE. However, the research reported that a counter effect on eliminating the 

error signal with high proportional gain is observed in root locus analysis. The main drawback 

of a traditional PI controller is the compromise between system dynamics and SSE. Similar 

experiment to investigate the effects of rising integral term was carried out in [50], following 

the test of proportional term. Increasing the integral term eliminates the error in a steady state, 

but it causes huge oscillations of a step response. Besides, it is worth to highlight that an 

extreme value of proportional and/or integral gain could result in system instability. The 

adaptive proportional term heavily depends on the error signal of inner current loop. For 

instance, a large proportional gain is used for those errors above the threshold value, and vice 

versa. High complexity is the key disadvantage of this solution. Therefore, in the following 

sections, a novel decentralized control method based on a second differential term is 

presented to tackle those challenges.  

To devise a novel voltage droop control algorithm, several attempts have been made to tackle 

the key challenges of the conventional droop controller. As previously mentioned, the 

selection of a primary control parameter should be reconsidered to perform proportional 

power sharing. The INR MPPT control technique is adopted in the proposed V-dp/di control 

method to yield an improved dynamic behaviour and steady-state performance of the dc MG 

system. Equation (4.10) shows that the control variable of dp/di is indeed the dv/di, which is 

exactly the same control parameter as the one in INR MPPT control.  

The V-dp/di droop control method based on a second derivative of power to current is 

proposed in this study, as shown in Figure 4.10. Basically, the droop control implementation 

consists of dc bus voltage controller, dp/di regulator, and steady-state compensator. First, with 

the help of droop coefficient, the voltage restoration can be attained by linearly increasing the 

desired dc-link voltage, at which the set-point of dp/di rises from zero. The zero value 

represents the MPP of the PV array. When the load demand is less than the maximum 

available power generated by PV arrays, the dc bus voltage can be linearly increased in order 

to output a value of dp/di. This reference value is used to produce sufficient PV power to the 

load and therefore the new power level should be less than the MPP. During steady state, the 

second differential term is activated to further minimise the SSE. Eventually, a classical PID 

controller is used for achieving the desired dynamic response. The key features of the 
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proposed droop control strategy are absence of digital communication agent, smooth 

transition between operation modes, and excellent steady-state performance. Similar to the 

study in [10], a droop coefficient is deployed to linearize the P-I characteristics and control 

the solar power in proportion under ambient conditions. For simplicity, the power sharing 

algorithm for multiple PV modules is assumed to be a linear relationship in a decentralized 

approach, in which a satisfactory transient response is obtained in the results section.  

 

Figure 4.10 V-dp/di droop control strategy based on second differential of current approach. 

4.4.1 Working Principle of Control Parameter dp/di 

To understand the fundamental theory of dp/di, it is crucial to review the characteristics of PV 

array and integrate with voltage droop controller and steady-state compensator. The term 

dp/di stands for the derivative of PV power with respect to current. In contrast to the 

conventional V-dp/dv droop control, the proposed V-dp/di control strategy is based on a 

current approach. It would be a good approach for a cascaded loop to ensure the inner loop is 

at least ten times faster than the outer loop. As can be seen from Figure 4.11, the P-I 

characteristic curve of a PV source is introduced to illustrate the electrical behaviour. At the 

beginning of the generation process, the PV current starts from zero at which the PV output 

voltage is the open-circuit value. It can be observed that the maximum PV array current is 

reached in which the dp/di is zero. This refers to the local maximum point of a curve. As a 

result, the operating point of the PV system has to be on the left side of the P-I curve, in 

which the slope of dp/di grows steadily with a wide range of PV current values. This is known 

as gentle slope. In a mathematical analysis, compared to the P-V characteristics in Figure 4.6, 

the change in PV output power is gradually increasing with a broad range of PV current 
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values. A particular amount of PV power is perfectly represented by the PV current, of which 

the value of dp/di can be used to manipulate the solar power to supply the consumer load. The 

dp/di regulator has to match that of the set-point with minimal SSE, in order to produce 

adequate electrical energy.  

 

Figure 4.11 P-I characteristics of a PV array. 

In [82], the authors summarised that the INR MPPT algorithm has a faster dynamic response 

speed than INC method. Meanwhile, the variable step size INR MPPT scheme takes 

advantage of high tracking accuracy to curtail the PV array power. The inner control variable 

of the proposed V-dp/di method is similar to the design of variable step size. Indeed, the value 

of dp/di tracks the common bus voltage deviation in every switching cycle, which turns out an 

improved steady-state performance and better dynamic response with the INR MPPT 

algorithm. 
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Figure 4.12 P-dp/di characteristics of a PV array. 

The P-dp/di characteristics of the 2 kW PV source can be observed in Figure 4.12. The 

characteristic curve can be expressed as a proportional relationship, at which it has a solar 

power below approximately 90% of MPP (1.8 kW). There are some inherent power losses in a 

standalone PV system, including converter losses, measurement errors, and margin of error of 

MPPT algorithm. Generally speaking, the practical maximum threshold value of PV power 

over 90% is assumed to be a MPP. The linearized part of the curve benefits from a clear 

representation of dp/di to a specific PV power level, and thus the system response is less 

affected by the confusion due to small percentage error. In an islanded dc MG, especially in 

PV standalone mode, it is of principal importance to enhance the dynamic response 

performance. The use of a novel control variable dp/di results in a significant increase in 

MPPT tracking accuracy, in which the results can be observed in Figure 6.19. The graph 

shows that there is no voltage overshoot under step irradiance change. Meanwhile, the power 

ripple in V-dp/di method is found to be less than the power fluctuations in conventional V-

dp/dv method. The details can be referred to Section 6.4.2. 
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Figure 4.13 The percentage error of measured dv/di value. 

To make a comparison of the conventional dp/dv and proposed dp/di methods, this is the first 

study to investigate the key factors that assess the overall dynamic characteristics of the 

control systems, to the best of authors’ knowledge. One of the major concerns addressed in 

the conventional V-dp/dv droop control strategy is the effect of percentage error in 

experimental value. The theoretical value of dp/di is incremented with an interval of 10. 

Afterwards, the measured value in MATLAB/Simulink can be used to calculate the 

percentage error between ideal and measured values for each dp/di. As shown in Figure 4.13, 

the mean percentage error in dv/di drops to a record low of 1.3%, except for two extreme 

values. The averaged percentage error of di/dv in Figure 4.8 is 2%, which is much larger than 

proposed dv/di. It could be argued the extreme values may lead to the system stability issues, 

since the results with a local extremum of 13% are statistically significant. An explanation for 

this would be that the PV array is operating in MPPT mode at this particular point. The output 

PV power of these two dv/di values is 0.5% less than its rated power, which evidently shows 

the present mode of operation. Nevertheless, in the INR MPPT algorithm, the desired value of 

dv/di at MPP is zero. It is reasonable, therefore, that these extreme values can be negligible in 

voltage regulation.  



Chapter 4. Comparison of Conventional and V-dp/di Droop Control Methods 

  64 

 

Figure 4.14 The percentage error in the measurement of dp/di. 

As can be seen from Figure 4.14, the percentage errors of actual dp/di value by an increment 

of 10 are presented. Consistent with previous findings, Figure 4.14 confirms that the INR 

algorithm in MPPT mode can produce enormous percentage errors in measured dp/di. 

However, it is undoubted that the power ripple of PV generator remains at a low level of 

around 5% in the worst scenario. The larger the dp/di, the better the accuracy. The average 

percentage error of dp/di falls down 1 percentage point to average 1.1%, and a target of a 50% 

reduction in error have been met. Surprisingly, the control term dp/di performs much better 

than conventional dp/dv in voltage restoration mode. It is effortless to calculate the correct 

value of the inner loop variable due to the negligible error in the non-linear P-I curve. The 

devised V-dp/di control strategy is capable of reducing the PV power oscillations. The 

proposed droop control method takes advantage of low percentage error. This is the main 

reason why dp/di has become a new representation of PV output power to be employed as the 

primary closed-loop variable.  

4.4.2 Calculations of dp/di and Droop Coefficient 

This subsection introduces, in detail, the mathematical model of the proposed V-dp/di control 

algorithm. As described in Section 4.3, in [10], a detailed modelling of the conventional V-

dp/dv control is illustrated. In principle, the proposed control strategy can be analysed in a 

similar approach to fully understand the design and theories. In Section 4.3.2, the formula for 

PV array current is differentiated with respect to PV voltage in order to obtain (4.4). To 
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reduce the computational complexity, the reciprocal of (4.4) is the exact representation of 

dv/di. The equation can be rewritten as 

𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝
𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝

= −
1 + 𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜𝑥𝑥𝑅𝑅𝑠𝑠𝐵𝐵𝑥𝑥�𝑃𝑃𝑝𝑝𝑝𝑝+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠�

𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜𝑥𝑥𝐵𝐵𝑥𝑥(𝑃𝑃𝑝𝑝𝑝𝑝+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠)  (4.9) 
 

𝑤𝑤ℎ𝐵𝐵𝐵𝐵𝐵𝐵 𝑥𝑥 =
𝑞𝑞

𝑁𝑁𝑠𝑠𝐴𝐴𝑘𝑘𝑇𝑇
 

The term dv/di is the most complicated part in the mathematical expression of the devised 

variable, as the conventional dp/dv method suffers from huge SSE. In [10], a note of caution 

is due since the equation is inconsistent with the simulation model. For this reason, (4.9) is 

validated by the simulation study to confirm the feasibility of the mathematical analysis. As 

shown in Figure 4.13 and Figure 4.14, these outcomes support the idea of implementing dp/di. 

Therefore, the expression for calculating dp/di of a PV array can be obtained as 

𝑑𝑑𝑃𝑃𝑝𝑝𝑝𝑝
𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝

= 𝑉𝑉𝑝𝑝𝑝𝑝 + 𝐼𝐼𝑝𝑝𝑝𝑝
𝑑𝑑𝑉𝑉𝑝𝑝𝑝𝑝
𝑑𝑑𝐼𝐼𝑝𝑝𝑝𝑝

 (4.10) 
 

Equation (4.10) is implemented in Simulink to conduct a simulation study, in which the form 

of this equation is validated in [83]. The feedback value of dp/di should be computed in every 

duty cycle, according to the designated switching frequency, for the purpose of generating 

adequate PV power. Taking signal processing into consideration, a piece of code can be 

written in this form to calculate dp/di. Another definition of dv/di would be the slope of line 

tangent of P-I curve. It implies, by subtracting the previous value from the present value, the 

PV power derivative is comfortably obtained. When it comes to the experimental study, it is 

important to reduce the number of steps of the compilation process for accelerating the 

control algorithm. There are two critical factors associated with (4.10) to affect the steady-

state performance of the dc MG system, including measurement errors and quality of dv/di. 

The concern is, when the inner loop parameter is manipulated, the PV output power does not 

comply with the desired amount if dp/di contains enormous error. Hence, the issue of power 

oscillations may arise. Provided that the dv/di measurement is accurate, it has become the 

most prominent control variable for the decentralized control algorithm to implement.  

Droop control is the most commonly used solution in a decentralized coordination method to 

realise proportional power sharing among PV arrays, with the help of droop coefficient. In the 

event of power surge, an overvoltage exceeding the dc-link voltage reference value usually 
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occurs in a PV standalone system. Eventually, curtailing the PV array power is mandatory to 

match with the local load demand. The mechanism is that the use of dc bus voltage deviation 

computes the set-point for dp/di, which in turn represents the PV power. As can be seen from 

Figure 4.10, the droop coefficient is multiplied by the voltage deviation to calculate the 

desired value of dp/di. The equation is obtained as 

𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

𝑟𝑟𝑟𝑟𝑟𝑟

= 𝑚𝑚𝑛𝑛(𝑉𝑉𝑑𝑑𝑐𝑐 − 𝑉𝑉𝑑𝑑𝑐𝑐∗ ) −
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

∗

 (4.11) 
 

where 𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

𝑟𝑟𝑟𝑟𝑟𝑟
 is the reference value of dp/di, 𝑚𝑚𝑛𝑛 is the droop coefficient for 𝑛𝑛𝑜𝑜ℎ PV module, 

and 𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

∗
 is the rated dp/di. Figure 4.11 highlights the zero slope of P-I characteristics at MPP, 

which is exactly the nominal value of dp/di.  

The non-linear characteristic of a PV module can be described by a linear equation to reduce 

the computational complexity of the mathematical function. In [84], the writers introduced 

some key terms to elaborate the meaning of a linearized model. Literally, second or higher 

order ac variation terms are eliminated in the process of linearization, in which it is left with 

dc terms and first order variation terms. All the non-linear terms are neglected to make the 

mathematical operations more accessible. A straight line is used in P-dp/di curve to express 

the linear relationship. Considering the standard form of a straight line (y = mx + c), it yields 

𝑃𝑃�𝑝𝑝𝑝𝑝,𝑛𝑛 = 𝑓𝑓 �
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼 𝑛𝑛

� = −
𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼 �𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

∙
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼 𝑛𝑛

+ 𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛 (4.12) 
 

where 𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼
�
𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

 is the dp/di value at open-circuit voltage of the 𝑛𝑛𝑜𝑜ℎ PV source, and 𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼𝑛𝑛

 is the 

value of dp/di for the 𝑛𝑛𝑜𝑜ℎ PV array.  

Substituing the open-circuit voltage of the PV array into (4.10), one obtains 

𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼
�
𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

= 𝑉𝑉𝑜𝑜𝑐𝑐,𝑛𝑛 (4.13) 
 

Compare (4.13) with (4.2), it can be summarised that the mathematical operations of the 

proposed V-dp/di method are simpler. Equation (4.13) is critical for computing the linear 

droop coefficient for the PV curve. The issue of measuring dp/dv is explained in Section 4.3. 
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However, the initial droop coefficient for dp/di is effortlessly achieved in (4.15). By 

substituting (4.11) into (4.12), the equation can be rewritten as 

𝑃𝑃�𝑝𝑝𝑝𝑝,𝑛𝑛 = −
𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼 �𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

∙ 𝑚𝑚𝑛𝑛(𝑉𝑉𝑑𝑑𝑐𝑐 − 𝑉𝑉𝑑𝑑𝑐𝑐∗ ) + 𝑃𝑃𝑚𝑚𝑙𝑙𝑥𝑥,𝑛𝑛 (4.14) 
 

Taking the initial operating state into account, the PV open-circuit voltage would be the 

maximum threshold voltage of the system. The formula for computing the droop coefficient is 

expressed as 

𝑚𝑚𝑛𝑛 =

𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼 �𝑃𝑃𝑜𝑜𝑜𝑜,𝑛𝑛

𝑉𝑉𝑑𝑑𝑐𝑐,𝑚𝑚𝑙𝑙𝑥𝑥 − 𝑉𝑉𝑑𝑑𝑐𝑐∗
 (4.15) 

 

Equation (4.15) is the standard form for the computation of a reference droop coefficient. 

However, control engineers should always attempt to manually tune the droop rate in order to 

achieve optimal dynamic response. This is due to the fact that the calculated droop coefficient 

is a linear variable. It is similar to the prediction of a proportional gain in control theory and 

so manual tuning is usually found to be useful in optimising the voltage regulator. Moreover, 

a trade-off between the system stability and voltage deviation is seen as a challenge for 

engineers. The idea is supported by the papers in [10] and [70]. An increase in droop 

coefficient results in a reduction in voltage deviation, but an overall degradation of the system 

stability, and vice versa. It is vital to bear in mind that the upper limit of the dc-link voltage is 

usually restricted. This is always the first priority to be taken into consideration, since the dc-

link voltage is indispensable for operating an islanded dc MG. 

To begin with, the system dynamics of the cascaded loop depend largely on the inner dp/di 

regulator. Initially, the traditional PID controller computes the error value between the desired 

dp/di and feedback values. This error is processed by the compensator to calculate a duty ratio 

to drive the power MOSFET of the boost converter. It is noted that the second differential 

term is only included in the control loop during steady state. There exists a conditional signal 

to autonomously enable/disable the function of enhancing the steady-state performance, 

which is described in detail.  

The second derivative of power to current is proposed to remarkably minimise the SSE, 

following the concern raised in the PV power fluctuations. During the steady state, it is 
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assumed that the SSE between final desired output and feedback value is eliminated with the 

support of PID controller. However, oscillatory response usually occurs due to the switching 

operation of a power converter. This is known as control fluctuations. The influence of 

voltage oscillations is a serious problem to a single-bus dc MG, as the voltage deviation is 

crucial for droop control. The oscillatory response of dp/di is affecting the dc bus voltage, 

given the inner loop usually reacts ten times faster than outer loop. The islanded dc MG 

system may collapse if the value of dp/di continues to fluctuate under steady-state condition. 

To provide a high quality steady-state performance of the entire system, it is essential to 

propose an advanced controller to significantly reduce the oscillations of dp/di, so that the 

overall quality of PV power and dc-link voltage can be improved. As shown in Figure 4.10, 

the equation for describing the error signal of dp/di is derived as 

𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟

=
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

−
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

𝑟𝑟𝑟𝑟𝑟𝑟

+
𝑑𝑑2𝑃𝑃
𝑑𝑑𝐼𝐼2

 (4.16) 
 

where 𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

𝑟𝑟𝑟𝑟𝑟𝑟𝑜𝑜𝑟𝑟
 is the error signal of inner PID controller, and 𝑑𝑑

2𝑃𝑃
𝑑𝑑𝐼𝐼2

 is the second differential of 

PV current to power.  

The proposed dp/di regulator performs the basic function of manipulating the control variable, 

as well as the second differential term. In a steady state, the error of dp/di is supposed to be 

close to zero. Afterwards, the PID controller focuses on the further reduction in the change of 

dp/di, which is known as second derivative of PV power to current. If the line tangent of dp/di 

is regulated, then the steady-state performance of the dc MG will be improved, in particular 

the oscillatory response. There is a conditional signal to activate the second differential 

approach during steady state. Otherwise, it may slow down the transient response of the 

system. In the worst scenario, the use of second differential term leads to system instability. 

First, it is crucial to ensure that the system is in a steady state. Comparing the previous value 

with present feedback, any difference less than 0.125% can be analysed as steady-state 

oscillations. Meanwhile, the continuous low ripple should always be smaller than 0.5 V to 

represent the end of dynamic process. As can be summarised in Figure 4.14, the absolute error 

of dp/di is disappeared when the PV output power is below 25%. Therefore, the application of 

second differential approach is subject to a limited range of values, which is in between rated 

value and 25% of maximum power. This is the normal operating range for the dp/di regulator, 

at which the error value of dp/di is becoming significant to the controller.  



Chapter 4. Comparison of Conventional and V-dp/di Droop Control Methods 

  69 

4.4.3 Analysis of Operation Modes 

This section introduces three key modes of operation in a PV-based dc MG, namely grid-

connected mode, battery islanded mode and PV standalone mode, to understand how the 

proposed V-dp/di control scheme handles these challenging situations in the power 

management of solar energy. In [49], an adaptive decentralized control method is established 

to control various electrical elements based on the dc bus voltage. They defined some 

operation modes to give a detailed explanation of the dominant energy sources. However, the 

main drawback of implementing the control scheme is voltage fluctuations around threshold 

values. To prevent the inconsistency of the control strategy, the study mitigates the impact by 

avoiding voltage oscillations around the threshold value. In contrast, the proposed V-dp/di 

algorithm takes advantage of all-in-one control system, in which the solution accommodates 

with each operation mode. No mode switching is required in the proposed V-dp/di control 

strategy. If the dc bus voltage is less than or equal to 400 V, then the operation mode will be 

either grid-connected or islanded mode depending on the grid and battery. Otherwise, it is 

operating in PV standalone mode when the dc bus voltage is higher than reference value.  

One of the most commonly used operation modes in a dc MG is grid-connected mode. In [49], 

it is summarised that the grid-connected converter would be the dominant energy source. In 

other words, a grid-connected single-phase inverter is the only component of the PV-based dc 

MG to maintain the dc-link reference voltage in grid-connected mode, regardless of how the 

battery or PV array behaves. The common bus voltage is always kept constant with the help 

of bi-directional grid-connected inverter. For the BESS, it may provide or store energy 

depending on the SoC and voltage of the battery. For instance, the battery is charged up once 

the SoC reaches an upper safety limit of 80%. The multi-loop in the grid-connected inverter 

adjusts the converter current to maintain the dc-link reference voltage. As a result, BESS is 

irresponsible for the dc bus voltage regulation in this case. A cascaded loop is suitable for 

extracting the surplus power from the PV source and grid, in which the outer loop controls the 

dc bus voltage and inner loop controls the battery current. In battery mode, a PV system 

harvests the maximum available power from the solar panels under the ambient conditions. 

The solar power generation is undertaken by implementing a traditional INC or P&O MPPT 

algorithm.  

In an islanded mode, where connection to the utility grid is unavailable, BESS plays a critical 

role in restoring the common dc-link voltage at certain level, and balancing the load demand 
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and energy supply. The disconnection from the main grid results in a temporary loss of the 

most reliable voltage regulator. This is the key reason to install a BESS in a PV-based dc MG 

system to tackle the issues related to power outage. The study in [49] analysed that the BESS 

has become the major energy source of the dc MG system. The battery is capable of absorbing 

excess renewable power in case of low demand. Besides, it can supply adequate energy to the 

load during periods of low, or negligible power production from RES. The task of the PV 

array is exactly the same as usual, which harvests the maximum solar energy from the Sun. 

The function of voltage restoration in a PV system is disabled at this stage. As can be 

observed in Figure 4.10, when the feedback value is equal to the reference voltage, the value 

of dp/di is always zero. A horizontal tangent line represents the MPP of a PV array, and hence 

the framework of the proposed V-dp/di control algorithm for PV module remains unchanged 

in the battery islanded mode.  

It can be assumed that the battery can be charged up in an islanded mode when the upper safe 

limit is reached, i.e. 80% of SoC level. This is commonly referred to as PV standalone mode. 

Both grid and BESS are unavailable to support the dc MG. The PV standalone system is made 

up of solar panels, power electronic converters, and individual consumer loads. As a result, 

the PV array has to act as a dominant power source in the PV standalone mode to participate 

in dc bus voltage regulation. The voltage deviation, with the support of droop control 

algorithm, is used to represent the desired amount of power generated by a PV array. In case 

of low load demand, curtailing the PV output power is the best available solution to ensure 

the stable operation of a dc MG in battery islanded or PV standalone mode. However, during 

periods of low, the proposed controller switches back to the inner dp/di regulator to harvest 

the maximum electrical energy under ambient conditions. Once the battery capacity drops 

below the upper boundary, the cascaded loop of BESS is re-activated to support the dc MG 

with seamless transition between operation modes. The BESS has become the dominant 

energy source and reacted to voltage deviation. Therefore, the PV arrays can be operated in 

MPPT mode without the need to regulate the dc bus voltage. This is the key benefit of 

implementing the proposed V-dp/di control.  

4.4.4 Digital Control System 

In recent years, researchers have shown an increasing interest in the field of digital control 

system. The concept of implementing the cascade control in a DSP has many advantages over 

the analogue control, including high flexibility, visible control panel, cost effective, advanced 
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adaptive control, and easy to upgrade. The skeleton of a digital control loop can shortly be 

reconfigured in the platform such as Code Composer Studio™. In practice, the test rig of this 

thesis is monitored by a DSP in real-time, in which the digital control system is coded and 

implemented. Besides, the real-time information of the test rig can be displayed on the user 

interface established in MATLAB, which is regarded as graphical user interface. This allows 

the discrete control system to show the status of the plant and control loop, which is easier for 

engineers to locate possible errors in the system. On the other hand, some typical 

disadvantages of digital control could be complex to design and signal loss issue. Sampling 

the input signal is the key step for a discrete-time system, in which some information of the 

analogue signal is lost during the sampling process. However, by increasing the frequency of 

sampling, the effect of signal loss is usually mitigated. The recommended frequency for 

recovering a continuous signal would be at least ten times larger than the signal frequency. 

The benefits of digital control, therefore, far outweigh the downsides.  

In a digital system, it is critical for the DSP to sample the feedback input signal in signal 

processing. The block for sampling a signal is known as zero order hold (ZOH). It is applied 

to sample and hold the signal in discrete-time domain. The sizes of passive power elements 

can greatly be reduced by a high switching frequency. A saturation block is used as an 

actuator to limit the output of the control loop. This enables the control system to output a 

duty ratio to drive the power converter. Considering the impact of ZOH, the equation for 

including the ZOH effect and taking z-transform of a transfer function is written as 

𝑚𝑚(𝑘𝑘) = (1 − 𝑘𝑘−1)𝑍𝑍 �
𝑚𝑚(𝑟𝑟)
𝑟𝑟

� (4.17) 
 

where 𝑚𝑚(𝑘𝑘) is the z − transform of the plant 𝑚𝑚(𝑟𝑟) including the effect of ZOH.  

It is vital to calculate the present value of second derivative of power to current. The 

application of unit delay block results in a second derivative of the line tangent at the output 

of the sum block. As highlighted in Subsection 4.4.4, the second differential term is included 

in the inner loop at which the dc MG is in a steady state. There are two conditions suggested 

by the proposed V-dp/di method to identify the state of the dc MG. The assumption of the 

inner dp/di regulator is that the error of dp/di is around zero, which means the steady-state 

value has been reached. First, the value of dp/di has to be less than or equal to 130. The limit 

130 refers to 500 W of PV array power. The reason for setting up this minimum limit is that 

the absolute error of dp/di for the output power less than 500 W is only about 0.01%. It means 
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the accuracy of dp/di in low power range is almost perfect, and hence it is unnecessary to 

enable the second differential term to reduce the SSE. Second, the dc-link voltage fluctuations 

between present and previous values should be less than 0.5 V to confirm the system is stable. 

The AND gate is used to output ‘1’ to the conditional signal, so that the second derivative of 

power to current is permitted to be included in the primary loop. The introduction to the 2nd 

differential term further enhances the steady-state performance of the dc MG. It will not 

become a disturbance signal to the controller in the process of electrical transient state, since 

the 2nd derivative control can autonomously be terminated.  

The formula for expressing a traditional discrete-time PID controller can be written as 

𝑃𝑃𝐼𝐼𝐷𝐷(𝑘𝑘) = 𝐾𝐾𝑝𝑝 +
𝐾𝐾𝐼𝐼

1 − 𝑘𝑘−1
+ 𝐾𝐾𝑑𝑑(1 − 𝑘𝑘−1) (4.18) 

 

where 𝐾𝐾𝑝𝑝 is the proportional gain, 𝐾𝐾𝐼𝐼 is the integral gain, and 𝐾𝐾𝑑𝑑  is the derivative gain of a 

classical PID controller. The z-domain represents the discrete-time domain of the controller, 

in which it is applied in a DSP for processing digital signals. The error of dp/di regulator is 

fed into the digital PID controller for calculating a duty cycle. Afterwards, a PWM signal is 

generated for driving the ON/OFF operations of the switch in a boost converter.   
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4.5 Chapter Summary 

In this chapter, the proposed V-dp/di control algorithm is illustrated in detail to outline the 

working principle of droop coefficient and dp/di regulator. The conventional V-dp/dv droop 

control method is discussed to list the key challenges and limitations, including poor dynamic 

performance, enormous measurement error of inner control variable, and low PV power 

quality. In terms of the classical control scheme, this may require two individual feedback 

control loops for PV standalone and MPPT modes, respectively. Therefore, the proposed V-

dp/di droop control strategy benefits from all-in-one topology, promising dynamic 

performance and high quality of PV output power. In the meantime, it is capable of sharing 

load demand among multiple PV sources in proportion, according to their rated powers.  

To facilitate the development of droop control method, the inner control variable (dp/di) is 

devised to manipulate the desired power level of PV arrays. The application of dp/di regulator 

has a significant impact on the measurement accuracy of the inner variable, in which the 

control term remarkably enhances both dynamic and steady-state performance. A complete 

PID controller is implemented to particularly suppress the overshoots and undershoots of the 

common bus voltage. The mathematical analysis of the proposed V-dp/di control algorithm is 

demonstrated to fully understand the calculations of droop coefficient and its control 

parameters.  

A novel second derivative of PV power to current approach is proposed in this thesis to 

improve the steady-state characteristics of the system. Two conditions applied in the 

conditional signal are the key factors to identify the present status of a dc MG. The second 

differential term is enabled during steady state and will be immediately deactivated if there is 

a dramatic change in system dynamics. The overall variation in dp/di is mitigated and thus the 

quality of the corresponding PV power is notably promoted. Furthermore, an analysis of the 

three main operation modes is presented to show the robustness and effectiveness of the 

proposed V-dp/di method in an islanded dc MG system with multiple solar panels.  
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Chapter 5. Stability Analysis of Proposed V-dp/di and Conventional 

Methods 

5.1 Introduction 

Stability analysis is critical for control engineers to understand the steady-state characteristics 

of a control algorithm implemented in a power system. In [10], [70], the approach of 

employing the conventional V-dp/dv method in a buck converter is presented. The main 

benefit of using a buck converter is easy to control. However, the nominal voltage of a PV 

array in a rural area is usually less than the common bus voltage of an islanded dc MG 

system. A boost converter is commonly used in a dc MG to step up the voltage, after which 

the output voltage is always higher than the input voltage. In [85], a system identification of a 

step-up dc/dc converter is carried out. There is a right-half-plane (RHP) zero contained in the 

transfer function. It exists in the pole-zero map for boost converter, but not buck converter 

[86]. This is referred to as non-minimum phase system. The step response of a boost 

converter first moves towards the opposite direction of the steady-state value, which results in 

a voltage sag at the beginning of dynamic process. In literature, there has been little 

quantitative analysis of boost converter in a PV-based dc MG system, particularly in a 

decentralized control approach.  

The stability analysis presented in this thesis is essential to validate the system parameters of 

a PV-based dc MG, and to examine the stability of the proposed V-dp/di control algorithm. 

The comprehensive stability analysis of proposed and conventional methods for a PV system 

with boost converter in frequency domain is introduced. The line tangent of the PV 

characteristics is linearized about the quiescent operating point to describe the small-signal 

PV model. Considering the linear first-order ac variations, the small-signal equivalent circuit 

of a boost converter is illustrated in the analysis. It is assumed that the boost converter is ideal 

in the calculations, neglecting the effect of ESR. The open-loop duty ratio-to-PV voltage 

transfer function of the PV system is derived in this thesis. A classical PI controller is 

deployed in the control algorithm. The closed-loop transfer function of the inner control loop 

can be obtained. There are three key parameters for analysing the steady-state performance, 

including phase margin, gain margin, and bandwidth. Phase margin refers to the amount of 

phase that the system is marginally stable. Gain margin is defined as the required amount of 

change in gain to make the system unstable. A typical system with greater gain margin and/or 

phase margin results in greater stability. Bandwidth is a gain crossover frequency in which the 
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magnitude of bode plot does not fall below 0 dB point or -3 dB in theory, and this is known as 

cutoff frequency. Taking droop coefficient into account, an overall transfer function of 

decentralized control method is derived. The transfer function is then implemented in 

MATLAB to investigate the proposed and conventional control strategies, respectively. 

Afterwards, the second set of outcomes are produced by the simulation model and compared 

with the stability analysis. The results obtained in Simulink model validate the feasibility of 

the stability analysis on the steady-state performance evaluation of the proposed V-dp/di 

method. The comparison study between them for a PV-based dc MG system in a PV 

standalone mode is provided to have a deep understanding of the novel control algorithm. To 

maximise the performance of the dc MG system, various controller tuning criteria for the 

proposed V-dp/di method are given in detail.  

5.2 Stability Analysis of Conventional V-dp/dv Control Method 

In [10], they have reported the tangent line to a linear I-V curve of a PV array, one obtains 

𝐾𝐾𝑝𝑝𝑝𝑝1 =
∆𝑖𝑖𝑝𝑝𝑝𝑝
∆𝑑𝑑𝑝𝑝𝑝𝑝

 (5.1) 

 

Figure 5.1 Small-signal model of an ideal step-up converter. 

The small-signal model in this study is linearized about the quiescent operating point, in 

which all dc terms and second-order non-linear ac terms are neglected. As shown in Figure 

5.1, the small-signal ac equivalent circuit for an ideal boost converter is presented [84]. The 

input side of the circuit would be the PV output voltage. Overall, the PV array power is 

transferred from the solar panels to the resistive load via the dc bus. The small-signal 

dynamics can be expressed in the following linear first-order averaged equations.  

𝐿𝐿
𝑑𝑑𝚤𝚤̂𝐿𝐿(𝐵𝐵)
𝑑𝑑𝐵𝐵

= 𝑑𝑑�𝑖𝑖𝑛𝑛(𝐵𝐵) + 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜�̂�𝑑(𝐵𝐵) − 𝐷𝐷′𝑑𝑑�𝑜𝑜𝑜𝑜𝑜𝑜(𝐵𝐵)  
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𝐿𝐿
𝑑𝑑∆𝑖𝑖𝐿𝐿
𝑑𝑑𝐵𝐵

= ∆𝑑𝑑𝑝𝑝𝑝𝑝 + 𝑉𝑉𝑑𝑑𝑐𝑐∆𝑑𝑑 − 𝐷𝐷′∆𝑑𝑑𝑑𝑑𝑐𝑐 (5.2) 

 

𝐶𝐶
𝑑𝑑𝑑𝑑�𝑜𝑜𝑜𝑜𝑜𝑜(𝐵𝐵)

𝑑𝑑𝐵𝐵
= 𝐷𝐷′𝚤𝚤�̂�𝐿(𝐵𝐵) − 𝐼𝐼𝐿𝐿�̂�𝑑(𝐵𝐵) −

𝑑𝑑�𝑜𝑜𝑜𝑜𝑜𝑜(𝐵𝐵)
𝑅𝑅𝑜𝑜

 
 

𝐶𝐶
𝑑𝑑∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑𝐵𝐵

= 𝐷𝐷′∆𝑖𝑖𝐿𝐿 − 𝐼𝐼𝐿𝐿∆𝑑𝑑 −
∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑅𝑅𝑜𝑜

 (5.3) 

where L is the inductance of the boost converter, 𝐼𝐼𝐿𝐿 is the input current of the inductor, 𝐷𝐷′ is 

the complement of the duty ratio (1-D), 𝐶𝐶  is the dc-link capacitance, and 𝑅𝑅𝑜𝑜  is the load 

resistance. A capital letter represents the steady-state value of a variable. The symbol ∆ refers 

to the ac variations of the small-signal model.  

 

Figure 5.2 Small-signal ac equivalent circuit of boost converter on the input side. 

As can be seen from Figure 5.2, the average small-signal ac model of a step-up converter is 

present to describe the input circuit and derive the formula using Kirchhoff’s Current Law 

(KCL). As a result, the ac variations in the PV voltage are given by 

𝐶𝐶𝑝𝑝𝑝𝑝
𝑑𝑑∆𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝐵𝐵

= ∆𝑖𝑖𝑝𝑝𝑝𝑝 − ∆𝑖𝑖𝐿𝐿  

𝐶𝐶𝑝𝑝𝑝𝑝
𝑑𝑑∆𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝐵𝐵

= 𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝 − ∆𝑖𝑖𝐿𝐿 (5.4) 

where 𝐶𝐶𝑝𝑝𝑝𝑝  is the capacitance of the PV capacitor in parallel with the PV array, 𝐾𝐾𝑝𝑝𝑝𝑝 is the  

slope of the linear I-V curve. The first order derivative of the PV power with respect to 

voltage in terms of ac variations can be linearized and defined as 

𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

= 𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝 + ∆𝑖𝑖𝑝𝑝𝑝𝑝 = 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝 (5.5) 
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Equation (5.5) is clearly unexpected in the analysis. This is due to the fact that the calculation 

of dp/dv is complicated, in which the value of di/dv has to be precise to obtain a practical 

outcome. This is one of the reasons why the value of dp/dv in conventional control method is 

found to be inaccurate. Given the ac variation of dc bus voltage can be neglected in the inner 

dp/dv loop, taking the Laplace transform of (5.2) and (5.4) yield 

𝐿𝐿𝐵𝐵
⇒ 𝑟𝑟𝐿𝐿∆𝑖𝑖𝐿𝐿(𝑟𝑟) = ∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟) + 𝑉𝑉𝑑𝑑𝑐𝑐∆𝑑𝑑(𝑟𝑟)  

𝐿𝐿𝐵𝐵
⇒ 𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟) = 𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟) − ∆𝑖𝑖𝐿𝐿(𝑟𝑟)  

Rearranging the above two expressions, the small-signal control-to-output transfer function 

can be written as 

𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑(𝑟𝑟) =
∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟)
∆𝑑𝑑(𝑟𝑟) = −

𝑉𝑉𝑑𝑑𝑐𝑐
𝑟𝑟2𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝 − 𝑟𝑟𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1 + 1

 (5.6) 

 

Figure 5.3 Bode plots of the open-loop transfer function of PV system without compensation. 

As shown in Figure 5.3, bode plots of the open-loop transfer function of a PV system with 

boost converter can be observed. One of the most commonly used switching frequencies in 

PV applications is 20 kHz, which turns out to be the best starting point. In the inner dp/dv 

regulator, the settling time should be extremely short in order to reduce the error as quickly as 

possible. Eventually, the ripple of the common bus voltage in the open-loop transfer function 

is set to zero for simplification. The phase margin is -179 °, in which a negative value implies 

that it will never reach a steady state. In the meantime, the gain margin of the open-loop 

system is -52 dB. It is considered to be unstable, if any of these two values is negative on 



Chapter 5. Stability Analysis of Proposed V-dp/di and Conventional Methods 

  78 

bode plots. The measured bandwidth of the system response is about 3.4 kHz. Considering a 

switching frequency of 20 kHz, the cutoff frequency at zero amplitude is huge in the open-

loop response. To enhance the stability performance of the PV system, it is mandatory to 

implement a traditional controller such as PI/PID controller to obtain the desired step 

response. The derived transfer function shows the ideal relationship between the PV voltage 

and duty cycle variations. A classical PI controller is deployed to act as a unique controller of 

the conventional V-dp/dv control algorithm and thus it is given by 

𝑃𝑃𝐼𝐼1(𝑟𝑟) =
𝐾𝐾𝑝𝑝1𝑟𝑟 + 𝐾𝐾𝑖𝑖1

𝑟𝑟
 

(5.7) 

The control framework of the conventional inner dp/dv loop can be observed in Figure 5.5. It 

is summarised that the structure is a negative feedback path. Equation (5.7) introduces the 

transfer function of a PI controller, where 𝐾𝐾𝑝𝑝1 and 𝐾𝐾𝑖𝑖1 refer to proportional gain and integral 

gain, respectively. The feedback value of the line tangent can be computed in (5.5). The 

closed-loop transfer function of the inner loop can be defined as [10] 

𝑚𝑚1(𝑟𝑟) =
∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟)
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟
(𝑟𝑟)

=
𝑃𝑃𝐼𝐼1(𝑟𝑟)𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑(𝑟𝑟)

1 + 𝑃𝑃𝐼𝐼1(𝑟𝑟)𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑(𝑟𝑟)2𝐾𝐾𝑝𝑝𝑝𝑝1
 

(5.8) 

 

Figure 5.4 Bode plots of the closed-loop dp/dv regulator with PI control in MPPT mode. 

Figure 5.4 presents the closed-loop system of dp/dv regulator with a PI controller. The 

proportional and integral gains of the PI control are set to 0.01 and 0.001, respectively. The 

switching frequency for the controller is fixed at 20 kHz. The measured phase margin is -
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168 °. It has been slightly improved by the PI control, but the negative value indicates that the 

feedback system is unstable. In terms of gain margin, it is found to be 0.32 dB. This is far 

away from the criterion of marginally stable, in which gain margin is not equal to phase 

margin. In this case, the bandwidth is 422 Hz. This cutoff frequency is considered reasonable, 

compared with the previous frequency value in open-loop PV system. In [10], the authors 

suggested that the conventional V-dp/dv method with PI controller in a buck converter is 

always stable. They claimed that the conventional method is applicable for step-up converter. 

However, this thesis analyses that the dp/dv cannot precisely represent the correct level of PV 

power in MATLAB simulation, resulting in a stability issue. The inner loop system with a 

boost converter in MPPT mode is always unstable, regardless of its controller gains. This is 

the key challenge of implementing the conventional control strategy in a step-up dc/dc 

converter.  

It is shown in Table 5.1 that the simulation results for closed-loop transfer function of the 

inner loop are present. Overall, none of these PI control settings meets the requirements and 

stabilises the system of the primary loop. The data for phase margin with different PI settings 

is always negative, ranged from -48.2 ° to -177 °. The minus sign indicates that the system is 

unstable. The gain margin is always -9.86 dB, regardless of how the PI controller terms vary. 

Once again, these outcomes mean the inner feedback loop is an unstable system. The 

simulation results for conventional V-dp/dv method with PI control are unexpected. In [10], a 

traditional PI controller is implemented to minimise the error for generating sufficient amount 

of PV power. However, the results above highlight that the conventional V-dp/dv strategy 

with PI controller is inapplicable for a PV system with boost converter. Gain and phase 

margins must be positive in a stable feedback system, while the phase margin is always 

greater than gain margin. As previously stated, the low accuracy of dp/dv leads to stability 

issues. The dp/dv produces unnecessary errors to the PI controller and hence the system will 

never reach a steady state. 

 

Table 5.1 Magnitude and phase data of conventional control with various PI gains 

Gains of PI controller Gain Margin (dB) Phase Margin (deg) Bandwidth (Hz) 

𝐾𝐾𝑝𝑝 = 0.1,𝐾𝐾𝑖𝑖 = 0.1 -9.86 -177 1240 
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𝐾𝐾𝑝𝑝 = 0.1,𝐾𝐾𝑖𝑖 = 0.01 -9.86 -177 1240 

𝐾𝐾𝑝𝑝 = 0.1,𝐾𝐾𝑖𝑖 = 0.001 -9.86 -177 1240 

𝐾𝐾𝑝𝑝 = 0.01,𝐾𝐾𝑖𝑖 = 0.1 -9.86 -169 422 

𝐾𝐾𝑝𝑝 = 0.01,𝐾𝐾𝑖𝑖 = 0.01 -9.86 -168 422 

𝐾𝐾𝑝𝑝 = 0.01,𝐾𝐾𝑖𝑖 = 0.001 -9.86 -168 422 

𝐾𝐾𝑝𝑝 = 0.001,𝐾𝐾𝑖𝑖 = 0.1 -9.86 -50.2 156 

𝐾𝐾𝑝𝑝 = 0.001,𝐾𝐾𝑖𝑖 = 0.01 -9.86 -48.4 157 

𝐾𝐾𝑝𝑝 = 0.001,𝐾𝐾𝑖𝑖 = 0.001 -9.86 -48.2 157 

 

On the other hand, a step-down dc/dc converter was used in [10] to examine the steady-state 

performance of conventional control. Compared to step-up converter, a RHP zero does not 

exist in a classical buck converter. This could be a reason why the outcomes in [10] are totally 

different. In literature, the dynamic response of buck converter usually shows a promising 

performance of the system even if there is a significant step change. To conclude, the 

conventional V-dp/dv method implemented in a PV system with boost converter is always 

unstable in MPPT mode. 

 

Figure 5.5 Control diagram of the conventional inner loop with PI feedback controller [10]. 
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As can be seen from Figure 5.5, the error signal can be eliminated with the help of PI 

controller. This turns out two formulas in relation to the ac variation of duty ratio. The 

increment of duty cycle can be obtained as follows.  

 

∆𝑑𝑑(𝑟𝑟) = ∆𝑑𝑑𝑝𝑝(𝑟𝑟) + ∆𝑑𝑑𝑖𝑖(𝑟𝑟) 

∆𝑑𝑑(𝑟𝑟) = �
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

(𝑟𝑟) − 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟)�𝐾𝐾𝑝𝑝1 + ∆𝑑𝑑𝑖𝑖(𝑟𝑟) (5.9) 

∆𝑑𝑑𝑖𝑖(𝑟𝑟) = �
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

(𝑟𝑟) − 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟)�
𝐾𝐾𝑖𝑖1
𝑟𝑟

 (5.10) 

where ∆𝑑𝑑𝑝𝑝 and ∆𝑑𝑑𝑖𝑖 are the small ac variations of the proportional and integral parts of the 

controller, respectively. The implementation of the PI controller offers an independent control 

of two elements, which is the most commonly used controller in control engineering. In 

frequency-domain, by applying the Laplace transform to (5.2)-(5.4), the averaged small-signal 

ac model of the boost converter can be rewritten as 

𝐿𝐿𝐵𝐵
⇒ 𝑟𝑟𝐿𝐿∆𝑖𝑖𝐿𝐿 = 𝑉𝑉𝑑𝑑𝑐𝑐 ��

𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

− 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝�𝐾𝐾𝑝𝑝1 + ∆𝑑𝑑𝑖𝑖� + ∆𝑑𝑑𝑝𝑝𝑝𝑝 − 𝐷𝐷′∆𝑑𝑑𝑑𝑑𝑐𝑐 (5.11) 

𝐿𝐿𝐵𝐵
⇒𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐 = 𝐷𝐷′∆𝑖𝑖𝐿𝐿 −

∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑅𝑅𝑜𝑜

− 𝐼𝐼𝐿𝐿 ��
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

− 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝�𝐾𝐾𝑝𝑝1 + ∆𝑑𝑑𝑖𝑖� (5.12) 

𝐿𝐿𝐵𝐵
⇒𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝∆𝑑𝑑𝑝𝑝𝑝𝑝 = 𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝 − ∆𝑖𝑖𝐿𝐿 (5.13) 

Rearranging terms of (5.12), one obtains the following equation 

∆𝑖𝑖𝐿𝐿 =
𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′

+
∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′𝑅𝑅𝑜𝑜

+
𝐼𝐼𝐿𝐿
𝐷𝐷′ �

�
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

− 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝�𝐾𝐾𝑝𝑝1 + ∆𝑑𝑑𝑖𝑖� (5.14) 

The above formula is an expression of the small-signal ac variation of the inductor current. 

Considering (3.14) and (5.11) can be rewritten as 

𝑟𝑟𝐿𝐿 �
𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′

+
∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′𝑅𝑅𝑜𝑜

+
𝐼𝐼𝐿𝐿
𝐷𝐷′ �

�
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

− 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝�𝐾𝐾𝑝𝑝1 + ∆𝑑𝑑𝑖𝑖��

= 𝑉𝑉𝑑𝑑𝑐𝑐 ��
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

− 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝�𝐾𝐾𝑝𝑝1 + ∆𝑑𝑑𝑖𝑖� + ∆𝑑𝑑𝑝𝑝𝑝𝑝 − 𝐷𝐷′∆𝑑𝑑𝑑𝑑𝑐𝑐 
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∆𝑑𝑑𝑑𝑑𝑐𝑐 �𝑟𝑟2𝐿𝐿𝐶𝐶 + 𝑟𝑟
𝐿𝐿
𝑅𝑅𝑜𝑜

+ (𝐷𝐷′)2�

= (𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′ − 𝑟𝑟𝐿𝐿𝐼𝐼𝐿𝐿) ��
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑
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− 2𝐾𝐾𝑝𝑝𝑝𝑝1∆𝑑𝑑𝑝𝑝𝑝𝑝�𝐾𝐾𝑝𝑝1 + ∆𝑑𝑑𝑖𝑖� + 𝐷𝐷′∆𝑑𝑑𝑝𝑝𝑝𝑝 
(5.15) 

 

Substituting (5.10) into (5.15) and rearranging these terms, this yields 

∆𝑑𝑑𝑑𝑑𝑐𝑐 �𝑟𝑟2𝐿𝐿𝐶𝐶 + 𝑟𝑟
𝐿𝐿
𝑅𝑅𝑜𝑜
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Rearranging terms of (5.16), the equation can be rewritten as 
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𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟
+ 𝐼𝐼𝐿𝐿

𝐾𝐾𝑖𝑖1
𝑟𝑟
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

𝐾𝐾𝑝𝑝𝑝𝑝1𝐷𝐷′ + 𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1
𝐾𝐾𝑖𝑖1
𝑟𝑟 − 𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′

 (5.18) 

By substituting (5.18) into (5.17) and rearranging these terms, one obtains an expression of 

the small-signal ac model with desired dp/dv and dc-link voltage 
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∆𝑑𝑑𝑑𝑑𝑐𝑐ℎ1 = ∆𝑑𝑑𝑑𝑑𝑐𝑐ℎ2 +
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

ℎ3 +
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟

ℎ4 (5.19) 

ℎ1 = (𝑟𝑟3𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜 + 𝑟𝑟2𝐿𝐿 + 𝑟𝑟(𝐷𝐷′)2𝑅𝑅𝑜𝑜) �𝐾𝐾𝑝𝑝𝑝𝑝1𝐷𝐷′ + 𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1
𝐾𝐾𝑖𝑖1
𝑟𝑟
− 𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′� 

= 𝑟𝑟3𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐷𝐷′ + 𝑟𝑟32𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝑟𝑟22𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 − 𝑟𝑟4𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′ 

+𝑟𝑟2𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐷𝐷′ + 𝑟𝑟22𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝑟𝑟2𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 − 𝑟𝑟3𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′ 

+𝑟𝑟𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1(𝐷𝐷′)3 + 𝑟𝑟2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1(𝐷𝐷′)2 + 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1(𝐷𝐷′)2 − 𝑟𝑟2𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝(𝐷𝐷′)3 

ℎ2 = �𝑟𝑟𝐶𝐶 +
1
𝑅𝑅𝑜𝑜
� �𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝑟𝑟𝐷𝐷′𝑅𝑅𝑜𝑜 

−𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 − 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1� 

= 𝑟𝑟3𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝑟𝑟2𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝑟𝑟2𝐶𝐶𝑅𝑅𝑜𝑜𝐷𝐷′ − 𝑟𝑟2𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐷𝐷′ 

−𝑟𝑟𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ + 𝑟𝑟2𝐿𝐿𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝑟𝑟𝐿𝐿𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝑟𝑟𝐷𝐷′ − 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐷𝐷′ 

−𝑉𝑉𝑑𝑑𝑐𝑐2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ 

ℎ3 = �𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1 + 𝐼𝐼𝐿𝐿
𝐾𝐾𝑖𝑖1
𝑟𝑟 �

�𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 + 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝑟𝑟𝐷𝐷′𝑅𝑅𝑜𝑜 

−𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 − 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1� 

= 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝12 + 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝑟𝑟𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1𝐷𝐷′ − 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝12𝐷𝐷′ 

−𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ + 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖12 + 𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖1𝐷𝐷′ 

−𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ − 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1
𝐾𝐾𝑖𝑖12

𝑟𝑟
𝐷𝐷′ 

 

 

ℎ4 = �𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝1 + 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜𝐾𝐾𝑖𝑖1 − 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1 − 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖1��𝐾𝐾𝑝𝑝𝑝𝑝𝐷𝐷′ + 𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 

+𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1
𝐾𝐾𝑖𝑖1
𝑟𝑟
− 𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′� 

= 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1(𝐷𝐷′)2 + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1(𝐷𝐷′)2 − 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐷𝐷′ − 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ 

+𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝12𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ − 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝12 

−𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝𝑝𝑝1
𝐾𝐾𝑖𝑖12

𝑟𝑟
𝐷𝐷′ 

−𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐾𝐾𝑖𝑖1 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖12 − 𝑟𝑟2𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑝𝑝1(𝐷𝐷′)2 − 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑖𝑖1(𝐷𝐷′)2 

+𝑟𝑟3𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1𝐷𝐷′ + 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖1𝐷𝐷′ 



Chapter 5. Stability Analysis of Proposed V-dp/di and Conventional Methods 

  84 

Rearranging those terms of (5.19), the small-signal dp/dv-output transfer function can 

therefore be computed as 

∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟 =
ℎ3 + ℎ4
ℎ1 − ℎ2

 

where 

ℎ3 + ℎ4 = 𝑟𝑟3�𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1𝐷𝐷′� + 𝑟𝑟2(𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖1𝐷𝐷′ − 𝐶𝐶𝑝𝑝𝑝𝑝𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝1(𝐷𝐷′)2 

−𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐷𝐷′) + 𝑟𝑟(𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1(𝐷𝐷′)2 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ 

−𝐶𝐶𝑝𝑝𝑝𝑝𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑖𝑖1(𝐷𝐷′)2) + 𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖1𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1(𝐷𝐷′)2 

ℎ1 − ℎ2 = −𝑟𝑟4�𝐿𝐿𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝𝑅𝑅𝑜𝑜𝐷𝐷′� − 𝑟𝑟3�𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′ − 𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐷𝐷′� − 𝑟𝑟2(𝐶𝐶𝑅𝑅𝑜𝑜𝐷𝐷′ + 𝐶𝐶𝑝𝑝𝑝𝑝𝑅𝑅𝑜𝑜(𝐷𝐷′)3 

−𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐷𝐷′ − 2𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐷𝐷′) − 𝑟𝑟(𝐷𝐷′ − 2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1𝐷𝐷′ − 2𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ 

−𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝1(𝐷𝐷′)3 − 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1(𝐷𝐷′)2) − (−2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1𝐷𝐷′ − 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1(𝐷𝐷′)2) 

The overall closed-loop transfer function of inner dp/dv regulator in the PV-based dc MG 

system can be expressed as 

𝑚𝑚1(𝑟𝑟) =
∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑑𝑑

𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑏𝑏0𝑟𝑟3 + 𝑏𝑏1𝑟𝑟2 + 𝑏𝑏2𝑟𝑟 + 𝑏𝑏3

𝐵𝐵0𝑟𝑟4 + 𝐵𝐵1𝑟𝑟3 + 𝐵𝐵2𝑟𝑟2 + 𝐵𝐵3𝑟𝑟 + 𝐵𝐵4
 (5.20) 

where 

𝑏𝑏0 = −𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1 

𝑏𝑏1 = 𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝1 + 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖1 

𝑏𝑏2 = 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 + 𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑖𝑖1 − 𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝1 − 𝑅𝑅𝑜𝑜𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 

𝑏𝑏3 = −𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖1 − 𝑅𝑅𝑜𝑜𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 

𝐵𝐵0 = 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 

𝐵𝐵1 = 𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝐾𝐾𝑝𝑝𝑝𝑝1 

𝐵𝐵2 = 𝑅𝑅𝑜𝑜𝐶𝐶 + 𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝(𝐷𝐷′)2 − 𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1 − 2𝑅𝑅𝑜𝑜𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 

𝐵𝐵3 = 1 − 2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 − 2𝑅𝑅𝑜𝑜𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 − 𝑅𝑅𝑜𝑜(𝐷𝐷′)2𝐾𝐾𝑝𝑝𝑝𝑝1 − 2𝑅𝑅𝑜𝑜𝐷𝐷′𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑝𝑝1 

𝐵𝐵4 = −2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 − 2𝑅𝑅𝑜𝑜𝐷𝐷′𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝1𝐾𝐾𝑖𝑖1 

To calculate the inductor current in a steady state, in time-domain, the averaged model of 

(5.3) is used to express the relationship between capacitor ripple voltage and inductor current. 

By rearranging the equation, the inductor current can be computed for the use of (5.20). In the 

conventional V-dp/dv control method, the calculations of the inductor current are excluded 
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from the paper due to simplicity. Eventually, in this thesis, the formula is defined for the use 

of stability analysis to compensate for the deficiency.  

𝐶𝐶
𝑑𝑑𝑉𝑉𝑑𝑑𝑐𝑐
𝑑𝑑𝐵𝐵

= 𝐷𝐷′𝐼𝐼𝐿𝐿 −
𝑉𝑉𝑑𝑑𝑐𝑐
𝑅𝑅𝑜𝑜

 

∴ 𝐼𝐼𝐿𝐿 =
𝐶𝐶∆𝑉𝑉𝑑𝑑𝑐𝑐𝑓𝑓𝑠𝑠𝑠𝑠

𝐷𝐷′
+

𝑉𝑉𝑑𝑑𝑐𝑐
𝐷𝐷′𝑅𝑅𝑜𝑜

 (5.21) 

 

Figure 5.6 Block diagram of cascade control system in conventional approach. 

The control framework of the overall closed-loop transfer function, including the 

implementation of outer loop, is presented in Figure 5.6. The desired value of dp/dv is the 

multiplication of dc bus voltage error and droop coefficient. The P-V characteristic curve of 

the PV array is linearized by the droop control, which achieves proportional power sharing 

among multiple PV generators in a stand-alone operation. The droop coefficient m in the 

stability analysis is set to 1.7 for MPPT mode. The droop rate is small enough to minimise the 

effect of the droop control in grid-connected or battery mode. In [10], the authors summarise 

that there is a trade-off between stability and voltage deviation. Basically, the increase in 

droop coefficient results in stability issues. When it comes to larger droop coefficient, the 

response speed of the system is higher and the voltage deviation is dramatically suppressed. 

The open-loop transfer function of the entire system is the multiplication of overall inner loop 

transfer function and droop coefficient. The output signal of the transfer function is ac 

variation of common bus voltage, which is fed into the outer control loop to perform voltage 

regulation.  
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Figure 5.7 Bode plots of overall closed-loop transfer function of conventional method in 

MPPT mode. 

The magnitude and phase data for the cascaded loop of conventional V-dp/dv control strategy 

are shown in Figure 5.7. The gain margin is 1.54 dB which is considered as critically stable, 

due to positive value near zero. In terms of phase margin, this is measured as 7.65 °. Since the 

gain crossover frequency is slightly higher than phase crossover frequency, the overall system 

is unstable. The bandwidth of the outer loop is about 295 Hz. In [10], the study reported that 

the bandwidth of the outer loop is roughly ten times less than the bandwidth of inner loop. 

However, in the simulation, the bandwidth of outer control loop in Figure 5.7 is similar to the 

one in primary loop. The dc MG system is operating in MPPT mode, where the dc bus 

voltage error in the control loop is assumed to be zero. As a consequence, the outer voltage 

loop is disabled in MPPT mode for the purpose of maximising the PV output power. This is 

the main reason why the bandwidth difference in cascaded loop is lower than expected. The 

droop control method in battery mode or grid-connected mode is a single dp/dv control loop, 

which aims to extract the maximum power from PV arrays. It can be summarised that high 

bandwidth of outer voltage loop in MPPT mode is the key advantage of droop control 

algorithm. The bandwidth indicates how fast the PV array reaches the MPP in grid-connected 

and battery modes, which shows how the conventional V-dp/dv control improves the steady-

state performance of a dc MG system. 
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Figure 5.8 Bode plots of outer voltage loop of conventional method in PV standalone mode. 

To examine the steady-state performance of dc MG system in a stand-alone mode, some 

critical specifications in the stability analysis have been adjusted. In this scenario, the dc MG 

is supposed to draw 1.5 kW from PV arrays. The droop coefficient is set to 5, which 

corresponds to the simulation model in the next chapter. Accordingly, the desired dc-link 

voltage can be computed in the analysis. The proportional and integral gains of the controller 

are 0.00001 and 0.02, respectively. As shown in Figure 5.8, in terms of outer loop, the overall 

closed-loop system is stable with a gain margin of 24.8 𝑑𝑑𝐵𝐵, a phase margin of 64.2 °, and a 

bandwidth of 45.4 Hz. In a voltage regulation mode, the secondary voltage loop plays a 

critical role in restoring the dc bus voltage to certain value. Therefore, the cascade control is 

fully functional where the inner loop is reacting almost ten times faster than the outer loop.  

In principle, an inevitable error only exists in the outer voltage loop when the dc MG is 

working in PV standalone mode. This generates a desired dp/dv term by the multiplication of 

the voltage deviation and droop coefficient. In other words, the aim of a droop controller is to 

calculate a temporary reference voltage value for the use of energy balancing across PV 

sources. This implies that the voltage error cannot be eliminated unless the dc MG transfers 

back to battery or grid-connected mode. The droop coefficient can be treated as a proportional 

gain of an outer controller. In a droop control system, this is similar to a pure proportional 

controller but a sustained error is maintained for any load conditions in voltage restoration 

mode. Given a maximum allowable dc bus voltage is defined in advance, there is always a 

limit to the voltage variation in order to protect the circuit from overvoltage conditions.  
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The conventional V-dp/dv control strategy is incapable of obtaining a satisfactory steady-state 

performance of the inner dp/dv regulator. The accuracy issue of dp/dv has a significant impact 

on the stability of the feedback control system. In Chapter 4, this thesis shows that there is a 

major difference between desired and actual dp/dv values, resulting in unnecessary 

continuous error existed in the primary dp/dv regulator. The simulation model in Chapter 5 

analyses that the dc MG system is stable, in which a classical PID controller must be 

implemented. The steady-state response characteristics of conventional V-dp/dv method can 

be improved by an advanced controller. To tackle the stability issue, this thesis proposes a V-

dp/di control algorithm to remarkably enhance both the dynamic and steady-state performance 

of PV arrays in a dc MG system. 

5.3 Stability Analysis of Proposed V-dp/di Control Strategy 

The stability analysis of the proposed V-dp/di control algorithm is presented. There are some 

differences between two droop control methods in this analysis. For instance, the inner 

control variable, PI settings, droop coefficient, and atmospheric conditions may vary from the 

analysis in Section 5.2. In the first place, the small-signal ac equivalent circuits of step-up 

dc/dc converter and P-I characteristic curve of the PV array are derived to understand the 

steady-state behaviour. These equations can be rearranged to obtain the closed-loop transfer 

function of the inner loop. The small-signal ac model of inner dp/di regulator is then defined 

to calculate the overall 𝑉𝑉𝑑𝑑𝑐𝑐 −
𝑑𝑑𝑝𝑝
𝑑𝑑𝑖𝑖

 transfer function. The comparison between two control 

methods is present in this analysis to highlight the main benefits of employing the proposed 

V-dp/di droop control algorithm in a dc MG system.  

The small-signal dynamics of the PV model are linearized about the dc quiescent point. The 

𝐼𝐼 − 𝑉𝑉 characteristic curve can be described by a tangent line. Compared with Section 5.2, the 

definition of the slope of line tangent would be the same as (5.1). The formula for expressing 

the I-V characteristics of a PV array can be written as 

𝐾𝐾𝑝𝑝𝑝𝑝2 =
∆𝑖𝑖𝑝𝑝𝑝𝑝
∆𝑑𝑑𝑝𝑝𝑝𝑝

 (5.22) 

where 𝐾𝐾𝑝𝑝𝑝𝑝2 is the tangent line of the linearized PV model for the proposed V-dp/di method.  

Considering the P-I characteristics of the PV array, (5.22) can be expressed as 
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ℎ = 𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜
𝑞𝑞

𝑁𝑁𝑠𝑠𝐴𝐴𝑘𝑘𝑇𝑇
𝐵𝐵
𝑞𝑞�𝑃𝑃𝑝𝑝𝑝𝑝+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠�

𝑁𝑁𝑠𝑠𝐵𝐵𝑙𝑙𝐵𝐵   

𝐾𝐾𝑝𝑝𝑝𝑝2 = −
ℎ

1 + ℎ𝑅𝑅𝑠𝑠
= −

𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜
𝑞𝑞

𝑁𝑁𝑠𝑠𝐴𝐴𝑘𝑘𝑇𝑇
𝐵𝐵
𝑞𝑞�𝑃𝑃𝑝𝑝𝑝𝑝+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠�

𝑁𝑁𝑠𝑠𝐵𝐵𝑙𝑙𝐵𝐵

1 + 𝑁𝑁𝑝𝑝𝐼𝐼𝑜𝑜
𝑞𝑞𝑅𝑅𝑠𝑠

𝑁𝑁𝑠𝑠𝐴𝐴𝑘𝑘𝑇𝑇
𝐵𝐵
𝑞𝑞�𝑃𝑃𝑝𝑝𝑝𝑝+𝐼𝐼𝑝𝑝𝑝𝑝𝑅𝑅𝑠𝑠�

𝑁𝑁𝑠𝑠𝐵𝐵𝑙𝑙𝐵𝐵  
 (5.23) 

where 𝑁𝑁𝑝𝑝 is the number of solar cells connected in parallel, and 𝑁𝑁𝑠𝑠 is the number of solar cells 

connected in series. It is noted that the impact of parallel resistance 𝑅𝑅𝑝𝑝 is neglected due to 

simplification. The primary control variable of the proposed control method is dp/di. As a 

result, the formula for calculating the tangent line of P-I characteristics is written as 

𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

= ∆𝑑𝑑𝑝𝑝𝑝𝑝 + ∆𝑖𝑖𝑝𝑝𝑝𝑝
∆𝑑𝑑𝑝𝑝𝑝𝑝
∆𝑖𝑖𝑝𝑝𝑝𝑝

= 2∆𝑑𝑑𝑝𝑝𝑝𝑝 (5.24) 

Compared to (5.5), (5.24) clearly shows that the equation for describing the novel control 

term dp/di is simpler to calculate. The equation in [10] requires some steps to obtain the value 

of dp/dv, however, the PV voltage ripple is the only variable required for dp/di to be 

computed in each loop. The results in Chapter 4 summarise that the value of dp/di is accurate, 

particularly in voltage regulation. It could be argued that the computed value of dp/di is 

almost perfect in the phase of simulation study, which should achieve better results from the 

control point of view. The reduced error of inner loop in a steady state results in fewer 

fluctuations, as well as lower overshoots and undershoots.  

As stated in Section 5.2, the small-signal dynamics of the boost converter without ESR are 

derived in (5.2) and (5.3). Due to the new definition of the control variable dp/di, it is 

compulsory to modify part of the equivalent circuit equations. The slope of line tangent for 

the conventional V-dp/dv control scheme can be reconsidered as an inner control parameter 

for the proposed V-dp/di method. As shown in Figure 5.2, a detailed circuit diagram at the 

input side can be observed. Taking the PV capacitor into account, the formula for expressing 

the input PV capacitor of the power electronic converter can be rewritten as 

𝐶𝐶𝑝𝑝𝑝𝑝
𝑑𝑑∆𝑑𝑑𝑝𝑝𝑝𝑝
𝑑𝑑𝐵𝐵

= ∆𝑑𝑑𝑝𝑝𝑝𝑝𝐾𝐾𝑝𝑝𝑝𝑝2 − ∆𝑖𝑖𝐿𝐿 (5.25) 

Taking the Laplace transformation of (5.2) and (5.25), it yields 



Chapter 5. Stability Analysis of Proposed V-dp/di and Conventional Methods 

  90 

𝐿𝐿𝐵𝐵
⇒ 𝑟𝑟𝐿𝐿∆𝑖𝑖𝐿𝐿(𝑟𝑟) = ∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟) + 𝑉𝑉𝑑𝑑𝑐𝑐∆𝑑𝑑(𝑟𝑟)  

𝐿𝐿𝐵𝐵
⇒ 𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟) = ∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟)𝐾𝐾𝑝𝑝𝑝𝑝2 − ∆𝑖𝑖𝐿𝐿(𝑟𝑟)  

The small-signal ac variations around the steady dc component are supposed to be null, since 

the dc-link voltage is expected to be constant in a steady state. This assumption helps 

eliminate the ac variations corresponding to the dc bus voltage. Rearranging the above two 

equations, the averaged small-signal control-to-output transfer function of the boost converter 

with proposed V-dp/di control scheme can be written as 

𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑(𝑟𝑟) =
∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟)
∆𝑑𝑑(𝑟𝑟) = −

𝑉𝑉𝑑𝑑𝑐𝑐
𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝𝑟𝑟2 − 𝐾𝐾𝑝𝑝𝑝𝑝2𝐿𝐿𝑟𝑟 + 1

 (5.26) 

The open-loop transfer function of the inner dp/di loop illustrates the small-signal properties 

of an ideal step-up chopper, given the effect of the tangent line is considered. This presents 

the plant of a PV standalone system to make full use of a mathematical analysis. To 

demonstrate the overview of the inner dp/di regulator, (5.7) is used by a traditional PI 

controller to manipulate the value of dp/di in order to produce the adequate amount of PV 

power.  

 

Figure 5.9 Control block diagram of the inner dp/di loop. 

As shown in Figure 5.9, the control framework of the inner dp/di loop is introduced. It is 

critical to bear in mind that the latter one is a positive feedback loop, which differs from the 

negative feedback loop in the conventional V-dp/dv control. To compute the closed-loop 

system with a positive feedback, the formula can be expressed as 
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𝐺𝐺2(𝑟𝑟) =
∆𝑑𝑑𝑝𝑝𝑝𝑝(𝑟𝑟)
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟
(𝑟𝑟)

=
𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑(𝑟𝑟)𝑃𝑃𝐼𝐼2(𝑟𝑟)

2𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑑𝑑(𝑟𝑟)𝑃𝑃𝐼𝐼2(𝑟𝑟) − 1
 

(5.27) 

 

Figure 5.10 Bode plots of inner dp/di regulator of proposed method in MPPT mode.  

It can be observed in Figure 5.10 that the closed-loop system of inner loop of proposed V-

dp/di control is stable, in contrast to the dp/dv regulator in the conventional control. The 

nominal switching frequency of the proposed method is 20 kHz, which stays the same as 

previous analysis. The proportional and integral terms of the PI controller implemented in 

MATLAB are set to 0.01 and 0.001, respectively. The dc MG system is operating in either 

grid-connected or islanded mode, where the control strategy is maximising the PV output 

power at standard test conditions. The bandwidth obtained in Figure 5.10 is 607 Hz and hence 

the proposed method takes advantage of high bandwidth. There is a 43.8% increase in the 

bandwidth, compared to conventional strategy, which turns out a higher speed of steady-state 

response. The phase margin of the inner dp/di regulator is 16.7 °, instead of the negative phase 

margin shown in the dp/dv control loop. This system can be considered as stable when 

measured phase margin is positive in the graph of frequency response of the system. This 

stability analysis is based on a boost converter, in which the RHP zero adds complexity to the 

closed-loop system [85]. The term dp/di is used to increase the accuracy of power 

measurement. These bode plots in Figure 5.10 present a stable closed-loop system of a PV-

based dc MG. Therefore, it can be concluded that the proposed V-dp/di control algorithm is 

applicable for both buck and boost converters in a PV-based dc MG system.  
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Figure 5.11 Bode plots of inner loop of proposed control algorithm in PV standalone mode. 

In a PV standalone operation, Figure 5.11 presents the steady-state characteristics of the inner 

dp/di regulator. A load power of 1.5 kW is drawn from the PV arrays via the dc bus. The PI 

settings defined in Section 5.2 are deployed to ensure the consistency. The gain margin on the 

magnitude plot is 64.4 dB. A positive value of gain margin implies that the closed-loop 

system is stable. In terms of phase margin, this cannot be measured on the phase plot due to 

no zero dB crossing of the gain. In MATLAB, the measured phase margin is infinity which is 

much greater than the gain margin. The bandwidth of the inner loop of the proposed V-dp/di 

control scheme is found to be 481 Hz. Compared with the outcomes in MPPT mode, the 

bandwidth in stand-alone operation is slightly lower. In a PV standalone mode, it is always 

more challenging for a droop control system to reach a steady state. The desired dc bus 

voltage and value of dp/di have to be re-calculated to meet the local load demand. To sum up, 

the inner loop of the proposed V-dp/di control strategy in both battery islanded and PV 

standalone modes is always stable, regardless of the normal PI settings and/or load conditions.  

Plus, the small-signal duty cycle of PI controller in the proposed inner loop can be derived as 

∆𝑑𝑑(𝑟𝑟) = ∆𝑑𝑑𝑝𝑝(𝑟𝑟) + ∆𝑑𝑑𝑖𝑖(𝑟𝑟)  

∆𝑑𝑑𝑝𝑝(𝑟𝑟) = �2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 (5.28) 

∆𝑑𝑑𝑖𝑖(𝑟𝑟) = �2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�
𝐾𝐾𝑖𝑖2
𝑟𝑟
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where ∆𝑑𝑑𝑝𝑝 and ∆𝑑𝑑𝑖𝑖 are the ac variations of proportional and integral parts of the small-signal 

model, respectively. Substituting (5.28) into (5.2) and (5.3), and taking Laplace 

transformation, this yields 

𝐿𝐿𝐵𝐵
⇒ 𝑟𝑟𝐿𝐿∆𝑖𝑖𝐿𝐿 = 𝑉𝑉𝑑𝑑𝑐𝑐 ��2∆𝑑𝑑𝑝𝑝𝑝𝑝 −

𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 + ∆𝑑𝑑𝑖𝑖� + ∆𝑑𝑑𝑝𝑝𝑝𝑝 − 𝐷𝐷′∆𝑑𝑑𝑑𝑑𝑐𝑐 (5.29) 

𝐿𝐿𝐵𝐵
⇒𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐 = 𝐷𝐷′∆𝑖𝑖𝐿𝐿 −

∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑅𝑅𝑜𝑜

− 𝐼𝐼𝐿𝐿 ��2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 + ∆𝑑𝑑𝑖𝑖� 
(5.30) 

𝐿𝐿𝐵𝐵
⇒𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝∆𝑑𝑑𝑝𝑝𝑝𝑝 = 𝐾𝐾𝑝𝑝𝑝𝑝2∆𝑑𝑑𝑝𝑝𝑝𝑝 − ∆𝑖𝑖𝐿𝐿 (5.31) 

Equations (5.29)-(5.31) are representing an overall closed-loop control system, in which the 

impacts of energy source and load are taken into account. A classical PI controller is used to 

control the dc bus voltage by regulating dp/di. This can reassure the type of controller in 

proposed V-dp/di and conventional control methods is consistent, so that the dynamic and 

steady-state performance of the dc MG system can be assessed and compared with each other. 

Rearranging (5.30), it can be rewritten as 

∆𝑖𝑖𝐿𝐿 =
𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′

+
∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′𝑅𝑅𝑜𝑜

+
𝐼𝐼𝐿𝐿
𝐷𝐷′ �

�2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 + ∆𝑑𝑑𝑖𝑖� (5.32) 

The formula (5.32) is an expression of ac variations of inductor current in the equivalent 

circuit. The small-signal ac variations of dc-link voltage, PV voltage and dp/di are involved in 

(5.32) to define the relationship between these key terms. Substituting (5.32) into (5.29), one 

obtains 

𝑟𝑟𝐿𝐿 �
𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′

+
∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′𝑅𝑅𝑜𝑜

+
𝐼𝐼𝐿𝐿
𝐷𝐷′ �

�2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 + ∆𝑑𝑑𝑖𝑖��

= 𝑉𝑉𝑑𝑑𝑐𝑐 ��2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 + ∆𝑑𝑑𝑖𝑖� + ∆𝑑𝑑𝑝𝑝𝑝𝑝 − 𝐷𝐷′∆𝑑𝑑𝑑𝑑𝑐𝑐 

∆𝑑𝑑𝑑𝑑𝑐𝑐 �𝑟𝑟2𝐿𝐿𝐶𝐶 + 𝑟𝑟
𝐿𝐿
𝑅𝑅𝑜𝑜

+ (𝐷𝐷′)2�

= (𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′ − 𝑟𝑟𝐿𝐿𝐼𝐼𝐿𝐿) ��2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 + ∆𝑑𝑑𝑖𝑖� + 𝐷𝐷′∆𝑑𝑑𝑝𝑝𝑝𝑝 
(5.33) 

The equation can be rearranged by extracting the small-signal ac variations of PV voltage and 

substituting (5.28) into (5.33). The equation can be derived as 
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∆𝑑𝑑𝑑𝑑𝑐𝑐 �𝑟𝑟2𝐿𝐿𝐶𝐶 + 𝑟𝑟
𝐿𝐿
𝑅𝑅𝑜𝑜

+ (𝐷𝐷′)2� = (𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′ − 𝑟𝑟𝐿𝐿𝐼𝐼𝐿𝐿) ��2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 

+�2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�
𝐾𝐾𝑖𝑖2
𝑟𝑟 �

+ 𝐷𝐷′∆𝑑𝑑𝑝𝑝𝑝𝑝 

∆𝑑𝑑𝑑𝑑𝑐𝑐 �𝑟𝑟2𝐿𝐿𝐶𝐶 + 𝑟𝑟
𝐿𝐿
𝑅𝑅𝑜𝑜

+ (𝐷𝐷′)2� = ∆𝑑𝑑𝑝𝑝𝑝𝑝 �𝐷𝐷′ + 2𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝2 + 2𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐
𝐾𝐾𝑖𝑖2
𝑟𝑟
− 𝑟𝑟2𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 

−2𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2) +
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝑟𝑟𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 + 𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝2 − 𝐷𝐷′𝑉𝑉𝑑𝑑𝑐𝑐
𝐾𝐾𝑖𝑖2
𝑟𝑟 �

 (5.34) 

To eliminate the small-signal PV voltage, (5.32) can be substituted into (5.31). The formula 

for describing small ac variations in PV output voltage is written as 

𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝∆𝑑𝑑𝑝𝑝𝑝𝑝 = 𝐾𝐾𝑝𝑝𝑝𝑝2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′ −

∆𝑑𝑑𝑑𝑑𝑐𝑐
𝐷𝐷′𝑅𝑅𝑜𝑜

−
𝐼𝐼𝐿𝐿
𝐷𝐷′ �

�2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝐾𝐾𝑝𝑝2 

+�2∆𝑑𝑑𝑝𝑝𝑝𝑝 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�
𝐾𝐾𝑖𝑖2
𝑟𝑟 �

 

∆𝑑𝑑𝑝𝑝𝑝𝑝 =
𝑟𝑟𝐶𝐶∆𝑑𝑑𝑑𝑑𝑐𝑐 + ∆𝑑𝑑𝑑𝑑𝑐𝑐

𝑅𝑅𝑜𝑜
− 𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2

𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟
+ 𝐼𝐼𝐿𝐿

𝐾𝐾𝑖𝑖1
𝑟𝑟
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ − 2𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 − 2𝐼𝐼𝐿𝐿
𝐾𝐾𝑖𝑖2
𝑟𝑟 − 𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′

 (5.35) 

Multiplying both sides of the equation (5.34) by 𝑟𝑟𝑅𝑅𝑜𝑜, all of the fractions in (5.34) can easily 

be removed by the elimination method. It is rewritten as 

∆𝑑𝑑𝑑𝑑𝑐𝑐[𝑟𝑟3𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜 + 𝑟𝑟2𝐿𝐿 + 𝑟𝑟(𝐷𝐷′)2𝑅𝑅𝑜𝑜]

= ∆𝑑𝑑𝑝𝑝𝑝𝑝�𝑟𝑟𝐷𝐷′𝑅𝑅𝑜𝑜 + 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝2 + 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑖𝑖2 − 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2 

−𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑖𝑖2) +
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

�𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 + 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝2 − 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜𝐾𝐾𝑖𝑖2� (5.36) 

Substituting (5.35) into (5.36), the equation for expressing the overall closed-loop transfer 

function can be derived as 

∆𝑑𝑑𝑑𝑑𝑐𝑐𝐹𝐹1 = ∆𝑑𝑑𝑑𝑑𝑐𝑐𝐹𝐹2 −
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

𝐹𝐹3 +
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟

𝐹𝐹4 (5.37) 

𝐹𝐹1 = (𝑟𝑟3𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜 + 𝑟𝑟2𝐿𝐿 + 𝑟𝑟(𝐷𝐷′)2𝑅𝑅𝑜𝑜) �𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ − 𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2 − 𝐼𝐼𝐿𝐿2
𝐾𝐾𝑖𝑖2
𝑟𝑟
− 𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′� 

= 𝑟𝑟3𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ − 𝑟𝑟32𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 − 𝑟𝑟22𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝑟𝑟4𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′ 

+𝑟𝑟2𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ − 𝑟𝑟22𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 − 𝑟𝑟2𝐿𝐿𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝑟𝑟3𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′ 
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+𝑟𝑟𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝2(𝐷𝐷′)3 − 𝑟𝑟2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2(𝐷𝐷′)2 − 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2(𝐷𝐷′)2 − 𝑟𝑟2𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝(𝐷𝐷′)3 

𝐹𝐹2 = �𝑟𝑟𝐶𝐶 +
1
𝑅𝑅𝑜𝑜
� �𝑟𝑟𝐷𝐷′𝑅𝑅𝑜𝑜 + 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝2 + 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑖𝑖2 

−𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2 − 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑖𝑖2� 

= 𝑟𝑟2𝐶𝐶𝑅𝑅𝑜𝑜𝐷𝐷′ + 𝑟𝑟2𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝2𝐷𝐷′ + 𝑟𝑟𝐶𝐶𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜2𝐾𝐾𝑖𝑖2𝐷𝐷′ − 𝑟𝑟3𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2 − 𝑟𝑟2𝐿𝐿𝐶𝐶𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑖𝑖2 

+𝑟𝑟𝐷𝐷′ + 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐2𝐾𝐾𝑝𝑝2𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐2𝐾𝐾𝑖𝑖2𝐷𝐷′ − 𝑟𝑟2𝐿𝐿𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2 − 𝑟𝑟𝐿𝐿𝐼𝐼𝐿𝐿2𝐾𝐾𝑖𝑖2 

𝐹𝐹3 = �𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 + 𝐼𝐼𝐿𝐿
𝐾𝐾𝑖𝑖2
𝑟𝑟 �

�𝑟𝑟𝐷𝐷′𝑅𝑅𝑜𝑜 + 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑝𝑝2 + 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜2𝐾𝐾𝑖𝑖2 

−𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2 − 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑖𝑖2� 

= 𝑟𝑟𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2𝐷𝐷′ + 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝22𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2𝐷𝐷′ − 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝22 

−𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2 + 𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2
𝐾𝐾𝑖𝑖22

𝑟𝑟
𝐷𝐷′ 

−𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑖𝑖22 

𝐹𝐹4 = �𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 + 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝2 − 𝑉𝑉𝑑𝑑𝑐𝑐𝐷𝐷′𝑅𝑅𝑜𝑜𝐾𝐾𝑖𝑖2� �𝐾𝐾𝑝𝑝𝑝𝑝𝐷𝐷′ − 𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2 − 𝐼𝐼𝐿𝐿2
𝐾𝐾𝑖𝑖2
𝑟𝑟

 

−𝑟𝑟𝐶𝐶𝑝𝑝𝑝𝑝𝐷𝐷′� 

= 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ + 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ − 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝2𝐾𝐾𝑝𝑝2(𝐷𝐷′)2 − 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝2𝐾𝐾𝑖𝑖2(𝐷𝐷′)2 

−𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝22 − 𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2 + 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝22𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2𝐷𝐷′ 

−𝑟𝑟𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿22𝐾𝐾𝑖𝑖22 + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2𝐾𝐾𝑝𝑝2𝐾𝐾𝑖𝑖2𝐷𝐷′ + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿2
𝐾𝐾𝑖𝑖22

𝑟𝑟
𝐷𝐷′ 

−𝑟𝑟3𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2𝐷𝐷′ − 𝑟𝑟2𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2𝐷𝐷′ + 𝑟𝑟2𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑝𝑝2(𝐷𝐷′)2 + 𝑟𝑟𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑖𝑖2(𝐷𝐷′)2 

There are two key signals in (5.37), including small ac variations of dc-link voltage and dp/di. 

One of them is the output of the closed-loop transfer function of dp/di regulator and the latter 

is the input signal of the transfer function. Most of the parameters existed in the dc MG and 

control system are taken into consideration, except for parasitic circuit elements such as 

internal resistances. When it comes to the final outcome of closed-loop transfer function, this 

ensures that similar behaviour of the system is present in the simulation for comparison. By 

rearranging (5.37), the small-signal 𝑉𝑉𝑑𝑑𝑐𝑐 −
𝑑𝑑𝑃𝑃
𝑑𝑑𝐼𝐼

 transfer function of the closed-loop control 

system is derived as 
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∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟 =
𝐹𝐹4 − 𝐹𝐹3
𝐹𝐹1 − 𝐹𝐹2

 

where 

𝐹𝐹4 − 𝐹𝐹3 = −𝑟𝑟3�𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2� − 𝑟𝑟2(𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑝𝑝2𝐷𝐷′ 

−𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2𝐾𝐾𝑝𝑝𝑝𝑝2) − 𝑟𝑟(𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝2𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ − 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2𝐾𝐾𝑝𝑝𝑝𝑝2 

−𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑖𝑖2𝐷𝐷′) − 𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑖𝑖2𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ 

𝐹𝐹1 − 𝐹𝐹2 = −𝑟𝑟4�𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝� − 𝑟𝑟3�𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝐾𝐾𝑝𝑝𝑝𝑝2� − 𝑟𝑟2(𝑅𝑅𝑜𝑜𝐶𝐶 + 𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝(𝐷𝐷′)2 

−𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝2 + 2𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝐾𝐾𝑝𝑝2) − 𝑟𝑟(1 + 2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝2 + 2𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝐾𝐾𝑖𝑖2 

−𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝2(𝐷𝐷′)2 + 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2𝐷𝐷′) − (2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑖𝑖2 + 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2𝐷𝐷′) 

The small-signal 𝑑𝑑𝑝𝑝
𝑑𝑑𝑖𝑖
− output transfer function of inner control loop is written as 

𝑚𝑚2(𝑟𝑟) =
∆𝑑𝑑𝑑𝑑𝑐𝑐
𝑑𝑑∆𝑝𝑝
𝑑𝑑∆𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑏𝑏0𝑟𝑟3 + 𝑏𝑏1𝑟𝑟2 + 𝑏𝑏2𝑟𝑟 + 𝑏𝑏3

𝐵𝐵0𝑟𝑟4 + 𝐵𝐵1𝑟𝑟3 + 𝐵𝐵2𝑟𝑟2 + 𝐵𝐵3𝑟𝑟 + 𝐵𝐵4
 (5.38) 

where 

𝑏𝑏0 = 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 

𝑏𝑏1 = 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 − 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑝𝑝2𝐷𝐷′ − 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2𝐾𝐾𝑝𝑝𝑝𝑝2 

𝑏𝑏2 = 𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2 + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝2𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ − 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝𝐾𝐾𝑖𝑖2𝐷𝐷′ − 𝐿𝐿𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2𝐾𝐾𝑝𝑝𝑝𝑝2 

𝑏𝑏3 = 𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2 + 𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐾𝐾𝑖𝑖2𝐾𝐾𝑝𝑝𝑝𝑝2𝐷𝐷′ 

𝐵𝐵0 = 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝐶𝐶𝑝𝑝𝑝𝑝 

𝐵𝐵1 = 𝐿𝐿𝐶𝐶𝑝𝑝𝑝𝑝 − 𝐿𝐿𝑅𝑅𝑜𝑜𝐶𝐶𝐾𝐾𝑝𝑝𝑝𝑝2 

𝐵𝐵2 = 𝑅𝑅𝑜𝑜𝐶𝐶 + 𝑅𝑅𝑜𝑜𝐶𝐶𝑝𝑝𝑝𝑝(𝐷𝐷′)2 + 2𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝐾𝐾𝑝𝑝2 − 𝐿𝐿𝐾𝐾𝑝𝑝𝑝𝑝2 

𝐵𝐵3 = 1 + 2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑝𝑝2 + 2𝑉𝑉𝑑𝑑𝑐𝑐𝑅𝑅𝑜𝑜𝐶𝐶𝐾𝐾𝑖𝑖2 + 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑝𝑝2𝐷𝐷′ − 𝑅𝑅𝑜𝑜𝐾𝐾𝑝𝑝𝑝𝑝2(𝐷𝐷′)2 

𝐵𝐵4 = 2𝑉𝑉𝑑𝑑𝑐𝑐𝐾𝐾𝑖𝑖2 + 2𝑅𝑅𝑜𝑜𝐼𝐼𝐿𝐿𝐾𝐾𝑖𝑖2𝐷𝐷′ 
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Figure 5.12 Block diagram of the proposed control system. 

In MATLAB simulation, it is vital to calculate the inductor current of the boost converter to 

derive the small-signal transfer function. By substituting (5.21) into (5.38), as well as the 

parameters, the results of the inner loop transfer function can be obtained. The stability of the 

cascade control can be determined by bode plots, which is the main objective of deriving the 

closed-loop transfer function of the dc MG. To finalise the overall transfer function of the 

proposed control system, the droop coefficient is involved in the calculations for a 

comprehensive analysis of the stability. It can be seen from Figure 5.12 that the open-loop 

transfer function is defined as the product of the droop coefficient and small-signal 𝑑𝑑𝑑𝑑𝑐𝑐 −
𝑑𝑑𝑝𝑝
𝑑𝑑𝑖𝑖

 

transfer function. Last but not least, this is a positive feedback loop which is exactly the same 

as the skeleton of primary loop. In other words, the general feedback equation cannot be 

applied to the proposed V-dp/di control system. Considering Figure 5.12, the overall transfer 

function of the system with proposed V-dp/di method can be written as 

∆𝑑𝑑𝑑𝑑𝑐𝑐
∆𝑑𝑑𝑑𝑑𝑐𝑐

𝑟𝑟𝑟𝑟𝑟𝑟 =
𝑚𝑚 ∙ 𝑚𝑚2(𝑟𝑟)

𝑚𝑚 ∙ 𝑚𝑚2(𝑟𝑟) − 1
 (5.39) 
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Figure 5.13 Bode plots of outer feedback loop of proposed control method in MPPT mode.  

It is shown in Figure 5.13 that the outer loop of proposed V-dp/di control method is stable. 

The stability of the PV-based dc MG system with proposed control scheme has been 

improved, since the system in MPPT mode is stable with a lower bandwidth in Section 5.2. 

The phase margin obtained in the phase plot is 11.3 °. And the measured gain margin is 1.17 

dB. As can be observed in Figure 5.13, the bandwidth of the closed-loop system is 

approximately 528 Hz. The bandwidth of conventional V-dp/dv method is 45% less than the 

new value of bandwidth. Therefore, the proposed V-dp/di control algorithm takes advantage 

of novel term dp/di to boost the speed of steady-state response. In MPPT mode, surprisingly, 

the bandwidth difference between inner and outer loops is insignificant for droop control 

methods. This is due to the fact that the desired dc bus voltage is the same as the reference 

value. The functionality of droop coefficient is disabled in MPPT mode, in which the control 

system behaves as a single dp/di regulator. This is the main benefit of a droop control scheme 

for a PV source. The maximum PV power can thus be rapidly extracted from PV arrays to 

operate in grid-connected/islanded mode.  

A droop controller is implemented in the outer loop of decentralized coordination control, 

which is simply a fixed constant. In [70], Cai et al. established the conventional cascade 

control with dp/dv to autonomously manipulate PV output power according to the status of dc 

MG system. However, in [10], the authors suggested that the outer voltage PI controller can 

be removed from the control system. A comprehensive analysis of two droop control 

configurations is provided in [50]. They validated the droop control with a single loop 

controller and summarised that the single PI controller offers better dynamic characteristics 
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than the classical cascade control with two independent controllers. In [50], the pole shifting 

trajectories of the classical cascaded loop show that two poles are near the imaginary axis, in 

which the system takes longer to reach the steady state. Meanwhile, these two poles are 

unaffected by two control settings of the outer voltage PI circuit. The improvement of 

dynamic performance of droop controller is therefore necessary to increase the overall 

stability of a dc MG .The lack of outer PI controller has a positive impact on the overall speed 

of steady-state response of proposed V-dp/di control. The control system of a PV generator in 

a dc MG remains stable in the absence of outer voltage PI controller.  

 

Figure 5.14 Bode plots of outer loop of proposed control method in stand-alone operation. 

It can be seen from Figure 5.14 that the outer loop of proposed V-dp/di control system is 

stable, given the gain margin and phase margin are both positive. To make a comparison 

between two control algorithms, the same set of parameters is implemented in this analysis to 

assess the steady-state performance of the proposed V-dp/di control system. The droop 

coefficient of the system is set to 5, which means the maximum dc bus voltage fluctuation is 

about 27 V. This is similar to the simulation study. The PV standalone mode is activated, at 

which the available PV production is higher than the load consumption. The outer loop of the 

cascade control system generates a desired dc bus voltage with the help of droop coefficient. 

A reference dp/di value is fed into the inner loop for producing a sufficient PV power to meet 

the load demand. Therefore, the PV standalone mode is crucial to validate the functionality of 

the proposed V-dp/di droop control method. As shown in Figure 5.14, the phase margin is 

69.3 ° in which the proposed system has greater stability than classical method. Moreover, the 

gain margin of the novel control strategy is 25.2 dB. The measured gain is higher than the 
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original value, which implies better static characteristics of the dc MG system. The bandwidth 

of the outer loop is found to be 46.7 Hz. In literature, most of the studies suggested a 

minimum of five to ten times difference in cascaded loop is critical to the overall performance 

of the system. Eventually, the proposed V-dp/di control method satisfies all the basic 

requirements, while optimising the control system. The proposed method takes advantage of 

accurate inner variable. The feasibility of the system has been verified in the stability analysis.  

 

Figure 5.15 Steady-state response of the dc bus voltage with critical gain. 

A simulation model is used to validate the results obtained in the stability analysis. By 

gradually increasing the proportional gain of the controller, the static response of the output 

voltage begins to indefinitely oscillate. This is referred to as critical gain. All the integral and 

derivative terms are set to zero, in order to measure the critical gain. As a result, the critical 

gain of the closed-loop system in Simulink is 0.00625. As shown in Figure 5.15, the steady-

state characteristic of the dc bus voltage can be observed. The output voltage is fluctuating 

around the reference value. It is concluded that the system is marginally stable. The load 

power is set to 1.5 kW in this part, which implies that the desired dc bus voltage has to be 

greater than 400 V in the proposed V-dp/di droop control.  
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Figure 5.16 Bode plot of the closed-loop transfer function with critical gain. 

 

Figure 5.17 Pole-zero map of the overall closed-loop transfer function. 

The critical gain is applied to the closed-loop transfer function calculated in Section 5.3. It can 

be seen from Figure 5.16 that the bandwidth is 506 Hz and gain margin is 3.98 dB. There is a 

RHP zero observed in Figure 5.17, which is the key drawback of a classical boost converter. It 

leads to a non-minimum phase characteristic, in which the output response becomes negative 

before changing the direction back to positive. Eventually, control engineers may consider 

selecting a lower bandwidth to make the system stable. The results in simulation model 

validate the outcomes of the stability analysis, in which a critical gain is used to make a 

comparison between two independent methods. 



Chapter 5. Stability Analysis of Proposed V-dp/di and Conventional Methods 

  102 

5.4 Chapter Summary 

In this chapter, a comparison of conventional V-dp/dv and proposed V-dp/di control systems 

in the form of mathematical analysis is present to evaluate the steady-state response 

performance of a PV-based dc MG. The overall closed-loop transfer function of the 

conventional V-dp/dv method is derived in Section 5.2. The results in MATLAB show that 

the inner loop system is unstable in a PV-based dc MG with a boost converter, regardless of 

the PI settings. The main issue of implementing the conventional method is low accuracy of 

dp/dv.  

The overall closed-loop transfer function of the proposed V-dp/di control algorithm is thus 

derived in Section 5.3. This is a detailed mathematical analysis to fully understand the 

limitations of conventional V-dp/dv control method. The specifications of the dc MG system 

in proposed control are exactly the same as the one in conventional method. The stability 

analysis is based on a simplified dc MG system that involves a single PV source. The results 

of stability analysis for inner loop and outer loop demonstrate that the proposed control 

variable dp/di easily stabilises the dc MG system with the help of PI controller. The 

importance of dp/di has a crucial effect on the stability of the control system. The term dp/di 

is the variable that can accurately represent the correct amount of PV power, which is 

validated in Chapter 4. Compared to conventional dp/dv, dp/di is more appropriate to be 

chosen as the inner control variable to perform PV power balancing. The outer voltage loop of 

proposed V-dp/di control system is stable in Section 5.3, according to the outcomes in 

MATLAB. Furthermore, recent literature has reported that the droop control strategy with a 

single PI controller is always reacting faster than the generic cascade control system with two 

individual controllers. The key advantage of the proposed V-dp/di control algorithm is simple 

tuning process, which requires only one PI controller to be tuned. A simulation model is 

presented to validate the results of the stability analysis. This can simply be undertaken by 

looking for the critical gain of the closed-loop transfer function in the simulation model. The 

critical gain can be substituted into the transfer function calculated in stability analysis. The 

results show that the gain margin is almost zero which is close to the outcomes in simulation. 
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Chapter 6. Simulation Results of Proposed V-dp/di and Conventional 

Control Algorithms 

6.1 Introduction 

In this chapter, the improved dynamic performance of the proposed V-dp/di droop control 

method is examined, following the assessment of the conventional V-dp/dv control strategy. 

The system dynamics of the conventional control technique is demonstrated to replicate the 

dynamic behaviour in literature. Simulation results of two different control schemes are 

presented to fully understand the impact of dp/di, as well as the effect of introducing second 

differential of current approach. This provides a platform to identify the key challenges of the 

conventional method and to assess the effectiveness of the proposed control system. The 

proposed V-dp/di control is implemented in the dc MG system to yield an improved dynamic 

and steady-state performance. Taking standard test conditions into account, the impacts of 

step load change and fast irradiance change are investigated to simulate abrupt dynamic 

characteristics of the system. A significant variation in solar irradiance and step load change 

are implemented to validate the robustness of the proposed method.  

To validate the proposed control method, the dc MG system with multiple PV sources is 

established in MATLAB/Simulink® using MATLAB R2017a. The Simulink model consists 

of two sets of PV arrays with basic step-up converters, a Lithium-ion battery with a bi-

directional dc/dc converter, and a variable dc load with a step-down converter. The overview 

of the control framework can be reviewed in Chapter 4. A droop coefficient is used to equally 

distribute the load demand to each PV array for the purpose of proportional power balancing. 

It is noted that a classical PI controller is employed in the BESS, load system, and single-

phase grid-connected inverter to perform the basic functions for simulation, respectively.  

The rest of this chapter is organised in the following sections. Section 6.2 introduces the 

simulation model in detail and fundamental preparations during the phase of a simulation 

study. The remaining sections present the simulation results of the conventional and proposed 

V-dp/di control methods, and a comparison of two different control schemes. The parameters 

for performance evaluation include settling time, voltage deviation, voltage overshoot, voltage 

ripple, and power fluctuations. Last but not least, the impacts of the novel 2nd differential term 

are discussed in Subsection 6.4.4.  
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6.2 Simulation Model 

The model of the dc MG system with PV arrays is implemented in Simulink® using the 

MATLAB® based Simscape™ for power electronic components such as capacitor and 

inductor. All of the dc/dc converters in this thesis are based on the classical topologies to 

ensure that the fundamental functions of each of them can be performed. To realise 

proportional power sharing, two independent PV systems are used to share the load demand 

among solar panels without any communication agent. A detailed description of the 

mathematical model of PV arrays is present in Chapter 3. The main benefit of customising a 

PV model is high flexibility. The specifications of the PV module are obtained from the 

datasheet provided by the manufacturer to simulate the PV characteristics, taking the intrinsic 

elements into consideration, which should be almost the same as practical model.  

In an islanded mode, where grid-connected inverter is unavailable, the BESS has become the 

dominant energy source to maintain the single bus voltage at 400 V. To behave as a dominant 

source, it is compulsory to restore the dc-link voltage and to feed power through the dc bus to 

the consumer load. As previously stated, in [47], a thorough control framework of the bi-

directional dc/dc converter for BESS is provided in Chapter 3. It comprises two modes of 

operation, charging and discharging. The battery is usually discharged in an islanded mode 

unless the solar power is adequate for supporting the load demand. The battery discharge 

mode is the most commonly used operation mode in an islanded dc MG. Figure 3.7 shows the 

control diagram for the discharge mode, which is simply a classical cascaded loop. It is made 

up of an outer dc-link voltage loop and inner battery current loop. Each of them is associated 

with an independent PI controller to manipulate the variable, respectively.  

The load system is composed of a step-down converter, two resistive loads, and a classical 

voltage loop. The specifications of the converter can be observed in Chapter 3. To evaluate 

the performance of the dc MG, a step load change is included in the simulation. This can be 

accomplished by implementing a single switch connected to the 2nd resistor. A pulse generator 

is employed to produce a signal to activate the second load during the simulation. The 

resistance at the load side is significantly varied to simulate step load changes. A traditional 

PI controller is used to process the error signal and output a duty cycle.  

There are some basic settings and configurations of the islanded dc MG system with two PV 

arrays. The controlled current source in Simulink is directly connected to the output side of 

the PV model, which is used to generate a corresponding current to behave as a PV array. 
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PV1 is made up of 6 SunPower® X-Series Residential Solar Panels (X21-335-BLK) with 2 in 

series and 3 in parallel. The nominal power of the PV1 is 2 kW. The open-circuit voltage and 

short-circuit current of the PV1 are 135.8 V and 18.69 A, respectively. The rated power of 

PV2 is set to 1.368 kW. As a result, the performance of power balancing among PV 

generators in the proposed V-dp/dv control method can be evaluated. The open-circuit voltage 

remains unchanged, however, the short-circuit current of PV2 is 12.46 A. All of the power 

converters are modelled in MATLAB/Simulink using Simscape™ Library blocks. A dc-link 

capacitor is implemented in the single dc bus to initialise the nominal dc-link voltage of 400 

V. The specifications of the simulation model can be reviewed in Chapter 3 and Section 4.4.4.  

6.3 Simulation Results of Conventional V-dp/dv Droop Control 

The conventional droop control method is implemented in the dc MG system to obtain 

simulation results. The dc MG operates in a battery islanded mode, where the grid-connected 

inverter is disconnected, which means the bi-directional dc/dc converter in BESS participates 

in the dc-link voltage restoration. The dominant energy source always keeps the dc bus 

voltage at the desired value of 400 V, regardless of how the PV outputs and load demand vary. 

In other words, the deviation of dc bus voltage is approximately zero, assuming the PI 

controller for BESS works properly. This means two PV systems play a critical role in 

harvesting the maximum available energy from the PV arrays. 

To assess the system dynamics of the conventional V-dp/dv control, the SoC of BESS is 

assumed to be high for the battery system to be disabled. Therefore, the SoC of a battery is set 

to 80 per cent. In this scenario, the BESS is forced to be deactivated until the SoC drops 

below 80 percent. It is said to be PV standalone mode. PV sources and consumer load have 

become the key elements of the dc MG, without the support of BESS and single-phase grid-

connected inverter. Both PV1 and PV2 take part in the dc bus voltage regulation, and 

proportional power sharing among PV arrays. The droop coefficient is capable of linearizing 

the PV characteristics, and hence the power ratio between PV1 and PV2 can usually be kept 

constant. This thesis assumes that both PV arrays are installed in a rural area, in which the 

standard test conditions are consistent throughout the simulation. The step load changes and 

significant change in irradiance are implemented in Simulink to identify the key issues of the 

conventional V-dp/dv control technique. Table 6.1 shows the controller parameters for the 

simulation of conventional control based on Table 2.1 and manual tuning. The proportional 

term is first tuned to obtain a steady-state response, which has SSE and reduced settling time. 
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Afterwards, the integral term is introduced to eliminate the SSE and stabilise the closed-loop 

system. Eventually, the derivative term is increased to suppress the voltage overshoot. The dc 

load may vary over time to demonstrate the working principle of the conventional PV droop 

control system.  

Table 6.1 Simulation parameters for conventional V-dp/dv control method 

Parameter Value 

Outer Proportional gain for BESS 𝐾𝐾𝑝𝑝_𝑂𝑂𝑜𝑜𝑜𝑜𝐵𝐵𝑂𝑂𝑂𝑂𝑂𝑂 7 

Outer Integral gain for BESS 𝐾𝐾𝑖𝑖_𝑂𝑂𝑜𝑜𝑜𝑜𝐵𝐵𝑂𝑂𝑂𝑂𝑂𝑂 0.06 

Inner proportional gain for BESS 𝐾𝐾𝑝𝑝_𝐼𝐼𝑛𝑛𝐵𝐵𝑂𝑂𝑂𝑂𝑂𝑂 0.007 

Inner integral gain for BESS 𝐾𝐾𝑖𝑖_𝐼𝐼𝑛𝑛𝐵𝐵𝑂𝑂𝑂𝑂𝑂𝑂 0.0008 

Proportional term for load 𝐾𝐾𝑝𝑝_𝑙𝑙𝑜𝑜𝑙𝑙𝑑𝑑 0.00025 

Integral term for load 𝐾𝐾𝑖𝑖_𝑙𝑙𝑜𝑜𝑙𝑙𝑑𝑑 0.00013 

Proportional gain for PV1 controller 𝐾𝐾𝑝𝑝_𝑃𝑃𝑃𝑃1 6 

Integral gain for PV1 controller 𝐾𝐾𝑖𝑖_𝑃𝑃𝑃𝑃1 0.05 

Derivative gain for PV1 controller 𝐾𝐾𝑑𝑑_𝑃𝑃𝑃𝑃1 20 

Proportional term for PV2 controller 𝐾𝐾𝑝𝑝_𝑃𝑃𝑃𝑃2 3 

Integral term for PV2 controller 𝐾𝐾𝑖𝑖_𝑃𝑃𝑃𝑃2 0.012 

Derivative term for PV2 controller 𝐾𝐾𝑑𝑑_𝑃𝑃𝑃𝑃2 18 

Droop coefficient for PV1 5 

Droop coefficient for PV2 4.25 

Sampling frequency 𝑓𝑓𝑠𝑠 20 kHz 

Switching frequency 𝑓𝑓𝑠𝑠𝑠𝑠 20 kHz 

 

6.3.1 Islanded Mode 

In the islanded operation, the voltage regulation of the dc MG is handled by the bi-directional 

dc/dc converter in BESS. The nominal dc-link voltage would be 400 V during the phase of 
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simulation work. The standard test conditions of the irradiance and temperature for both PV 

sources are set to 1000 W/m2 and 25 ℃, respectively. As can be seen from Table 6.2, the 

solar insolation of PV1 and PV2 drops to 800 W/m2 at 0.05 s, and then 500 W/m2 at 0.15 s. 

A step changing irradiance is implemented in the signal builder to create disturbance to the 

PV systems, as well as the single dc bus. This provides an opportunity to observe the transient 

response of the dc MG, in order to have a better understanding of system dynamics of BESS. 

The operating temperature keeps constant in the simulation. Moreover, a step load change is 

developed in the simulation model to validate the classical control for BESS and PV arrays. 

To start with, Load 1 is set to 500 W (4.608 Ω) with a typical load voltage of 48 V. The load 

system is composed of two resistive loads. The switch for step change is driven by the pulse 

generator, which allows Load 2 of 1.5 kW (1.536 Ω) to be in working order after a time delay 

of 0.1 s. The reference load voltage remains the same in a parallel circuit during transients. 

Table 6.3 presents the step changes in output load resistance for the simulation study. 

Furthermore, the initial SoC of battery is set to 50%. This is to ensure that the Lithium-ion 

battery model is capable of storing excessive power from the dc bus, and generating adequate 

energy to supply the consumer loads.  

Table 6.2 Simulated irradiance changes for PV systems 

Period Time (s) Irradiance (𝑘𝑘/𝑚𝑚2) 

I 0 – 0.05 1000 

II 0.05 – 0.15 800 

III 0.15 – 0.2 500 

 

Table 6.3 Step load changes in islanded mode 

Time (s) Resistive load (Ω) Load power (kW) 

0 – 0.1 4.608 0.5 

0.1 – 0.2 1.152 2 

 

Figure 6.1 shows the dynamic performance of the BESS in islanded operating state. The blue 

curve represents the battery voltage under significant change in irradiance and step changing 
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load. The maximum overshoot/undershoot of the battery current are found to be less than 

0.058%. The measured voltage ripple is ±0.03%. On the other hand, the red curve refers to the 

current signal of the battery. The overall current ripple of the battery is around ±11.11%. The 

averaged settling time of the current is 15 ms, which is within an acceptable range. The inner 

current loop always responds much quicker to the step changes, compared with outer voltage 

loop, which in turn experiences severe overshoots and fluctuations during transients.  

A step change in load resistance and step-changed insolation are implemented in the system to 

understand the dynamic behaviour of the BESS. In period I, the maximum PV power is 

extracted under full irradiance and hence the Li-ion battery starts charging. It is crucial to bear 

in mind that the PV arrays are always operating in MPPT mode for an islanded dc MG. Next, 

the reduction in irradiance, in period II, leads to a decrease in charging current. But the PV 

array power is adequate to supply the resistive load. A significant change in load resistance is 

occurred at 0.01 s, which dramatically increases the load demand to a total of 2 kW. As 

shown in Figure 6.1(b), the current is approaching zero value as a result of the rise in load 

resistance. In period III, halving the full solar insolation results in a battery discharging mode 

to support the load. The dc-link voltage is the indicator to represent the present status of the 

MG. According to the multi-loop in BESS, the voltage deviation is processed by the outer PI 

controller to calculate the correct amount of battery current for keeping the reference voltage 

constant.  
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Figure 6.1 System dynamics under different irradiance and step load changes. (a) Battery 

voltage. (b) Battery current. 

Given the dc MG continues its operation in an islanded form, the nominal dc-link voltage has 

to be maintained which is simply a classical power system. The PV array is maximising its 

power at the beginning, and therefore a 1% of maximum voltage overshoot can be observed in 

Figure 6.2. There are three voltage undershoots due to the drop in solar insolation and 

increase in load resistance. However, the settling time of the dc bus voltage is approximately 

10 ms in which the BESS accommodates with those abrupt conditions. The voltage ripple of 

the dc bus is around 0.375% which greatly supports the idea of establishing a dc MG to 

integrate renewable energy sources alongside BESS and electrical loads. The oscillations of 

dc-link voltage are particularly small under half irradiance. This can be linked to the voltage 

fluctuations in solar panels. Considering a PV array voltage with high ripple, it has an adverse 

effect on the output of the dc/dc converter which turns out poor dynamics of the dc bus 

voltage. This is the key reason to devise the proposed V-dp/di method to significantly 

improve the PV power oscillations and reduce the voltage ripple.  
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Figure 6.2 DC bus voltage of an islanded dc MG. 

It can be seen from Figure 6.3 that the output power of two individual PV sources is present. 

The blue line represents the array power of PV1, and the red line represents the output power 

of PV2. Compared to the conventional control algorithm, in [10], the power oscillations in 

this thesis are eliminated by the PID controller. The power ripple is ±0.63%. However, the 

implementation of PI controller in [10] results in power oscillations of over ±5%. The 

overshoots in Figure 6.3 are mainly suppressed by the derivative term, which shows a 

promising dynamic response performance. In an islanded operation, two PV sources always 

work in the MPPT mode under different irradiance. An argument to the decentralized 

coordination control method is how to ensure the BESS is the dominant energy source in an 

islanded mode. There may be a contradiction between PV arrays and BESS, if both of the 

energy supplies work in voltage restoration mode. Indeed, the BESS is always the dominant 

energy supply in an islanded dc MG unless the maximum charge/discharge limit has attained. 

When it comes to the cascade control in BESS, the value of reference current relies on the 

voltage deviation of the outer loop. But the PV source requires a searching algorithm to reach 

the steady state under atmospheric conditions. The MPPT technique takes a significant 

amount of time to search for new MPP. Instead, the multi-loop in BESS is capable of 

calculating an instantaneous current reference to restore the dc-link voltage. The outcomes in 

Figure 6.1 and Figure 6.3 clearly illustrate the modes of operation for BESS and PV systems, 

and their own responsibilities for an islanded dc MG.  
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Figure 6.3 Step response of output power of PV1 and PV2 in an islanded mode. 

 

Figure 6.4 Simulation result for voltage of PV1 in islanded operation. 

 

Figure 6.5 Simulation result for voltage of PV2 in islanded operation. 

The voltage signals of PV1 and PV2 in an islanded mode are shown in Figure 6.4 and Figure 

6.5, respectively. The PV1 and PV2 voltages are kept constant at MPP, regardless of how the 

weather conditions and load demand vary. The output voltage of PV1 ranges from 112 V to 
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113 V. The most significant undershoot occurs at 0.15 s when the solar insolation is reduced 

to 500 W/m2. The percentage overshoot is about 4.5% which is within a safe operating range. 

The settling time of PV1 voltage is 5 ms. In terms of PV2, the maximum overshoot is 

approximately 10.5% which is acceptable. The settling time of PV2 voltage is about 10 ms. 

The averaged settling time of PV voltages is less than the BESS, but the key function of two 

PV sources in an islanded dc MG is to maximise their outputs without the need for voltage 

restoration. As aforementioned, the response speed of a searching MPPT algorithm is always 

lower than the cascade control of BESS. Overall, the conventional V-dp/dv control presents a 

better dynamic performance using a PID controller instead of classical PI controller. When it 

comes to the traditional PI control, this dc MG system may experience severe voltage 

overshoot and in the worst case it might collapse. Therefore, it would be highly recommended 

to implement a PID controller in the decentralized coordination method.  

 

Figure 6.6 Load voltage of the islanded dc MG system. 

The load voltage of the dc MG in islanded mode remains unchanged during the dynamic 

process, as shown in Figure 6.6. The PI controller in the load system has suppressed the 

voltage overshoot. There is a notable voltage overshoot occurred at 0.1 s as a result of the 

sudden load change. However, it takes about 2 ms to stabilise the load voltage of 48 V. This 

can be summarised as a normal condition. To improve the transient response of the load 

system, a robust controller can be used to avoid unexpected overshoots/undershoots but it is 

beyond the scope of this thesis. The load voltage is unaffected by the changes in atmospheric 

conditions, given the BESS immediately responds to compensate for the lack of electrical 

energy. 
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6.3.2 PV Standalone Mode 

In standalone operation, PV arrays have become the dominant sources of energy to participate 

in voltage regulation with the help of decentralized coordination control. The solar irradiance 

of 600 W/m2 and operating temperature of 25 ℃ are initial test conditions of two PV sources. 

The solar insolation is scheduled to rise to 800  W/m2  at 0.05 s, and to full irradiance 

(1000 W/m2) at 0.15 s. The step changing irradiance in the PV standalone mode can be 

observed in Table 6.4. These settings are used to simulate the event, in which the PV power 

exceeds the load demand. The dynamic performance of the dc MG can thus be assessed. Plus, 

a step change in load is deployed to understand the properties of the existing control strategy. 

The initial load resistance is set to 4.608 Ω with a nominal voltage of 48 V. The consumer 

load is increased to 1.536 Ω at 0.1 s to draw 1.5 kW power from the dc MG. The simulation 

events for step changing load are presented in Table 6.5. On the other hand, the battery is 

assumed to be fully charged at SoC of over 80% and is therefore disconnected from the dc 

MG.  

Table 6.4 Different step-changed irradiances for PV arrays 

Period Time (s) Irradiance (𝑘𝑘/𝑚𝑚2) 

I 0 – 0.05 600 

II 0.05 – 0.15 800 

III 0.15 – 0.2 1000 

 

Table 6.5 Step changing load in PV standalone mode 

Time (s) Load resistance (Ω) Load power (kW) 

0 – 0.1 4.608 0.5 

0.1 – 0.2 1.536 1.5 

 

Figure 6.7 shows the transient performance of the dc-link voltage waveform in PV standalone 

mode. It can be summarised that the dc bus voltage is within an acceptable range, since the 

maximum allowable voltage of the conventional V-dp/dv control method is about 435V. The 

voltage deviation in Figure 6.7 can be utilised to curtail the PV output power, so that the PV-
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based dc MG system is stable. The settling time of the dc-link voltage in average is 

approximately 20 ms. The feedback voltage is greater than the nominal value, which implies 

that curtailing the excess solar energy is the best way to stabilise the dc MG. At 0.1 s, the 

sudden increase in load demand results in a drop in dc-link voltage. Surprisingly, the voltage 

ripple is proportional to the solar insolation. The results in Figure 6.7 demonstrate that voltage 

fluctuations occur when the PV system is under full irradiance. The step response of the 

single bus voltage depends on the quality of PV power. In Chapter 4, the key issues of the 

accuracy of primary control variable in conventional V-dp/dv method have been discussed. 

To tackle the challenges, the V-dp/di control strategy is proposed to yield an improved PV 

power quality. The voltage ripple is found to be 0.25% during simulation. In case of step-

changed irradiance, the dynamic characteristics of PV curve are varied accordingly. Therefore, 

the PV system is required to search for the new point of output power. This has led to an 

increase in dc bus voltage, but the maximum voltage of the common bus is strictly limited by 

the droop coefficient.  

 

Figure 6.7 Step response of dc bus voltage under step changing load and irradiance. 

It is shown in Figure 6.8 that the PV power takes roughly 20 ms to reach the steady-state 

value. The voltage swells are expected to occur in the event of abrupt change in irradiance. 

The voltage swell only appears in a short period of time, which is not harmful to the switching 

device. However, under full irradiance, with the conventional V-dp/dv control method, the 

measured power oscillation is about ±5%. Compared with the power ripple in MPPT mode in 

Figure 6.3, the present ripple in PV standalone operation is almost ten times larger than the 

previous percentage. A PID controller has been implemented in the conventional control 

method to achieve better outputs, but the inaccurate inner variable dp/dv is a serious problem 

to the overall performance of the dc MG. Hence, the focus of this thesis. The results in Figure 

6.8 demonstrate how the PV arrays can share the power in proportion. The initial power ratio 
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of two PV generators is 1:0.68. In the mode of voltage regulation, the power ratio in average 

is about 1:0.6 which is close to the theoretical value. This validates the decentralized droop 

control algorithm for a PV-based dc MG in a PV standalone mode.  

 

Figure 6.8 Dynamic responses of two PV power curves under step changes. 

 
Figure 6.9 System dynamics of PV1 under step changes. (a) PV voltage. (b) PV current. 

As shown in Figure 6.9, voltage and current waveforms of PV1 under step load change and 

fast changing irradiance are presented, respectively. Overall, the voltage signal of the PV1 is 
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performing well during simulation. These values are all located on the right side of the MPP 

in the P-V characteristic curve, which is in between voltage at MPP and open-circuit voltage. 

This is the designated operating region for the PV arrays to produce solar power, in order to 

prevent short-circuit issues. The measured voltage ripple in Figure 6.9(a) is ±0.8%, where the 

conventional V-dp/dv control algorithm is able to reduce the voltage fluctuations. However, 

the maximum PV current ripple in Figure 6.9(b) is found to be ±9.375% under full irradiance. 

It can be concluded that current variations in MPP cannot be suppressed by the conventional 

control method under high irradiance, resulting in poor PV power fluctuations. This is one of 

the drawbacks of the conventional voltage-based control. The lack of precision in control 

variable dp/dv and slow inner loop response are summarised to be the key challenges of the 

conventional V-dp/dv control system.  

In PV standalone mode, the step response of the resistive load is exactly the same as the one 

in islanded operation. As shown in Table 6.5, there is a step load change occurred at 0.1 s. 

Figure 6.6 presents a 14.6% voltage overshoot to indicate the large variation in resistance, 

where two PV sources are increasingly generating solar power to meet the load demand. It 

takes about 20 ms to reach the new operating point for providing sufficient power to the dc 

MG. This simulates the worst scenario when the local load demand is growing rapidly. PV 

arrays play a critical role in regulating the single bus voltage and generating correct amount of 

solar energy. It is therefore crucial to propose a novel droop control strategy to yield an 

improved dynamic performance of a dc MG system, regardless of the operation mode. 

6.4 Simulation Results of Proposed V-dp/di Droop Control 

The V-dp/di droop control method is implemented in the simulation model to evaluate the 

dynamic response performance of the islanded dc MG, and to compare with the conventional 

control strategy. The framework of the system is exactly the same as the one in Section 6.3. 

The dc MG operates in an islanded mode to understand if the proposed method can behave as 

a MPPT algorithm to extract the maximum solar power. The BESS is in a leading position in 

a PV-based dc MG to perform voltage restoration. In this case, the main objective of the PV 

arrays is to maximise their output power. The dc bus voltage remains constant at its rated 

value in the islanded operation.  

The dc MG system works in the PV standalone mode, when the BESS is unavailable. The 

SoC of battery is set to 80%, which means the upper charging limit is attained. For safety 

reason, the BESS is temporarily disconnected from the dc MG. The fundamental functions of 
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the PV arrays are voltage regulation and proportional power balancing among solar panels. It 

is noted that there is no communication agent between PV arrays to ensure a fully 

decentralized control. Basically, the dc bus voltage is the key parameter for PV systems to 

estimate the amount of power required for the resistive loads. The concept of droop control 

from the conventional V-dp/dv method is applied to linearize the P-I characteristics of the PV 

panel and compute dp/di, which in turn outputs power in proportion according to the energy 

consumption. As usual, the standard and abrupt test conditions can be used for assessing the 

robust performance of the proposed V-dp/di control system. The step changed load and fast 

irradiance change with the use of Simulink are deployed to observe the system dynamics of 

the simulation model. Therefore, some key results can be produced to validate the feasibility 

of proposed V-dp/di method. 

Table 6.6 Simulation parameters for proposed V-dp/di control scheme 

Parameter Value 

Proportional gain for PV systems (𝐾𝐾𝑝𝑝_𝑃𝑃𝑃𝑃) 2 

Integral gain for PV systems (𝐾𝐾𝑖𝑖_𝑃𝑃𝑃𝑃) 0.1 

Derivative gain for PV systems (𝐾𝐾𝑑𝑑_𝑃𝑃𝑃𝑃) 7.5 

Droop coefficient for PV1 (𝑚𝑚1) 5 

Droop coefficient for PV2 (𝑚𝑚2) 5.03 

Sampling frequency (𝑓𝑓𝑠𝑠) 20 𝑘𝑘𝑚𝑚𝑘𝑘 

Switching frequency (𝑓𝑓𝑠𝑠𝑠𝑠) 20 𝑘𝑘𝑚𝑚𝑘𝑘 

 

Table 6.6 provides the system parameters for the dc MG with the proposed V-dp/di control 

algorithm. There is no difference for BESS and load system in this simulation. The discrete 

PID controllers for PV1 and PV2 are the same, provided that the results show a promising 

performance. In theory, the initial droop coefficient for a PV source can be calculated. 

However, manual tuning method is carried out to enhance the accuracy of proportional power 

sharing. The switching and sampling frequencies remain unchanged to make a comparison 

between two control methods. Moreover, the test conditions for two modes of operation are 
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consistent with Section 6.3. Compared with the outcomes obtained in Section 6.3, this should 

provide a solid understanding of the proposed V-dp/di control algorithm. 

6.4.1 Islanded Mode with BESS 

The simulation model of the dc MG with proposed V-dp/di method has identical test 

conditions to the one in Subsection 6.3.1. In islanded mode, the BESS behaves as the 

dominant source to keep the dc bus voltage constant, while two PV arrays are performing 

MPPT function under ambient conditions. As shown in Table 6.2, the step-changed irradiance 

over time is illustrated. The initial value is set to full irradiance, followed by 800 W/m2 and 

500 W/m2. The PV generators run at a standard operating temperature of 25 ℃ throughout 

the simulation events. In principle, the dynamic performance of the proposed control scheme 

in MPPT mode can be assessed. As shown in Table 6.3, the step change in load is present to 

observe the step response of the dc MG with proposed V-dp/di control algorithm. An 

additional load power of 1.5 kW is drawn from the common dc bus at 0.1 s, which is a 

dramatic change in load resistance. The preliminary SoC of BESS is at a half charged state 

(50%). It offers the battery the best position to charge/discharge battery’s current, so that it 

can manage the unbalanced energy in a MG. The typical common bus voltage is set to 400 V, 

which is one of the most widely used voltage values in literature.  
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Figure 6.10 System dynamics of an islanded dc MG. (a) Battery voltage. (b) Battery current. 

As can be seen from Figure 6.10, the transient response of the BESS is demonstrated. Figure 

6.10(a) refers to the voltage signal of the Li-ion battery in blue. Figure 6.10(b) represents the 

battery’s current, where positive sign means the battery is discharging and vice versa. The 

maximum current overshoot of the BESS is about 1.54%, which is slightly greater than 

previous value (1.21%) in 6.3.1. Similar to previous simulation in 6.3.1, there is no voltage 

ripple since the BESS has massive capacity of 250 Ah. The battery voltage remains constant 

at 51.9 V during transients. It makes no difference to the proposed V-dp/di control in an 

islanded operation. In addition, the ripple current of the BESS is ±7.32%. The settling time 

of the battery voltage is around 15 ms. Compared with the results in 6.3.1, the overall battery 

performance in this test is almost identical to the previous one but the BESS is experiencing 

more fluctuations and higher overshoot. Besides, the significant change in load demand at 

0.01 s brings a negligible impact to the battery’s voltage. The BESS is the leading energy 

supply in this scenario, since the PV arrays are harvesting the maximum available power. It 

can thus be described as a robust control system due to the abrupt condition. The details of the 
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step-changed load and fast irradiance change are illustrated in Subsection 6.3.1. There is no 

major divergence between two simulation models.  

 

Figure 6.11 Common bus voltage of the dc MG in islanded operation. 

Figure 6.11 shows the dynamic response of the dc bus voltage in the islanded dc MG system. 

There is a 1.13% of voltage overshoot at the beginning, which is consistent with the test in 

6.3.1. The surplus PV power results in an overshoot of the dc bus voltage and thus the BESS 

is responsible for restoring the voltage by charging the battery. The settling time of the single 

bus voltage is 10 ms, considering 0.5% of steady-state value. Besides, the ripple voltage of 

common dc bus is found to be 0.375% under full irradiance. It is critical to bear in mind that 

the proposed V-dp/di control method is designated for the PV arrays. In theory, the transient 

performance of the islanded dc MG is unaffected. The main point is that the voltage ripple 

grows with the solar insolation, in which the fluctuations of PV power have a huge impact on 

the load side of PV system.  

 

Figure 6.12 System dynamics of array power for PV1 and PV2 in the islanded mode. 
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As shown in Figure 6.12, the dynamic characteristics of the PV1 and PV2 are presented. In 

terms of the transient response, the PV power in the above figure experiences less fluctuations 

and shorter settling time. The power ripple of the PV1 is ±0.5%. The performance is greatly 

improved by 20%, compared with the ripple measured in Figure 6.3. Furthermore, the 

proposed V-dp/di control algorithm significantly increases the transient response speed of the 

PV arrays. The settling time is dropped from 10 to 5 ms which in turn shortens the settling 

time by half. When it comes to a reduction in irradiance at 0.05 s and 0.15 s respectively, 

notable undershoots can be observed in the power curves shown in Figure 6.3. However, in 

Figure 6.12, no overshoot/undershoot is demonstrated in two PV power signals where the 

robust tracking performance has been achieved in the proposed control algorithm. The 

proposed controller takes full advantage of precise dp/di. The common argument for a MPPT 

algorithm is that MPPT method based on current usually suffers from fast irradiance change, 

which results in short-circuit and stability issues. For the proposed control system, the dp/di is 

utilised to harvest maximum power from the PV arrays. The operating point of power is 

usually located at the zero slope of tangent line in MPPT mode. This turns out the active 

region is on the left side of the P-I characteristics. Plus, there is no current reference value 

directly fed into the PI/PID controller in order to prevent the issue of short-circuits. To sum 

up, the proposed V-dp/di control strategy demonstrates an improved dynamic performance of 

the PV systems in an islanded operation.  
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Figure 6.13 Simulated voltage of PV1 under step load change and rapid varying irradiance. 

 

Figure 6.14 Simulated voltage of PV2 under step change and rapid varying irradiance. 

The results in Figure 6.13 and Figure 6.14 clearly show that fixed voltage values of PV1 and 

PV2 are manipulated by proposed V-dp/di control to realise MPPT. A constant voltage of 

PV1, in a range from 112 to 113 V, is observed. The voltage ripple of PV1 is  ±0.9%, 

however, the ripple with conventional V-dp/dv in Figure 6.4 is almost ±1.8%. The voltage 

ripple of PV2 is ±1.09% which is slightly larger than PV1. It has validated the assumptions 

illustrated in Chapter 4 that the accuracy of conventional control term dp/dv is particularly 

low, if it is compared to the proposed variable dp/di. The MPPT algorithm in the 

decentralized coordination method contains only the inner control loop. With no variation in 

common bus voltage, the zero slope of tangent of P-I characteristic curve is the reference 

value for the PID controller to achieve. Given dp/di represents the correct amount of PV 

output power, it is effortless for the PV arrays to reach a specific point of power. The 

maximum voltage overshoot of 3.08% occurs at 0.05 s, when a step irradiance change is 

applied to the PV systems. The overshoots are suppressed by the proposed V-dp/di control 

strategy with a minimum of 31.6% improvement in the transient performance. Indeed, the 
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expected overshoots at 0.1 s and 0.15 s are absent from the voltage curve in Figure 6.13. This 

has shown a promising performance of the proposed controller.  

 

Figure 6.15 Simulation result of load voltage in islanded dc MG. 

It can be seen from Figure 6.15 that the load voltage is kept at a constant value of 48.2 V, 

which implies a SSE of 0.2 V. There is an unusual voltage spike arising from the step-

changed load. The signal first experiences a voltage dip at 0.1 s that is absolutely normal to 

the load system, due to the sudden reduction in load resistance. This in turn means that a huge 

amount of power is drawn from the common dc bus and hence the voltage dramatically falls 

to a very low level. There is a 16.18% of voltage overshoot following the voltage sag. The 

classical PI compensator takes an approach to reduce the error by maximising the duty ratio. 

The load voltage starts to drop, at which the controller identifies the voltage overshoot. The 

settling time of the output voltage is 2 ms during transient. Taking the short duration event 

into consideration, the percentage overshoot will not cause any damage to the device. 

Afterwards, a static voltage of 48.2 V is attained. It can be summarised that the rapid varying 

solar insolation in an islanded dc MG has no impact on the resistive load, if the BESS 

instantaneously reacts to the step changes.  

6.4.2 PV Standalone Mode 

PV sources are responsible for regulating the single bus voltage of the dc MG system within a 

safe operating range in the PV stand-alone mode. The PV arrays are constantly providing 

clean energy to the load, when the BESS and grid-connected inverter are disconnected. The 

key assumption of the simulation model is that the total solar power is always greater than the 

local power consumption. Otherwise, the dc MG system may require a load shedding scheme 

which is beyond the scope of this thesis. To show a promising performance of the proposed 

V-dp/di control algorithm, the standard test conditions and step changes are applied in 
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Subsection 6.4.2 to provide a comparative analysis of two control strategies. Table 6.4 

presents scheduled step changes in solar irradiance at various times to determine the stability 

of the dc MG. Basically, the insolation is raised from 600 W/m2 to 1000 W/m2 with a step of 

200 W/m2. It can be observed in Table 6.5 that the initial load power is 500 W, followed by 

an additional load demand of 1 kW. The operating temperature of PV arrays is fixed at 25 ℃. 

The SoC of the battery is set to 80%, so that the BESS is assumed to be fully charged up. The 

remaining part of the dc MG system is also known as PV standalone system. These conditions 

are referring to the simulation events recommended in Section 6.3 for performance evaluation.  

 

Figure 6.16 Dynamic behaviour of the dc bus voltage in PV standalone mode. 

It is shown in Figure 6.16 that the common bus voltage under step changes in load and 

irradiance, in stand-alone operation, is stable without any overshoot. The upper limit of the dc 

bus voltage depends on the settings of droop coefficient. In the proposed V-dp/di control 

strategy, the maximum allowable voltage is dp/di at open-circuit voltage divided by the droop 

coefficient. Compared to conventional V-dp/dv method, the dp/di at open-circuit voltage is 

simple to calculate where it is exactly the value of PV open-circuit voltage. In this case, the 

default upper limit of single bus voltage in the dc MG would be 427 V. As shown in Figure 

6.16, it can be confirmed that the voltage has never reached the limit during simulation. 

Meanwhile, neither overshoot nor undershoot can be observed in Figure 6.16. The averaged 

settling time of the dc bus voltage is about 5 ms, when the conventional technique takes twice 

as long to stabilise the system. The voltage ripple of the dc bus is obtained as ±0.07%. The 

voltage fluctuations are dramatically reduced by the proposed method, since the feedback 

loop is controlling dp/di with a high degree of precision. This is one of the key benefits of the 

proposed control algorithm. It is concluded the reference voltage is an indicator to represent 

the energy distribution of a dc MG. However, the proposed feedback loop takes advantage of 
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small voltage variations to maintain closed-loop stability. The rapid irradiance change has a 

minor impact on the computation of dc bus voltage under step changes. It is observed in 

Figure 6.16 that full irradiance can potentially cause voltage oscillations. Therefore, a 

comprehensive solution to this issue is present in Subsection 6.4.4.  

 

Figure 6.17 Output characteristics of the PV power curves in PV standalone mode. 

Simulation results showing the output power signals of PV1 and PV2 in PV standalone 

operation can be observed in Figure 6.17. Apart from the first transient response, the settling 

time is 10 ms in average, where the proposed V-dp/di control scheme yields an enhanced 

dynamic performance of the PV array power. The most striking result to emerge from the data 

is that the control system with dp/di reaches the steady state in half the time. Similar to 

Subsection 6.3.2, voltage swells can be seen from the graph. This is mainly caused by the 

significant change in solar insolation. Nevertheless, the proposed method is capable of 

generating constant PV output power during transients. The measured power oscillations 

under full irradiance are ±2.5%, where this is 50% less than the power ripple obtained in 

Section 6.3.2. A PID compensator is implemented in the proposed V-dp/di control strategy to 

provide a detailed analysis of two decentralized coordination methods. Accordingly, the 

application of dp/di has a positive impact on the dc MG. It is proved to offer 50% 

improvement in settling time. Moreover, the typical ratio of two PV power levels is 1:0.68. It 

can be analysed in Figure 6.17 that the measured power ratio is ranged from 1:0.7 to 1:0.73, 

which is very close to the nominal value. It is crucial to bear in mind that this is a proportional 

energy balancing and hence it may differ slightly from the initialised PV power ratio.  
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Figure 6.18 Simulation results for transient response of PV1 in stand-alone mode. (a) PV 

voltage. (b) PV current. 

The simulation results in Figure 6.18(a) display the voltage signal of the PV1 in a PV 

standalone mode. As expected, the voltage ripple in proposed V-dp/di control algorithm is 

found to be ±0.4%. In case of inaccurate dp/di, the PID controller is unable to reduce the SSE, 

leading to the rise in voltage fluctuations and thus poor quality of PV power. In simple words, 

the term dp/di is capable of representing the corresponding level of PV power, which turns 

out a robust performance of the PV system. Furthermore, in the proposed control scheme, the 

P-I characteristic curve of the PV arrays is used to search for the PV operating point which is 

based on dp/di. The safe operating range is therefore on the left side of the P-I characteristics. 

Compared with conventional method, the left side of the P-I curve is gradually varying where 

a gentle slope can be obtained. Overall, the dp/di is always either positive or zero. The 

negative slope, on the right side of the MPP, is limited by the saturator at the output of the 

outer voltage loop. The main benefit of neglecting the negative slopes is short circuit 

protection. In addition, the traditional MPPT algorithms such as P&O and INC suffer from 
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fluctuations around the MPP. But the proposed V-dp/di control method allows the PV system 

to work in a limited operating range, which turns out fewer fluctuations.  

The simulation result for output current of the PV1 is shown in Figure 6.18(b). The maximum 

ripple current during the simulation is ±6.45%. There is a 30% improvement of current ripple, 

compared with conventional control strategy. It validates the working principle of a 

differential based on current approach. The application of a complete PID compensator results 

in no overshoot/undershoot of the output signal. A promising performance of the dc MG 

system in PV standalone operation can be achieved, only if the inner variable is precisely 

representing the PV array power. The load voltage of the dc MG in the PV standalone mode is 

displayed in Figure 6.15. When it comes to the step change in load resistance, both PV arrays 

begin to generate more solar power to meet the load demand and hence the load voltage 

experiences an overshoot due to searching MPPT algorithm. To conclude, the overall 

performance of the dc MG system is notably enhanced by the proposed V-dp/di droop control 

scheme.  

6.4.3 Partially Shaded PV Modules in Standalone Mode 

It is important to evaluate the dynamic performance of the PV array under partial shading 

conditions. The term refers to a number of PV modules in a PV generator at different solar 

irradiance levels, which implies a reduction in PV power generation and power imbalance. As 

shown in Figure 6.19, the schematic diagram of the PV modules under partially shaded 

condition is demonstrated. Two of the PV modules on the left are at 800 W/m2, two of them 

at the centre are under full irradiance, and the remaining column is at 600 W/m2. This is one 

of the most commonly used patterns to assess the P-V and I-V characteristics of the PV 

generator under partial shading condition [87]. The proposed V-dp/di method with second 

differential term is implemented in the PV system to produce sufficient solar power and 

regulate dc-link voltage. The load power is initialised as 800 W, and increased to 1300 W at 

0.05 s. The step load change is used to obtain the transient response of the dc MG. The 

reference value of the dc bus voltage remains unchanged at 400 V. The parameters such as 

settling time, overshoot, steady-state error, and rise time are utilised to evaluate the dynamic 

response performance of the proposed control algorithm under partially shaded condition. The 

outcomes show the robustness and feasibility of the proposed control strategy.  
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Figure 6.19 PV modules under partially shaded condition. 

As can be seen from Figure 6.20, the I-V and P-V characteristics of the PV array under partial 

shading condition are presented. The first and third columns are under lower irradiances, in 

which the overall generated power is dropped to 1.6 kW. This shaded pattern has no impact 

on the operating voltage, which results in similar behaviour of a normal PV generator. 

However, the rated current is significantly reduced by the shading condition. This is because 

of the series-parallel configuration. To calculate the PV current, it is crucial to consider the 

effect of the solar insolation. Therefore, under lower irradiance, the PV output current is less 

than its maximum rated value. It is measured as 14.95 A, which is slightly less than the 

maximum PV current. It is expected that the shape of the I-V characteristic curve has no 

difference, except for the values. Overall, the I-V and P-V characteristic curves are 

demonstrated in this subsection to understand the properties of the partial shading pattern, in 

order to investigate the feasibility of the proposed V-dp/di control method with 2nd derivative.  
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Figure 6.20 Behaviours of PV array under partially shaded condition. (a) P-V curve. (b) I-V 

curve. 

It is shown in Figure 6.21 that the dc MG system is stable without any overshoots/undershoots. 

The settling time of the step response is about 30 ms. There is a step load change at 0.05 s to 

increase the load power. Hence the dc bus voltage is slightly dropped to accommodate with 

the step change. The decrease in voltage can be used to generate more PV output power to 

stabilise the MG system. As expected, there is no voltage overshoot occurred during 

transients. This is mainly due to a classical PID controller to eliminate the voltage overshoot 

and reach the steady-state value in a short period of time. The voltage ripple is ±0.08%, which 

is approximately the same as the PV standalone operation. No steady-state error is observed in 

the graph. The proposed V-dp/di method with second differential term is implemented to 

significantly mitigate the voltage fluctuations in a steady state, in which a promising static 

response performance has been achieved.  
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Figure 6.21 Dynamic response of the dc bus voltage under partially shaded condition. 

One of the focuses of the partially shaded condition is on PV output power. As shown in 

Figure 6.22, all three columns of the PV generator reach the steady-state value in 30 ms. The 

averaged power oscillation is ±3.33%, which implies the robustness of the proposed V-dp/di 

method with 2nd differential term. The second derivative of power to current is introduced, at 

which the step response is identified to be stable. Therefore, it is obvious that the power 

fluctuations are significantly minimised during steady state. According to the graph, there is 

no overshoot in transient response. Power sharing among PV modules can be maintained 

under partially shaded condition. This has shown a superior dynamic performance of the 

proposed control strategy.  

 

Figure 6.22 Dynamic response of PV output power for three columns under partial shading 

condition at three irradiance levels. 

6.4.4 Impact of Second Differential of Current Approach 

In this subsection, the effect of utilising the second derivative of power to current is 

investigated. As mentioned earlier, the implementation of second differential of current 

approach is designated for steady-state conditions to further minimise the power fluctuations. 



Chapter 6. Simulation Results of Proposed V-dp/di and Conventional Control Algorithms 

  131 

In particular, the proposed V-dp/di control algorithm with second derivative term yields an 

enhanced static performance in a PV stand-alone operation. In spite of this, the proposed 

control method is first implemented in an islanded dc MG system to obtain the maximum PV 

output power of two solar generators. This thesis focuses on the steady-state response of the 

PV-based dc MG in the standalone mode. The solar irradiance and operating temperature are 

initialised as 600  W/m2  and 25  ℃ , respectively. There is a significant change in solar 

insolation at 0.1 s with a step of 400 W/m2 under abrupt weather condition, as can be seen 

from Table 6.7. A full irradiance of 1000  W/m2  means that the PV arrays are directly 

absorbing the sunlight during periods of high insolation. Afterwards, the irradiance is dropped 

to 800 W/m2  to observe the transient response of the system, as well as the steady-state 

characteristics. In terms of the load transient, a step-changed load is applied to the dc MG at 

0.05 s. As shown in Table 6.8, the total resistance of the load is presented to understand the 

dynamic behaviour of the dc MG. The load is intended to draw part of the maximum available 

power from the PV arrays, so that the performance of voltage regulation and proportional 

power sharing can be assessed during the simulation. The power ratio of two PV arrays is 

constantly measured to validate the feasibility of the proposed V-dp/di droop control 

algorithm with 2nd differential term for multiple PV generators.  

Table 6.7 Simulation events for different irradiance levels and temperature 

Period Time (s) Irradiance (W/m2) 

I 0 – 0.1 600 

II 0.1 – 0.15 1000 

III 0.15 – 0.2 800 

 

Table 6.8 Load transient event for the PV stand-alone system 

Time (s) Load resistance (Ω) Load power (kW) 

0 – 0.05 2.88 0.8 

0.05 – 0.2 1.772 1.3 
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Figure 6.23 Dynamic response of output power for PV1 and PV2 in an islanded mode. 

To perform the basic MPPT operation of the proposed V-dp/di control method with second 

differential term, the dc MG system works in the islanded mode where the decentralized 

controller harvests maximum power from the PV array. In case of step-changed irradiance, 

the next available MPP is reached by the PV arrays instantaneously. There is no overshoot or 

undershoot observed in Figure 6.23. Meanwhile, the averaged settling time of less than 1 ms 

for a PV source has demonstrated the robust performance of the proposed control scheme. 

When it comes to the PV power quality, the measured power ripple is ±0.375% in which the 

2nd derivative of power to current has minor impact on the steady-state response of the PV 

power in islanded operation. However, the number of oscillations has been reduced by the 2nd 

differential term. A smooth power signal is achieved in this simulation, in comparison with 

the conventional V-dp/dv approach.  

 

Figure 6.24 System dynamics of dc bus voltage under step-changed load and irradiance. 

The proposed control algorithm with 2nd differential approach is implemented in the PV 

standalone mode to provide a comprehensive analysis of the effect of 2nd derivative. As 
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shown in Figure 6.24, the dynamic characteristics of common bus voltage are present. It is 

summarised that no overshoot or undershoot can be observed in the graph. The settling time 

of the dynamical dc MG is 10 ms in average, since the control method for transient response 

remains unchanged. The main concern of this subsection is the steady-state performance of 

the proposed control system, given the conditional signal for enabling the 2nd derivative 

control (d2p/di2) is only TRUE when the system is in a steady state. The details for setting 

up the conditional signal are illustrated in Chapter 4 for reference. The ripple of the dc bus 

voltage, with the 2nd differential control, is reduced by 15%, compared to the measured ripple 

in Figure 6.16. None of these differences are statistically significant. However, it is noted that 

the initial proposed method with dp/di has successfully addressed the voltage ripple issue 

caused by the instability of conventional dp/dv. Eventually, the measured voltage ripple in the 

simulation is ±0.06%. This clearly indicates that the 2nd differential of current approach has 

no effect on the dynamic behaviour of a dc MG system. A common argument to the 2nd 

differential approach is the possibility of deploying the variable permanently without any 

conditional signal. In the research, it is concluded that the 2nd derivative term can only be 

applied to a steady-state response. Otherwise, the unusual error is simply enlarged by the 

droop coefficient deployed in the outer loop. In simple words, new reference value for the 

primary loop could be higher than the expected tangent slope, leading to the undesired power 

collapse in a PV-based dc MG system.  

 

Figure 6.25 Dynamic characteristics of PV1 and PV2 with 2nd differential term under step 

changes in load and irradiance. 

Regarding the PV systems, the system dynamics of two PV arrays are shown in Figure 6.25. 

The blue line represents the PV1 and hence the red line refers to the response of PV2. 

Compared to Figure 6.17, the dynamic behaviour of two curves in Figure 6.25 are almost 

identical. The averaged settling time of the PV power is approximately 10 ms. Last but not 
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least, there is no severe overshoot or undershoot shown in the graph. The power swell 

occurred at 0.1 s is due to significant change in irradiance, as can be seen from Table 6.7. It is 

deployed to verify the robustness of the proposed control algorithm under step-changed 

irradiance. The voltage sag at 0.15 s can be observed in Figure 6.25, since the solar insolation 

suddenly drops to 800 W/m2.  

In terms of steady-state performance, it can be concluded that the 2nd derivative of power to 

current performs outstandingly in a PV standalone mode. As shown in Figure 6.25, the 

measured power ripple under full irradiance is  ±1.75%  in average. There is a 30% 

improvement in PV power fluctuations with the support of 2nd differential term. A common 

argument to the proposed V-dp/di control method is stability. When it comes to the 

smoothness of power signal, it can be argued that there are a lot of fluctuations in a steady 

state which seems to be unstable. Indeed, the steady-state response in Figure 6.17 shows that 

the power oscillations of PV1 are worse than the results in Figure 6.25. The 2nd differential 

approach is included in the inner loop to minimise the power fluctuations. During simulation, 

the common bus voltage is the principle variable for PV sources to generate a solar power in 

proportion. Small changes of the manipulated variable are often found in a decentralized 

coordination control, since two PV arrays are always adjusting their outputs to maintain a 

constant power ratio. The range of power ratio is from 1:0.7 to 1:0.74, in which the ratio is 

unaffected by the proposed 2nd differential term.  
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Figure 6.26 Dynamic characteristics of PV1 in 2nd differential approach. (a) PV voltage. (b) 

PV current. 

The simulation results for the voltage of PV1 are displayed in Figure 6.26(a). The measured 

ripple voltage of PV1 is ±0.19% which is reduced to one half, compared with the outcomes 

in Figure 6.18. This has shown a promising steady-state performance of the proposed control 

algorithm with 2nd derivative control. No major differences in transient response can be 

observed in the proposed control method with 2nd differential term. Besides, neither overshoot 

nor undershoot is obtainable in the graph. This is mainly due to the fact that the derivative 

term of a classical PID controller is used to reduce the overshoot of the feedback signal. It can 

be confirmed that the implementation of second differential term has no impact on the 

dynamic characteristics. It is important to bear in mind that the conditional signal must always 

be executed to activate the 2nd differential control only if the system has reached a steady state 

and disabled the function during transients.  
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As shown in Figure 6.26(b), the system dynamics of the current of PV1 are presented to 

understand the effects of utilising the 2nd order derivative term in a PV-based dc MG system. 

When it comes to a steady state, the simulation result of PV current shows that there are less 

oscillations around the operating point in comparison with Figure 6.18(b). The maximum 

ripple current measured in the graph is ±4.48%. The simulation data is recorded, at which the 

PV generator is under full irradiance. As a result, the steady-state performance of the PV 

current of PV1 is improved by over 30%. It is critical to implement the proposed 2nd 

differential term in a decentralized controller in order to enhance the steady-state performance. 

Furthermore, some fluctuations are observed during steady state after the decrease in solar 

insolation. The PV system is in the process of proportional power sharing. The proposed V-

dp/di control scheme is a droop control which linearizes the tangent slope of P-I 

characteristics. The decentralized coordination control method in a dc MG is incapable of 

performing accurate power sharing among PV arrays. Consequently, it is completely normal 

to notice these power oscillations particularly in the PV stand-alone operation.  

 

Figure 6.27 System dynamics of load voltage in 2nd differential of current approach. 

The dynamic response of the load voltage in a PV-based dc MG system is shown in Figure 

6.27. At the beginning of the dynamic process, there is no voltage overshoot found in the 

graph. This is because of the PID controller deployed in the proposed V-dp/di control. 

Compared with Figure 6.15, the load voltage in islanded mode experiences some minor 

oscillations and slightly underdamping. The reason behind the scene might be cascade control 

system of the battery. A traditional PI controller is employed in two nested loops, respectively. 

As a result, the oscillations occurred in battery voltage are directly transmitted to the output 

load voltage. In Figure 6.27, during transients, it is undoubted that the resulting voltage 

oscillation is addressed. No overshoot can be observed in the transient response. The averaged 
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settling time of the load voltage is about 5 ms. Therefore, it is crucial to optimise the control 

algorithm so as to obtain a satisfactory response.  

Table 6.9 Overall performance comparisons among two decentralized control algorithms 

Method Operation 
Mode 

Averaged 
Settling 

Time (ms) 

DC Bus 
Voltage 

Overshoot 
(%) 

DC Bus 
Voltage 
Ripple 

(%) 

PV Power 
Fluctuations 

(%) 

MAX DC 
Bus 

Voltage 
Deviation 

(V) 

V-dp/dv Islanded 10 1 0.375 ±0.63 No 
deviation 

Proposed 
V-dp/di Islanded 10 1.13 0.375 ±0.5 No 

deviation 

V-dp/dv PV 
Standalone 20 No 

overshoot 0.25 ±5 9 

Proposed 
V-dp/di 

PV 
Standalone 10 No 

overshoot 0.14 ±2.5 2 

Proposed 
V-dp/di 
with 2nd 

derivative 

PV 
Standalone 10 No 

overshoot 0.12 ±1.75 2 

 

The transient response performance of the proposed V-dp/di control is excellent, in 

comparison to conventional V-dp/dv algorithm. The proposed droop control strategy is 

capable of regulating the bus voltage and sharing the PV power instantaneously. In a steady 

state, the error between desired value and feedback voltage is around 0.25 V. The voltage 

ripple measured in Figure 6.27 is ±0.52%. The step-changed load starts to operate at 0.05 s, 

where the voltage overshoot is 10.7%. The overshoot issue can be resolved by the load 

voltage loop, but it is beyond the scope of this thesis. In summary, the proposed V-dp/di 

control algorithm with 2nd differential term leads to better dynamic performance of the load 

voltage. The full performance comparison of the conventional and proposed control 

algorithms is presented in Table 6.9. This has shown the dynamic and steady-state 

performance improvement of the proposed droop control method, in terms of ripples, settling 

time and voltage deviation. The proposed V-dp/di control with 2nd differential term further 

reduces the voltage ripple and PV power fluctuations, which are the main benefits of the 

proposed control system. 
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6.5 Chapter Summary 

In this chapter, the proposed V-dp/di and conventional control algorithms of the PV-based dc 

MG system have been presented. The key challenges of the conventional V-dp/dv method are 

poor dynamic characteristics and severe PV power oscillations. The proposed droop control 

scheme based on 2nd differential of current approach is proposed in this thesis. The tangent 

slope of P-I characteristics is used as an inner variable to represent the output power of the PV 

array. Given the dp/di controller is highly accurate, it is the best available option to participate 

in the primary control loop. This ensures that the control output of the outer voltage loop 

corresponds to the linear approximation of PV power. Furthermore, the implementation of the 

2nd derivative of power to current yields an improved steady-state performance of the dc MG 

with multiple solar arrays. A conditional signal is utilised to identify the state of dc MG and to 

enable the 2nd differential term if applicable. The proposed V-dp/di control strategy is a fully 

decentralized coordination control that allows the PV sources to work in grid-connected, 

battery islanded, and PV standalone modes. Section 6.4.3 introduces the effect of partially 

shaded PV modules in PV standalone mode with the implementation of proposed V-dp/di 

method. It takes about 30 ms to reach the steady-state value, which is 20 ms longer than the 

settling time under normal conditions. 

The proposed V-dp/di control algorithms are implemented in the simulation model of a PV-

based dc MG system to assess both the dynamic and steady-state performance. The simulation 

results show that the proposed solution leads to better dynamic response performance and 

higher PV power quality. The proposed control system has some advantages over the existing 

control scheme, including precise control variable, easy to implement, and high stability. 

Overall performance comparisons among the proposed and conventional droop control 

methods are presented to summarise the simulation results in terms of operation mode, 

settling time, voltage overshoot, voltage ripple, power oscillations, and voltage deviation. It 

has achieved at least 50% improvement in settling time, no voltage overshoot, 48% reduction 

in voltage ripple, and 65% improvement in steady-state power ripple, which is the key 

motivation to devise the proposed control strategy.  
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Chapter 7. Thesis Conclusions and Future Work 

7.1 Conclusions 

This thesis presents a thorough literature review on three main categories of coordination 

control strategies implemented in a PV-based dc MG system, namely centralized, distributed 

and decentralized control. A detailed description of a PV-based dc MG is provided to 

demonstrate how the simulation model can be developed to assess the control algorithms. A 

comparison of the proposed V-dp/di and conventional control methods is presented to identify 

the differences between them, for instance, high accuracy of proposed inner control variable 

and working principle. The V-dp/di droop control strategy with 2nd differential term has been 

proposed in the thesis. The stability analysis and simulation results of the proposed control 

algorithm are presented in the thesis to yield a 50% improvement in settling time and 30% 

improvement in PV power fluctuations. The main contributions and conclusions of this 

research are presented as follows.  

7.1.1 Literature Review on Three Main Coordinated Control Methods 

Coordination control methods of a dc MG system can be classified into three main categories, 

including centralized, distributed, and decentralized control methods. Generally speaking, 

centralized control suffers from single point of failure which is the most unreliable control 

strategy. However, it is the simplest control among three major schemes. Distributed 

coordination control is the most commonly used algorithm in the field of dc MG, due to its 

robustness and high stability. The control framework is difficult to design, compared with the 

other two main control strategies. Decentralized control refers to an independent control of an 

energy source in a dc MG without any neighbour’s information. The key advantages of a 

decentralized method are the absence of communication agent, plug-and-play capability, and 

easy to implement. Hence, the focus of this research.  

7.1.2 Limitations of Conventional Decentralized Control Method 

An analysis of conventional droop control strategies was carried out. The classical droop 

method with inner current control is definitely inapplicable for a PV-based dc MG, due to 

short-circuit issues under fast irradiance change. In terms of conventional V-dp/dv control, it 

is established that a voltage regulator is integrated with MPPT controller. The term dp/dv 

represents the PV output power and acts as an inner control variable. However, it falls into the 

category of a voltage control which results in long settling time of the transient response. A 
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part of study in this thesis investigates the accuracy of the inner control variables dp/dv and 

dp/di. The percentage error of dp/dv is about 2-4%, which significantly affects the settling 

time and PV power ripple. The conventional dp/dv is incompetent to behave as an inner loop 

parameter due to precision issue. The averaged percentage error of dp/di is about 1.1%. In 

literature, an INR (dv/di) MPPT has an improved dynamic response performance in short 

settling time, low power ripple and wider operating range than INC (di/dv) MPPT. This 

implies that the proposed V-dp/di droop control method is crucial for an islanded dc MG with 

multiple PV generators. 

7.1.3 Analysis of Proposed V-dp/di Control Strategy 

The proposed V-dp/di droop control scheme is presented in Chapter 4 to yield 50% 

performance improvements in settling time and PV power oscillations, compared with 

conventional V-dp/dv method. The stability analysis of both conventional and proposed 

control methods is conducted in Chapter 5. An ideal boost converter is used in the stability 

analysis to simulate robustness to system variations, in contrast to a basic buck converter in 

literature. The magnitude and phase margin of proposed V-dp/di control are higher than the 

values obtained in conventional V-dp/dv method. The overall percentage error of dp/di is 

usually less than 1%. As a result, the proposed variable dp/di is capable of representing the 

correct amount of PV power. This is the key advantage of the proposed control algorithm. 

Moreover, the proposed method benefits from high quality of PV power, which in turn means 

the measured power ripple is lower than its rated value. The proposed V/dp/di control scheme 

takes advantage of fast response speed, regardless of rapid changes in solar insolation. It is 

noted that the proposed control method becomes a single loop control in grid-connected or 

battery islanded mode. In the stability analysis, the bandwidth of the inner loop is 1.2 times 

greater than the one in outer loop. This is the main reason why the proposed control algorithm 

is a one-off solution to the present challenges of PV-based dc MG. The characteristics of the 

cascade control are presented in PV standalone mode, where the value of inner loop 

bandwidth is ten times larger. Overall, the proposed V-dp/di control achieves promising 

dynamic performance in both islanded and standalone operations.  

7.1.4 Second Differential of Current Approach 

To enhance the steady-state performance of a dc MG system with multiple PV arrays, the 

proposed second derivative of PV power to current is established to help minimise the PV 

power oscillations. The adaptive control is commonly used in literature. However, the 
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mechanism of such control is always challenging to develop in practice. This is the reason 

why the establishment of second differential term is one of the contributions of this thesis. 

The variable focuses on the intrinsic oscillations of PV output power. The most important 

benefit of the proposed control algorithm is easy to use. There is a conditional signal to enable 

the controller of second differential term during steady state. The steady state of an islanded 

dc MG system is determined by dc bus voltage fluctuations and steady-state error. The error 

of dp/di is assumed to be almost zero in a steady state. Therefore the PI controller can be used 

to manipulate the second differential term, which refers to the rate of change of dp/di.  

7.2 Suggestions for Future Research 

This thesis proposed a novel droop control V-dp/di method with a second differential 

approach to yield an enhanced dynamic and steady-state performance. There are some works 

that can be carried out in the near future. First, the experimental study was not complete in 

this thesis due to the unprecedented situation in 2020. A test rig has been developed to 

validate the concept of a dc MG system, however, preliminary outcomes related to the 

proposed V-dp/di control algorithm are yet to obtain. This is the reason why the experimental 

results could be an extra piece of work to support this thesis. A hardware-in-the-loop test 

would be suggested for a dc MG system with multiple energy sources. The main advantage of 

this kind of test is that the plant can easily be built up with the help of software. In practice, it 

is summarised that performing an experiment on a complex dc MG system can take a 

significant amount of time in developing the test rig due to the needs for several power 

electronic converters. Given the number of safety devices depends on the complexity of the 

system, it is mandatory to design a safety circuit diagram. It is thus recommended that a 

practical test rig is challenging to be developed for this kind of research.  

Regarding the control method, an adaptive control can further be established in the proposed 

strategy to improve the transient response performance of the system. An adaptive droop was 

attempted to be built throughout the study, but the results show that it is inappropriate to vary 

the droop coefficient in the control process. This is due to the fact that the droop coefficient is 

a linear term, in which the control system heavily depends on the linear P-I characteristics of 

the PV arrays. This in turn means the maximum allowable voltage should stay the same. 

Therefore, it is recommended to implement an adaptive proportional term in a classical PI 

controller which can become an advantageous feature of the control system. The adaptive 

proportional gain can be maximised when the error reaches a high level, and minimised when 
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the dc MG reaches a steady state. In literature, this is proved to be an effective method for 

enhancing the overall performance of the control method. However, in this thesis, a novel 

second differential term of current approach is proposed to make some fruitful contributions. 
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Appendix A 

A.1 Introduction 

This appendix presents the nomenclature and fundamental equations of a PV array. There are 

four equations to simulate the characteristics of a solar panel in such a way to fully design a 

non-linear PV model. As a result, the mathematical modelling of a PV generator offers an 

opportunity to vary the size of PV model at any time with high flexibility.  

A.2 General Nomenclature for a PV Model 

Charge of electron (C) 𝑞𝑞 = 1.602 × 10−19 

Boltzmann constant (J/k) 𝑘𝑘 = 1.3806 × 10−23 

Cell operating temperature (K) 𝑇𝑇 = 298 

Module operating temperature (℃) 𝑇𝑇𝑙𝑙𝑙𝑙 = 25 

Reference temperature (℃) 𝑇𝑇𝑟𝑟𝑙𝑙 = 25 

Cell saturation current (A) 𝐼𝐼𝑜𝑜 

Reverse saturation current (A) 𝐼𝐼𝑟𝑟𝑠𝑠 

Light generated current/photocurrent (A) 𝐼𝐼𝑝𝑝ℎ 

Diode saturation current (A) 𝐼𝐼𝐷𝐷 

PV output current (A) 𝐼𝐼𝑝𝑝𝑝𝑝 

PV output voltage (V) 𝑉𝑉𝑝𝑝𝑝𝑝 

Cell series resistance (Ω) 𝑅𝑅𝑠𝑠 

Cell shunt resistance (Ω) 𝑅𝑅𝑠𝑠ℎ 

Ideal factor 𝐴𝐴 = 0.96065 

Number of cells in parallel 𝑁𝑁𝑝𝑝 
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Number of cells in series 𝑁𝑁𝑠𝑠 

Short-circuit current (A) 𝐼𝐼𝑠𝑠𝑐𝑐𝑟𝑟 

Open-circuit voltage (V) 𝑉𝑉𝑜𝑜𝑐𝑐 

Band gap energy for semiconductor (eV) 𝐸𝐸𝐺𝐺 = 1.1 

Short-circuit temperature coefficient (A/℃) 𝑘𝑘𝑖𝑖 = 0.0029 

Solar irradiance (W/m2) 𝐺𝐺 = 1000 

A.3 PV Characteristic Equations 

The photocurrent of a PV array can be expressed as 

Iph = [Iscr + ki(T − 298)] ∗
G 

1000
 (A.1) 

 

where 𝐼𝐼𝑠𝑠𝑐𝑐𝑟𝑟 is the short-circuit current, 𝑘𝑘𝑖𝑖 is the short-circuit temperature coefficient, T is the 

cell operating temperature, and G is solar insolation.  

To calculate the reverse saturation current of a PV generator, the formula is written as 

Irs = Iscr/(e
qVoc

NsAkTak − 1) (A.2) 
 

where 𝑉𝑉𝑜𝑜𝑐𝑐 is the open-circuit voltage, 𝑁𝑁𝑠𝑠 is the number of cells connected in series, A is the 

ideal factor, k is Boltzmann constant, 𝑇𝑇𝑙𝑙𝑙𝑙 is the module operating temperature.  

In theory, the module saturation current mainly depends on the operating temperature of those 

cells which can be derived as 

Io = Irs �
Tak
Trk

�
3

e
qEg�

1
Trk

−1T�
Ak  (A.3) 

 

where 𝐼𝐼𝑜𝑜  is the cell saturation current, 𝑇𝑇𝑟𝑟𝑙𝑙  is the reference temperature, q is the charge of 

electron, and 𝐸𝐸𝑔𝑔 is the band gap for silicon.  
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Appendix B 

B.1 Introduction 

State-space averaged model is widely used in system identification to describe the dynamic 

behaviour of a power converter. The physical system can be expressed as a mathematical 

model to observe the transient response, and to design a feedback controller to further 

enhance the performance of the overall system. In other words, a state space model can be 

converted to an open-loop transfer function which is adopted to represent the plant in practice. 

The state-space model is employed to obtain the preliminary results before building up to a 

test rig. In this appendix, a detailed description of the state-space averaged model of a boost 

converter is presented.  

B.2 State-space Average Modelling of DC-DC Boost Converter 

Mode 1: Switch Closed 

 

Figure B.1 Boost converter schematic for the switch closed. 

𝑉𝑉𝑑𝑑𝑐𝑐 = 𝑉𝑉𝐶𝐶
𝑅𝑅𝑑𝑑𝑐𝑐

𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶
 (B.1) 

𝐼𝐼𝐶𝐶 = 𝐶𝐶
𝑑𝑑𝑉𝑉𝐶𝐶
𝑑𝑑𝐵𝐵

= −
𝑉𝑉𝐶𝐶

𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶
  

𝑑𝑑𝑉𝑉𝐶𝐶
𝑑𝑑𝐵𝐵

= −
1

𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)
𝑉𝑉𝐶𝐶  (B.2) 

𝑉𝑉𝑝𝑝𝑝𝑝 = 𝐼𝐼𝐿𝐿𝑅𝑅𝐿𝐿 + 𝑉𝑉𝐿𝐿 = 𝐼𝐼𝐿𝐿𝑅𝑅𝐿𝐿 + 𝐿𝐿
𝑑𝑑𝐼𝐼𝐿𝐿
𝑑𝑑𝐵𝐵

     (𝐾𝐾𝑖𝑖𝐵𝐵𝑐𝑐ℎℎ𝐿𝐿𝑓𝑓𝑓𝑓′𝑟𝑟 𝑉𝑉𝐿𝐿𝐼𝐼𝐵𝐵𝐵𝐵𝑎𝑎𝐵𝐵 𝐿𝐿𝐵𝐵𝑤𝑤)  

𝑑𝑑𝐼𝐼𝐿𝐿
𝑑𝑑𝐵𝐵

=
1
𝐿𝐿
𝑉𝑉𝑝𝑝𝑝𝑝 −

𝑅𝑅𝐿𝐿
𝐿𝐿
𝐼𝐼𝐿𝐿 

(B.3) 

By substituting (D.1)-(D.3), the state space model in mode 1 can be defined as 
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𝐴𝐴1 =

⎣
⎢
⎢
⎡−

𝑅𝑅𝐿𝐿
𝐿𝐿

0

0 −
1

𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)⎦
⎥
⎥
⎤
 

𝐵𝐵1 = �
1
𝐿𝐿

0
� 

𝐶𝐶1 = �0
𝑅𝑅𝑑𝑑𝑐𝑐

𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶
� 

𝐷𝐷1 = 0 

𝑥𝑥 = �
𝐼𝐼𝐿𝐿
𝑉𝑉𝐶𝐶
� 

𝐹𝐹 = [𝑉𝑉𝑝𝑝𝑝𝑝] 

(B.4) 

Mode 2: Switch Open 

 

Figure B.2 Circuit diagram of boost converter for the switch open.  

𝐼𝐼𝐶𝐶 = 𝐼𝐼𝐿𝐿 − 𝐼𝐼𝑑𝑑𝑐𝑐     (𝐾𝐾𝑖𝑖𝐵𝐵𝑐𝑐ℎ𝐿𝐿𝑓𝑓𝑓𝑓′𝑟𝑟 𝐶𝐶𝐹𝐹𝐵𝐵𝐵𝐵𝐵𝐵𝑛𝑛𝐵𝐵 𝐿𝐿𝐵𝐵𝑤𝑤)  

𝐶𝐶
𝑑𝑑𝑉𝑉𝐶𝐶
𝑑𝑑𝐵𝐵

= 𝐼𝐼𝐿𝐿 −
𝑉𝑉𝑑𝑑𝑐𝑐
𝑅𝑅𝑑𝑑𝑐𝑐

 (B.5) 

𝑉𝑉𝑑𝑑𝑐𝑐 = 𝑉𝑉𝐶𝐶 + (𝐼𝐼𝐿𝐿 −
𝑉𝑉𝑑𝑑𝑐𝑐
𝑅𝑅𝑑𝑑𝑐𝑐

)𝑅𝑅𝐶𝐶 (B.6) 

𝑉𝑉𝑝𝑝𝑝𝑝 = 𝐼𝐼𝐿𝐿𝑅𝑅𝐿𝐿 + 𝑉𝑉𝐿𝐿 + 𝑉𝑉𝑑𝑑𝑐𝑐      (𝐾𝐾𝑖𝑖𝐵𝐵𝑐𝑐ℎℎ𝐿𝐿𝑓𝑓𝑓𝑓′𝑟𝑟 𝑉𝑉𝐿𝐿𝐼𝐼𝐵𝐵𝐵𝐵𝑎𝑎𝐵𝐵 𝐿𝐿𝐵𝐵𝑤𝑤) 
(B.7) 

(D.6) can be rearranged as follows 

𝑉𝑉𝑑𝑑𝑐𝑐 =
𝑉𝑉𝐶𝐶 + 𝐼𝐼𝐿𝐿𝑅𝑅𝐶𝐶

1 + 𝑅𝑅𝐶𝐶
𝑅𝑅𝑑𝑑𝑐𝑐

 
(B.8) 
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Substitute (D.8) into (D.5), the equation can be written as 

𝐶𝐶
𝑑𝑑𝑉𝑉𝐶𝐶
𝑑𝑑𝐵𝐵

= 𝐼𝐼𝐿𝐿 −

𝑉𝑉𝐶𝐶 + 𝐼𝐼𝐿𝐿𝑅𝑅𝐶𝐶
1 + 𝑅𝑅𝐶𝐶

𝑅𝑅𝑑𝑑𝑐𝑐
𝑅𝑅𝑑𝑑𝑐𝑐

 
 

∴
𝑑𝑑𝑉𝑉𝐶𝐶
𝑑𝑑𝐵𝐵

=
𝑅𝑅𝑑𝑑𝑐𝑐

𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)
𝐼𝐼𝐿𝐿 −

1
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)

𝑉𝑉𝐶𝐶 
(B.9) 

Substitute (D.8) into (D.7), it is rearranged in the following 

𝑉𝑉𝑝𝑝𝑝𝑝 = 𝐼𝐼𝐿𝐿𝑅𝑅𝐿𝐿 + 𝐿𝐿
𝑑𝑑𝐼𝐼𝐿𝐿
𝑑𝑑𝐵𝐵

+
𝑉𝑉𝐶𝐶 + 𝐼𝐼𝐿𝐿𝑅𝑅𝐶𝐶

1 + 𝑅𝑅𝐶𝐶
𝑅𝑅𝑑𝑑𝑐𝑐

 
 

𝑑𝑑𝐼𝐼𝐿𝐿
𝑑𝑑𝐵𝐵

=
1
𝐿𝐿
𝑉𝑉𝑝𝑝𝑝𝑝 −

𝑅𝑅𝑑𝑑𝑐𝑐
𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)𝑉𝑉𝐶𝐶 −

(𝑅𝑅𝐿𝐿𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶 + 𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐)
𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)

𝐼𝐼𝐿𝐿 
(B.10) 

By substituting (D.5-D.10), the state space model in mode 2 is expressed as 

𝐴𝐴2 =

⎣
⎢
⎢
⎢
⎡−

(𝑅𝑅𝐿𝐿𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶 + 𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐)
𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)

−
𝑅𝑅𝑑𝑑𝑐𝑐

𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)
𝑅𝑅𝑑𝑑𝑐𝑐

𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)
−

1
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)⎦

⎥
⎥
⎥
⎤
 

𝐵𝐵2 = �
1
𝐿𝐿

0
� 

𝐶𝐶2 = �
𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶
𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶

𝑅𝑅𝑑𝑑𝑐𝑐
𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶

� 

𝐷𝐷2 = 0 

(B.11) 

State-space Averaged Model 

A state equation and output equation can be implemented to describe the behaviour of the 2nd 

order system. Taking all the substructures into consideration, it is crucial to apply state-space 

averaging method to ensure that both turn-on and turn-off cases have contributed to this 

mathematical model [88]. This provides a platform to observe the steady-state response of the 

boost converter, as well as the dynamic performance.  

�̇�𝑥𝑙𝑙𝑝𝑝𝑔𝑔 = 𝐴𝐴𝑙𝑙𝑝𝑝𝑔𝑔𝑥𝑥 + 𝐵𝐵𝑙𝑙𝑝𝑝𝑔𝑔𝐹𝐹 = 𝑑𝑑(𝐴𝐴1𝑥𝑥 + 𝐵𝐵1𝐹𝐹) + (1 − 𝑑𝑑)(𝐴𝐴2𝑥𝑥 + 𝐵𝐵2𝐹𝐹) 
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Therefore, the general form of a state-space averaged model can be defined as 

�̇�𝑥𝑙𝑙𝑝𝑝𝑔𝑔 = [𝑑𝑑𝐴𝐴1 + (1 − 𝑑𝑑)𝐴𝐴2]𝑥𝑥 + [𝑑𝑑𝐵𝐵1 + (1 − 𝑑𝑑)𝐵𝐵2]𝐹𝐹  

𝐵𝐵𝑙𝑙𝑝𝑝𝑔𝑔 = [𝑑𝑑𝐶𝐶1 + (1 − 𝑑𝑑)𝐶𝐶2]𝑥𝑥 + [𝑑𝑑𝐷𝐷1 + (1 − 𝑑𝑑)𝐷𝐷2]𝐹𝐹 (B.12) 

Compared mode 1 with mode 2, the matrix equations are summarised as follows 

𝐴𝐴1 ≠ 𝐴𝐴2,𝐵𝐵1 = 𝐵𝐵2 = 𝐵𝐵𝑙𝑙𝑝𝑝𝑔𝑔,𝐶𝐶1 ≠ 𝐶𝐶2,𝐷𝐷1 = 𝐷𝐷2 = 𝐷𝐷𝑙𝑙𝑝𝑝𝑔𝑔 = 0 

The state-space averaged model is derived as 

�̇�𝑥𝑙𝑙𝑝𝑝𝑔𝑔 =

⎣
⎢
⎢
⎢
⎡
𝑑𝑑𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 − (𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶)

𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶) −
(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐
𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)

(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶) −

1
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)⎦

⎥
⎥
⎥
⎤
�
𝐼𝐼𝐿𝐿
𝑉𝑉𝐶𝐶
� + �

1
𝐿𝐿

0
� [𝑉𝑉𝑝𝑝𝑝𝑝] 

𝐵𝐵𝑙𝑙𝑝𝑝𝑔𝑔 = �
(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶
𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶

𝑅𝑅𝑑𝑑𝑐𝑐
𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶

� �
𝐼𝐼𝐿𝐿
𝑉𝑉𝐶𝐶
� 

(B.13) 

All the matrix equations can be given by 

𝐴𝐴𝑙𝑙𝑝𝑝𝑔𝑔 =

⎣
⎢
⎢
⎢
⎡
𝑑𝑑𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 − (𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶)

𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶) −
(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐
𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)

(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶) −

1
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)⎦

⎥
⎥
⎥
⎤
 

𝐵𝐵𝑙𝑙𝑝𝑝𝑔𝑔 = �
1
𝐿𝐿

0
� 

𝐶𝐶𝑙𝑙𝑝𝑝𝑔𝑔 = �
(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶
𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶

𝑅𝑅𝑑𝑑𝑐𝑐
𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶

� (B.14) 

𝐷𝐷𝑙𝑙𝑝𝑝𝑔𝑔 = 0 

𝑥𝑥 = �
𝐼𝐼𝐿𝐿
𝑉𝑉𝐶𝐶
�                 𝐹𝐹 = [𝑉𝑉𝑝𝑝𝑝𝑝] 

B.3 Continuous Transfer Function of Boost Converter with ESR 

As previously mentioned, the state-space averaged model can be converted to a continuous 

transfer function for the purpose of simulation. The general form of the equation is defined as 

𝐺𝐺(𝑟𝑟) =
�𝑟𝑟𝐼𝐼 − 𝐴𝐴 𝐵𝐵

𝐶𝐶 𝐷𝐷�

|𝑟𝑟𝐼𝐼 − 𝐴𝐴|  
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𝑟𝑟𝐼𝐼 − 𝐴𝐴 =

⎣
⎢
⎢
⎢
⎡𝑟𝑟 −

𝑑𝑑𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 − (𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶)
𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)

(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐
𝐿𝐿(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)

−
(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶) 𝑟𝑟 +

1
𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)⎦

⎥
⎥
⎥
⎤
 

|𝑟𝑟𝐼𝐼 − 𝐴𝐴| = 𝑟𝑟2 +
𝐿𝐿 − 𝑑𝑑𝐶𝐶𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 + 𝐶𝐶(𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶)

𝐿𝐿𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶) 𝑟𝑟

+
(1 − 𝑑𝑑)2𝑅𝑅𝑑𝑑𝑐𝑐2 − 𝑑𝑑𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 + (𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶)

𝐿𝐿𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)2  

𝐺𝐺(𝑟𝑟) =
𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜(𝑟𝑟)
𝑑𝑑(𝑟𝑟)

=
− 1
𝐿𝐿 [(1 − 𝑑𝑑)𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐 − (1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐2

𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)2 − (1 − 𝑑𝑑)𝑅𝑅𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐
(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶) 𝑟𝑟]

|𝑟𝑟𝐼𝐼 − 𝐴𝐴|  

∴ 𝑁𝑁𝐹𝐹𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐿𝐿𝐵𝐵 𝐿𝐿𝑓𝑓 𝐺𝐺(𝑟𝑟) = 𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)(1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶𝑟𝑟 − (1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶 + (1 − 𝑑𝑑)𝑅𝑅𝑑𝑑𝑐𝑐2  

𝐷𝐷𝐵𝐵𝑛𝑛𝐿𝐿𝑚𝑚𝑖𝑖𝑛𝑛𝐵𝐵𝐵𝐵𝐿𝐿𝐵𝐵 𝐿𝐿𝑓𝑓 𝐺𝐺(𝑟𝑟) 
= 𝐿𝐿𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)2𝑟𝑟2 + (𝑅𝑅𝑑𝑑𝑐𝑐 + 𝑅𝑅𝐶𝐶)[𝐿𝐿 − 𝑑𝑑𝐶𝐶𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶 + 𝐶𝐶(𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶 + 𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐿𝐿 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶)]𝑟𝑟

+ (1 − 𝑑𝑑)2𝑅𝑅𝑑𝑑𝑐𝑐2 − 𝑑𝑑𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶 + (𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐶𝐶 + 𝑅𝑅𝑑𝑑𝑐𝑐𝑅𝑅𝐿𝐿 + 𝑅𝑅𝐿𝐿𝑅𝑅𝐶𝐶) 

(B.14) 

The above mathematical expression is the continuous transfer function of a boost converter 

with ESR. This formula can be implemented in MATLAB/Simulink for the simulation of 

dynamic behaviour of a boost converter. There is a transfer function block in Simulink for 

engineers to specify an open-loop transfer function of a physical system. This can be used to 

develop a closed-loop control system with the help of a PI controller. As a result, the overall 

control feedback system of a boost converter with a proper controller can be simulated in 

MATLAB/Simulink. The parameters of the PI controller can be tuned prior to experimental 

study, which can be a reference value for the manual tuning in practice. A linear small-signal 

model of a boost converter without ESR can be reviewed in [89] for dc MG systems.  
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Appendix C 

C.1 Introduction 

In this appendix, the experimental study is presented to validate the proposed V-dp/di droop 

control of a PV-based dc MG. It begins with the description of the experimental setup. This 

includes the design of the small-scale test rig, introduction to the H-bridge dc/dc converter, 

technical specifications of the system, a description of the general control board and gate 

drive circuit, as well as the application of the dc electronic load. Furthermore, the dc-link and 

protection wiring diagrams are demonstrated to show the mechanism of the protection scheme 

in this project. Basic experimental results are presented to investigate the influence of the dc 

bus voltage deviation of the PV-based dc MG, and to observe the dynamic response under 

step load change. 

C.2 Experimental Setup 

A low-powered test rig is developed to verify the decentralized control algorithm. The 

schematic diagram of the power system is shown in Figure C.1. The experimental system is 

capable of delivering 1.34 kW, i.e. rated power of PV2, to the resistive load with a nominal dc 

bus voltage of 48 V. Basically, it consists of a general control board, H-bridge dc/dc 

converter, gate drive board, protection devices, LC-filter, auxiliary power supply unit, voltage 

and current sensors, recovery rectifier diode, and a resistor for pre-charging input capacitor. 
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Figure C.1 Block diagram of the test rig. 
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The schematic diagram of the test rig can be observed in Figure C.1. The circuit is powered 

by the Thurlby Thandar EX354RD dc power supply with a maximum dc voltage of 35 V and 

a maximum current of 4 A. Two sets of the Schneider Electric (LC1D125P7 and 

LC1D096P7) normally open main contactors are used for switching the input and output 

circuits on or off, respectively. There is a resistor of 22 Ω for pre-charging the dc capacitor of 

500 µF with a maximum voltage of 800 V. The timer for pre-charging the input electrolytic 

capacitor is set to 2 s. The pre-charge contactor (LC1D128P7) is closed once the input dc 

capacitor is fully charged up. The Vishay (VS-20ETF06-M3) fast recovery rectifier diode is 

used to prevent reverse power flow to a PV array. The Schneider Electric (A9F53210) 10 A 

miniature circuit breaker (MCB) provides a full protection against overloads and short-

circuits. 

The 4-leg inverter board developed by Dr Dave Atkinson at Newcastle University is 

implemented in the test rig to behave as an H-bridge dc/dc converter. It is used to step the dc 

source voltage down, in order to attain the nominal dc bus voltage. The converter board 

comprises 4 transistor switches in 2 legs, which turns out the other two legs are redundant. 

The input side of the H-bridge converter is composed of two electrolytic capacitors of 1000 

µF/400 V connected in series and a 150 nF ceramic capacitor to eliminate low-frequency and 

high-frequency oscillations, respectively. Infineon (IPW60R099C6FKSA1) MOSFETs are 

deployed in the converter board as power transistors for switching. These power MOSFETs 

are driven by the eight gate drive board. Avago Technologies (ACPL-332J) gate drivers are 

used to produce 15V switching signals to drive the power MOSFETs. The Chroma (63210) dc 

electronic load is used to simulate step load change during transients. A LC-filter is fitted 

between H-bridge dc/dc converter and electronic load, where it is placed in a separated plastic 

enclosure. It is employed to act as a low-pass filter to filter out high frequency noise, resulting 

in pure dc signal at the output. The values of the inductor and capacitor can be determined by 

the buck equations, since this H-bridge converter is theoretically the same as a classical dc-dc 

chopper.  

The general control board (GCB) designed by Dr Dave Atkinson is an evaluation tool for the 

Texas Instruments TMS320F28377D dual-core Delfino™ microcontroller. The DSP is a 32-

bit floating point microcontroller, operating at 200 MHz for advanced control applications. 

There are two independent 32-bit central processing units (CPUs), mainly focusing on the 

communication and diagnostics. Moreover, the microcontroller unit features two 

programmable control law accelerators (CLA) which are the same 200 MHz, 32-bit processor 
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as the main CPU. The CLA is capable of performing complex mathematical tasks such as 

trigonometric operations and closed-loop control operations, which is associated with each 

main CPU in parallel. The GCB has four 12-bit analogue-to-digital converters (ADC) with up 

to 24-channels, including a sample-and-hold unit for each ADC. The code is written in C/C++ 

language running in Texas Instruments Code Composer Studio™ (CCS) integrated 

development environment version 6.4.12. Texas Instruments XDS100 v2 emulator is a USB 

probe to download and run the code from CCS. The serial communication interface B (SCI-

B) is implemented for communication with a host PC and a MATLAB graphical user 

interface (GUI). The GUI acts as a control panel for users to observe the parameters in real-

time and to control the PWM signals of the converter. The photograph of the components 

inside the enclosure is presented in Figure C.2. The parameters for the preliminary 

experiments are provided in Table C.1.  

 

Figure C.2 Photograph of the experimental rig. 
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𝐼𝐼𝑛𝑛𝑑𝑑𝐹𝐹𝑐𝑐𝐵𝐵𝐿𝐿𝐵𝐵 𝐿𝐿 =
1
𝑓𝑓𝑠𝑠𝑠𝑠

×
�𝑉𝑉𝑝𝑝𝑝𝑝 − 𝑉𝑉𝑑𝑑𝑐𝑐� × 𝑉𝑉𝑑𝑑𝑐𝑐

∆𝐼𝐼𝐿𝐿 × 𝑉𝑉𝑝𝑝𝑝𝑝
=

1
20000

×
48 × (114.6 − 48)

27.934 × 10% × 114.6
= 0.5 𝑚𝑚𝑚𝑚 

𝐹𝐹𝑖𝑖𝐼𝐼𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝐵𝐵𝑝𝑝𝐵𝐵𝑐𝑐𝑖𝑖𝐵𝐵𝐿𝐿𝐵𝐵 𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜 =
27.934 × 10%

8 × 20000 × 48 × 0.5%
= 72.7 𝜇𝜇𝐹𝐹 ≈ 80 𝐹𝐹𝐹𝐹 

Table C.1 System parameters of the test rig 

Parameter Value 

DC bus voltage VDC 48 V 

Nominal power 1.34 kW 

DC capacitor Cin 500 μF 

Inductor L 0.5 mH 

Filter capacitor Cout 80 μF 

Proportional term Kp 0.0004 

Integral term Ki 0.0002 

Switching frequency fsw  20 kHz 

Sampling frequency fs 20 kHz 

 

C.3 Design of Protection Scheme 

Basically, the protection wiring system is composed of two independent circuits, namely high 

voltage switchgear and low voltage switchgear. As shown in Figure C.3, a single-phase 230 V 

AC supply is used to energize the auxiliary power supply unit, RS PRO (136-8308) 24 V 

power supply, pneumatic timer, and high voltage contactors. The Traco Power AC/DC power 

supply is employed to mainly power up the GCB and eight gate drive board. The AC/DC 

power supply provides 4 voltage levels in total, including +/-15 V, 5 V and 0 V. The 

Schneider Electric (LC1D125P7) contactor is the main input contactor for isolating the power 

circuit, unless the input switch button is pressed in the 24 V circuit. If so, this first energizes 

the Schneider Electric (RXZE2M114M) input pilot socket and thus the main contactor. There 

is a pre-charge process for the input dc capacitor on the H-bridge converter, resulting in an 

ON delay of the main input contactor. The Schneider Electric (LADT0) timer relay and 

(LC1D128P7) contactor are used to delay the on-time of the main input contactor for 2 s. This 

short interval should be enough for charging up the dc capacitor. Similarly, the output switch 

button is pressed to energize the output pilot socket and thus the Schneider Electric 
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(LC1D096P7) main output contactor. This configuration can be used to disconnect the link 

between H-bridge converter and electronic load at the beginning. To conclude, the main input 

and output contactors provide double protection against electric shock.  
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Figure C.3 Protection wiring diagram of the test rig. 
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On the other hand, the 24 V power supply is deployed to power up the low voltage contactors, 

green pilot lights, contactor auxiliary switches, lid micro-switches, emergency stop button, 

and input and output stop buttons. In the first place, Allen-Bradley (800FP-MT44) emergency 

stop button is utilised to allow users to stop the entire power circuit immediately in case of 

electrical failure. Basically, the input and output stop operators are used to control the input 

and output connections of the H-bridge converter, respectively. The input and output start 

buttons are normally-open, which can be pressed to energize the input and output pilots in the 

low voltage circuit, respectively. There are two lid micro-switches for preventing the lid open 

accidentally during the experiments. The input and output contactor pilots can thus be 

energized. This controls the input and output auxiliary switches in the next cycle to be closed, 

which energizes the green pilot lights to indicate that the test rig is working as expected. 
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C.4 Operating Instructions for Test Rig 

1. Connect 240 Vac supply to the mains on the side panel. 

2. Connect the DC input leads to the power supply unit. 

3. Connect the DC output leads to the LC filter box. 

4. Connect the micro-switches leads to the LC filter box with lid closed. 

5. Run the program ‘microgrid_cpu1.c’ on CCS TI v6.4.12. Press the ‘resume’ button on 

CCS to start the program when it is ready. 

6. Run the graphical user interface ‘gui10’ on MATLAB. PWM should first be switched 

off. 

7. Press the green start button under the label ‘Input DC’ on the front panel. Wait 2 

seconds for the DC input capacitor to be charged up. Once the click sound is heard, 

i.e. pre-charge process finished, the DC input power source will automatically be 

connected to the H-bridge DC/DC converter. 

8. Press the green start button under label ‘Load’ on the front panel. This activates the 

connection between H-bridge converter and load.  

9. Press the ‘PWM ON’ button on the MATLAB GUI panel to turn on PWM signals. 

10. Before disconnecting the PSU and load, please ensure ‘PWM OFF’ button is pressed 

on MATLAB GUI panel. 

11. Press red stop button under the ‘Load’ label on the front panel. 

12. Press red stop button under the ‘Input DC’ label on the front panel. 

Should any of the supplies fail, the lid be opened, either of the emergency stops be pressed, 

then power will be disconnected from the PSU immediately. 
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C.5 Experimental Results 

The dynamic and steady-state characteristics of the dc bus voltage are assessed in the 

experimental section to validate the fundamental mechanism of the proposed V-dp/di droop 

control method. This includes voltage ripple, voltage overshoots, and settling time. First, the 

gate drive signals of two high-side MOSFETs are demonstrated to verify the feasibility of a 

full-bridge dc/dc converter. Unipolar switching is utilised to achieve higher conversion 

efficiency and reduce harmonic distortion. Indeed, it allows the zero voltage level of the 

output to be used and the switching frequency of the output voltage can thus be doubled. Zero 

value is usually maintained for a short period of time, at which both high-side power devices 

are switched on. Afterwards, the closed voltage and current loops of the H-bridge converter 

with the dc electronic load are presented in this section. Given the input voltage of the power 

supply is always fixed, the experimental results show how the classical PI controller can 

regulate the output voltage or current of the variable electronic load. Last but not least, the 

dynamic and static behaviours of the dc bus voltage are investigated. This can be 

accomplished by introducing a step change in reference voltage. The experiment clearly 

demonstrates the feasibility of a voltage droop control, which is the main feature of a 

decentralized control in an islanded dc MG. 

 

Figure C.4 Gate drive signals of two high-side MOSFETs in an H-bridge converter. 

To verify the design of a full-bridge dc/dc converter, a preliminary test was undertaken to 

observe the gate drive signals of the power switches. The sampling and switching frequencies 

are set to 20 kHz. The execution timer of the microcontroller shows that it takes 10 µs to 
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process one complete cycle of the control loop and display the sensor data on MATLAB GUI. 

This is about 20 per cent of a PWM period which is found to be appropriate for this 

application. The duty ratio for the high-side gate drive signal of leg A is set to 75%. As shown 

in Figure C.4, the resulting duty cycle of high-side MOSFET in leg A is obtained as 74.4%. 

This is due to the fact that both power MOSFETs in the same leg cannot be turned on 

simultaneously. Therefore, the high-side power device must entirely be switched off before 

turning on the low-side MOSFET. This is referred to as deadband. The dead time is set to 500 

ns which is 1% of the switching period, according to the datasheet of the power MOSFET. 

The duty ratio for the low-side gate drive signal is measured as 24%. The variation can be due 

to the deadband and measurement errors. The voltage attenuation ratio of the Tektronix probe 

is 2x, in which the peak voltage of the gate-source signal is 15 V. This ensures the power 

MOSFETs to be fully turned on, which exceeds the threshold gate-source voltage. 

C.5.1 Closed Voltage and Current Loops 

A closed-loop control system is implemented in the DSP to observe the transient and steady-

state response. The dc electronic load is used as a variable resistor to perform single 

voltage/current loop control. The current reference value is set to 0.5 or 1 A, in order to 

develop a step change in current. The resistance is initialised as 24 Ω, and dropped to 19 Ω at 

1 A after 1 s. The step change is repeated every 2 s. The closed-loop current control is 

maintaining the feedback current at certain levels during step changes. As can be seen from 

Figure C.5, the dc-link voltage can be obtained. There is no voltage overshoot/undershoot in 

the graph, given the passive elements contain ESRs. A traditional PI controller is used to 

minimise the steady-state error and suppress the voltage overshoot. The averaged voltage 

ripple is measured as ±1.64%. The settling time of the step response is approximately 33 ms 

which shows an excellent dynamic performance. 
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Figure C.5 Output load voltage under step change in reference current. 

The closed-loop voltage control is implemented in the DSP to assess the dynamic response 

performance of a dc MG system. The resistance of the electronic load is set to 20 Ω. The 

voltage reference value is initialised as 25 V, followed by 15 V. This process is repeated again. 

The time interval of the step change is set to 1 s, in order to record the transient and steady-

state response of the dc bus voltage. Nevertheless, a classical PI compensator is used to 

regulate the dc bus voltage and generate a duty ratio to control the power devices of an H-

bridge dc/dc converter. Similar to closed-loop current control, there is no significant voltage 

overshoot/undershoot obtained in the step response. It is noted some voltages drop across the 

inductor and capacitor in practice, resulting in a critically damped response with no overshoot. 

The averaged settling time of the dc bus voltage is about 40 ms, which takes longer time than 

the current control to reach the steady state. This is due to the fact that the current of the 

inductor is controlled. The output voltage is measured at the dc-link capacitor which usually 

takes time to charge or discharge. The overall voltage ripple is measured as ±1.77%. The 

voltage fluctuations are within the acceptable operating range and considered to be stable.  
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Figure C.6 Dynamic response of the dc bus voltage under step change in reference value. 

C.5.2 Voltage Droop Control 

The dynamic and steady-state performance of the dc bus voltage can be validated 

experimentally in a standalone mode, where the dc input source is responsible for voltage 

regulation. The deviation of the dc bus voltage is utilised as an indicator to produce a new 

voltage reference value, and to reduce the power generation. The dc bus voltage reference is 

initialised as 10 V. The deviation of the dc bus voltage is assumed to be 5 V. In other words, 

the calculated voltage set-point is changed to 15 V. This can replicate the conditions of a dc 

MG system in standalone operation, in which the droop control determines a dc bus voltage 

reference to stabilise the overall dc MG. As shown in Figure C.7, the dynamic response of the 

dc bus voltage under step change in voltage reference is presented. The averaged settling time 

is 40 ms, which is considered to be a robust control system. No voltage overshoot/undershoot 

is observed in the graph. The averaged voltage ripple is ±1.5%. This has validated the concept 

of dc bus signalling, in which the dc bus voltage can be used as an indicator to generate or 

reduce input power, in order to maintain the stability of a dc MG. Moreover, the screenshot of 

the MATLAB GUI used in the experiments is shown. The control panel clearly presents the 

data in real-time with the help of universal asynchronous receiver-transmitter connection. The 

control loop takes less than 10 µs to calculate the duty ratio for PWM generation, which is 

one fifth of a PWM period. To conclude, the microprocessor has the capability to further 
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increase the switching frequency and/or implement advanced control system to achieve 

multiple objectives such as proportional power sharing and dc bus voltage regulation.  

 

Figure C.7 Transient response of dc bus voltage under step change in voltage reference. 
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Figure C.8 Screenshot of the GUI control panel developed in MATLAB. 
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