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Abstract

To cope with the pressure of climate change and depletion of fossil fuels, distributed power

generation based on sustainable and green resources, such as photovoltaic and wind, have

been exploited over the past decades. High penetration of renewable energy sources chal-

lenges the normal operation of traditional power grids, due to their characteristics of inter-

mittence and uncertainty. To address this issue, an effective way is to aggregate distributed

generators, energy storage systems, and customer loads together, as a single entity, that is,

the so-called microgrids. Every microgrid is a fully dispatchable unit for grid operators,

relieving the strains brought by renewable energy sources. Also, microgrids are able to pro-

vide reliable power for customer loads by supporting autonomous operation. Distributed

energy resources are linked to microgrids by means of power electronic converters. As

most of resources and future appliances are DC in nature, DC microgrids are more ap-

pealing than their AC counterparts. They can potentially achieve higher energy conversion

efficiency and lower system costs, mainly by minimizing the number of DC-AC and AC-

DC power conversion stages.

Droop control is a common decentralized solution to implement primary level con-

trol. With the droop control method, DC bus voltage is employed to convey the loading

condition of DC microgrids, and load power can be automatically allocated among paral-

lel resource converters. This dissertation focuses on performance improvement of droop-

controlled converters, mainly in the following three aspects: i) reduction of DC bus capac-

itance while maintaining tight DC bus voltage regulation; ii) suppression of second-order

harmonic current flowing into distributed energy resources; iii) smooth transfer from power

flow control to droop control, allowing DC microgrids to seamlessly disconnect from up-

stream grids.
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The first aspect: one of the constrains to reduce DC bus capacitance is the voltage

surges and sags during load changes. From this point of view, resistive output impedance

is a better design option than non-resistive output impedance for resource converters. This

is because, given a certain output voltage tolerance band, resistive output impedance al-

lows larger voltage dynamic variations, so that smaller output capacitance can be used. A

systematical design approach, including the selection criteria of output capacitance and the

design of droop coefficient, is proposed, covering both non-isolated (buck, boost, etc.) and

isolated (dual active bridge) DC-DC converters. Following this design method, resistive

output impedance can be effectively obtained. On the other hand, hysteresis control is an-

other way to further reduce output capacitance, since it features faster dynamic response

than classical PID control. Herein, hysteresis controller is implemented on digital signal

processors instead of field programmable gate arrays. The implementation details, includ-

ing the generation of driving signals for power switches and the effect of non-negligible

computation time, are presented.

The second aspect: second-order harmonic power is an unavoidable issue in DC micro-

grids with single-phase inverters/rectifiers. Since droop-controlled converters usually show

low output impedance at twice the line frequency, second-order harmonic power can flow

into resource sides of converters. In some application like fuel cells, such harmonic cur-

rent ripples can shorten device lifetime. To prevent the diffusion of second-order harmonic

power, this dissertation studies the adoption of notch filter and resonant regulator in control

loops. Although these two methods could mitigate second-order harmonic current, they

deteriorate the stability performance of converters. In such a case, modified notch filter and

modified resonant regulator are proposed to overcome the shortcoming of the traditional

schemes. A comparative study is carried out to highlight the advantages of the proposed

filter and regulator.

The third aspect: there are two limitations of the traditional droop control: one limita-

tion is that the output power of droop-controlled converters is determined by load condition,

and the other one is that the power sharing performance of droop control degrades with the

presence of interconnecting cable impedance. To enhance the power flexibility and accu-

racy, a power-based droop controller, which unifies power flow control and droop control,

xvi



is proposed for resource converters. When grid-interfacing converters impose the DC bus

voltage, resource converters could operate with power flow control. When grid-interfacing

converters fail, resource converters could work with droop control to stabilize the system.

Importantly, the switch from power flow control to droop control can be automatically

accomplished without communication or detection schemes. The operation principle, the

design criteria, and the power sharing performance of the proposed controller are analyzed

comprehensively.

All of the above-mentioned proposals are verified by relevant experimental results per-

forming on different laboratory-scale DC microgrid prototypes.
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Chapter 1

Introduction

Centering on micrigrids, this chapter gives a brief introduction for the background from

three aspects: motivation for microgrids, microgrid architecture, and microgrid control. In

the end, the challenges and objectives of this dissertation are outlined.

1.1 Motivation for microgrids

Energy is the foundation for the development of modern society. With the rapid growth

of economy, the energy demand is continuously increasing. In 2018, the world consumed

more than 160,000 TWh of primary energy [1]. The current energy system heavily relies

on fossil fuels, including coal, oil, and natural gas. They account for 84.7% of the total

energy consumption.

The use of such a huge amount of fossil fuels gives rise to two critical issues: energy

crisis and climate change. From the perspective of energy crisis, fossil fuels are non-

renewable resources and their reverses are limited. Fig. 1-1 shows the consumption of fossil

fuels from 1965 to 2018 [1]. The consumption reaches 136,000 TWh in 2018 and grows

by 2.4% compared to the data of 2017. Evidently, the depletion of fossil fuels is escalating.

On the other hand, fossil fuels have considerable environmental effects. They are major

contributors for global warming, since their combustion releases greenhouse-gases like

carbon dioxide. For the decade from 2006 to 2015, the global mean surface temperature is

0.87◦C higher than the average over the 1850-1900 period [2]. Due to climate change, sea
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Figure 1-1: Consumption of fossil fuels from 1965 to 2018 [1].

levels continue to rise and extreme weather events become stronger and more intensive [3].

Driven by these two concerns, all countries endeavor to reduce the reliance on fossil fuels

by exploiting renewable resources that are recognized to be sustainable and clean .

Propelled by government policies, Distributed Generators (DGs), such as photovoltaics

(PVs) and wind turbines, have seen a vigorous development in recent years. Fig. 1-2 de-

picts the new annual installations of PVs and wind turbines all around the world [1]. Over

the past decade, the average rate of new installation of wind turbine is 45 GW per year.

Whereas, in the same period, photovoltaic shows an exponential growth, and its new in-

stalled capacity reaches 95 GW in 2018. The share of renewables (excluding hydroelectric)

in electricity generation mix goes up from 8.4% in 2017 to 9.3% in 2018. Particularly, in

Germany, renewable energy contributes to 32.2% of state’s electricity production.

However, the development of traditional electrical power systems is not keeping pace

with renewable energy. High penetration of DGs has significant influences the operation of

power grids [4–8]. One of the challenges stems from the variability of renewable resources.

The output power of PVs and wind turbines can face a sudden drop if cloud shadows pass

across PV panels and wind speed slows down. This intermittence causes fluctuations in

grid voltage and frequency especially with a high level of penetration, enforcing grid oper-

ators to provide more sophisticated grid regulation services. Moreover, the uncertainty of

sunlight and wind makes it difficult to forecast power generation and further aggravates the
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Figure 1-2: New annual installations of PV and wind turbine in the past decade [1].

situation. Another challenge is due to the fact that DGs deliver power to grids. When con-

nected to existing distribution grids, DGs change the radial power flow of power systems

and introduce reverse power flow. This behavior could eventually result in more complex

power system protection.

Microgrids have been a promising solution to tackle the challenges posed by high pen-

etration of DGs [9–11]. The components of microgrids include DGs, Energy Storage Sys-

tems (ESSs), and local customer loads. Also, microgrids are usually linked to upstreams

grids (e.g., the utility). ESSs, such as lithium-ion batteries and super-capacitors, are uti-

lized to smooth the output power of DGs [12, 13]. As bi-directional devices, ESSs can

charge/discharge when the power generation of DGs is higher/lower than load demand.

Thanks to the presence of ESSs, microgrids are able to function well either with upstream

grids connected or disconnected [14, 15]. Microgrids bring benefits for both grid oper-

ators and customer loads [16, 17]. From grid’s point of view, microgrids become fully-

dispatchable units, alleviating the concerns for integrating DGs. From load’s perspective,

microgrids can provide more reliable electricity by supporting standalone operation, im-

prove the power quality, and potentially reduce the energy cost.

Being an appealing network structure, microgrids have been receiving more and more

attention, and there are many studies in this topic. In the following two sections of this

chapter, the architectures and control of microgrids will be introduced.
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1.2 Microgrid architectures

Microgrids comprise four main elements: DGs, ESSs, upstream grids, and customer loads.

Within a microgrid, these four types of units are connected to common power bus(es)

through power electronic converters. In general, according to the type of common bus(es),

the microgrid architectures fall into three categories: AC, DC, and hybrid AC/DC micro-

grids.

1.2.1 AC microgrids

Nowadays, most of existing transmission and distribution power systems are designed for

AC power, equipped with highly developed protection mechanism. Many commercial ap-

pliances and devices are manufactured with AC plugs, as well. In this context, AC micro-

grids are the commonly used configuration to take full advantage of the current infrastruc-

ture [11, 18–21].

Fig. 1-3 shows the typical layout of AC microgrid. For DGs and ESSs that based on

DC power, such as PVs and Lithium-ion batteries, they are linked to AC bus by DC-AC

converters. In some cases, these DC-AC converters employ two-stage topologies. The

first stage is a DC-DC converter used to, for instance, boost the DC output voltage, and the

second stage is a DC-AC inverter to complete the conversion from DC to AC power [22,23].

Even for DGs with AC output (e.g., wind turbines), direct connection from their output

to AC bus is not feasible due to the difference of frequency, and AC-DC-AC interfacing

converters are required. For AC loads like washing machines and refrigerators, they use DC

power for motor drive, so additional AC-DC rectifiers are necessary. For Electric Vehicles

(EVs), a typical adopted circuit for on-board charger is two-stage AC-DC-DC converters.

The first stage can be a Power Factor Correction (PFC) converter to adjust the power factor

to be as close to unity as possible, and the second stage can be an isolated DC-DC converter,

for example, a LLC resonant converter which features high conversion efficiency in a wide

operation range [24,25]. Through the description above, it is clear that two-stage converters

are widely used for integrating various DGs, ESSs, and loads in AC microgrids. On the

other hand, the connection with the utility is rather simple: only a breaker is needed at the
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Figure 1-3: Typical layout of AC microgrid.

Point of Common Coupling (PCC).

Numerous pilot AC microgrids have been constructed all over the world in the past 20

years. Some examples are introduced as below:

• Kythnos island Microgrid, Greece, has been operating since 2001 to electrify 12

houses. This 400 V AC system has 11 kW PV arrays, 76.8 kWh lead-acid battery

banks, and a 9 kVA back-up diesel generator [26].

• Miyako island microgrid, Japan, has been operating since 2010. The system is com-

posed of 4 MW PV arrays, 4.2 MW wind turbines, 4 MW sodium-sulfur (NaS) bat-

teries, and 100 kW lithium-ion batteries [27].

• Bronsbergen Holiday Park microgrid is the first microgrid in the Netherlands. Two

battery banks and 315 kW PV arrays are connected to a 400 V AC bus [28].

1.2.2 DC microgrids

Many DGs (e.g., PVs, fuel cells), ESSs (e.g., lithium-ion batteries, super-capacitors), and

today’s loads (e.g., EVs) are dc in nature. Form this point of view, DC microgrids are more

compatible than their AC counterparts [29–33]. Fig. 1-4 shows the typical layout of DC

microgrids. Compared to the layout of AC microgrids shown in Fig. 1-3, a major distinction
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Figure 1-4: Typical layout of DC microgrid.

is the reduction of the number of DC-AC and AC-DC conversion stages. Thanks to this

change, system investment and energy can be saved. However, an extra Grid-Interfacing

Converter (GIC) is installed to tie DC microgrids with the upstream grid, which can be the

utility or a higher level microgrid. The merits of DC microgrids are also reflected in the

aspect of control. Issues like reactive power, frequency, harmonics, and synchronization

are eliminated, resulting in much simpler control strategies.

The technology of DC microgrids has been applied to buildings and data centers. Some

examples are reported as follows.

• ABB developed a 1 MW DC distribution system for a data center in Zurich-West,

Switzerland, in 2012. Power is generated from a central AC-DC rectifier and is

delivered to servers along a ±200 V DC bus. Compared to the conventional AC

architecture, this project is proven to save 10% of energy, 15% of investment, and

25% of space [34].

• In Xiang’an campus of Xiamen University, China, a 380 V DC microgrid based on a

150 kW rooftop PV system has been built up in 2014, supplying electricity to 30 kW

air conditioners, 20 kW Light Emitting Diodes (LEDs), and 40 kW EV charging

stations [35].

• In Lingshed village, India, 14 solar-based DC microgrids were established in 2015.
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Figure 1-5: Typical layout of hybrid AC/DC microgrid.

Each microgrid comprises a 250 W PV panel, a pair of 12 V lead-acid batteries, and

thirty 3 W LED lightbulbs. Thousands of (or even more) similar projects have been

conducted in India to bring electricity to rural places [36].

1.2.3 Hybrid AC/DC microgrids

Hybrid AC/DC microgrids, which contain both DC sub-grids and AC sub-grids, are a com-

promise solution between AC microgrids and DC microgrids [37–41]. The typical layout

of hybrid AC/DC microgrid is shown in Fig. 1-5. The utility and existing loads that are

adapted to AC power can be connected to AC bus. Newly-built equipments can be con-

nected to DC bus. AC bus and DC bus are interlinked by bi-directional DC-AC converters.

The introduction of hybrid AC/DC microgrids facilitates the integration of DC technology

with the present AC world, speeding up commercial applications of DC microgrids.

There are already some successful implementations of hybrid AC/DC microgrids, in

fields of transportation and residence.
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• Civil airplanes are stepping into the age of More Electric Aircrafts (MEAs). The

electrical system of Boeing 787 is actually a hybrid AC/DC microgrid. A main 230 V

AC distribution system conveys the power from six generators with a total capacity of

1450 kVA to three sub-systems, which are a 115 V AC system, a±270 V DC system,

and a 28 V DC system. This configuration eliminates pneumatic bleed system, saves

weight, and lowers maintenance costs [42].

• In Kaishan island, Jiangsu, Chian, a hybrid AC/DC microgrid has been set up to

provide electricity for inhabitants. The system has a three-phase 380 V AC bus and

a 750 V DC bus. 110 kW PV arrays, 30 kW wind turbines, and 660 kW batteries

are connected to the DC bus. All customer loads and a 50 kW diesel engine are

connected to the AC bus. The connection between the DC bus and the AC bus is

accomplished by two centralized DC-AC converters [43].

In summary, DC microgrids, as well as DC sub-grids in hybrid AC/DC microgrids, are

envisioned to play a vital role in future power distribution systems. Hence, they are selected

as the research topic of this dissertation.

1.3 Microgrid control

Form the perspective of grid operators, GICs and interfacing power converters for DGs

and ESSs are the foundation of DC microgrids. Proper control strategies are essential

for the coordinated operation of these components. This section reviews the control for

DC microgrids from microgrid level and from converter level. Microgrid-level control

strategies aim at defining the role of each converter in microgrids, while converter-level

control methods ensure that every converter acts as the predefined role.

1.3.1 Converter roles

Before going into the detail of DC microgrid control, it is necessary to firstly introduce the

roles of converters in microgrids, that is, grid-forming converters, grid-following convert-

ers, and grid-supporting converters [18, 44].
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Figure 1-6: Ideal representations of three types of converters in DC microgrids.

Grid-forming converters

Grid-forming converters are controlled as constant voltage sources, as shown in Fig. 1-6(a),

so that they are able to maintain DC bus voltage at a certain level. They are responsible

for power balance within microgrids, delivering power deficit to microgrids and absorbing

power surplus from microgrids. Usually, one DC bus only allows the connection of one

grid-forming converter. This is because grid-forming converters feature zero steady-state

output (DC bus side) impedance. Hence, power sharing among parallel grid-forming con-

verters is determined by parasitic parameters like sensing errors and cable resistance, which

brings uncertainty for system operation.

Grid-supporting converters

A grid-supporting converter is basically a current-controlled or power-controlled voltage

source. It can be ideally represented by a constant voltage source in series with a virtual

output resistor, as shown in Fig. 1-6(b). Grid-supporting converters participate in DC bus

voltage regulation. Due to the presence of virtual output resistors, DC bus voltage varies

in a particular range instead of staying constant. Compared to grid-forming converters,

grid-supporting converters can be safely connected in parallel, and power sharing depends

9
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on virtual output resistors.

Grid-following converters

Grid-following converters behave like current or power sources, as shown in Fig. 1-6(c),

injecting power into microgrids without caring about DC bus voltage. Multiple grid-

following converters can present in one DC microgrid. However, grid-following converters

cannot work independently in a DC microgrid. At least one grid-forming or grid-supporting

converter is needed to regulate the DC bus voltage.

1.3.2 Microgrid-level control

Microgrid-level control defines the role of each converter in DC microgrids. There are two

common control strategies, master-slave control and peer-to-peer control.

Master-slave control

Master-slave control for DC microgrids is the result of imitating the operation of grid-

connected AC microgrids. For an AC microgrid tied with the utility, its AC bus voltage is

dominated by the utility, and the other components in microgrid are only responsible for

their own output power [45]. Similarly, for a DC microgrid in master-slave control mode,

one converter acts as a master, that is, a grid-forming converter, to impose the DC bus

voltage, and the other converters act as slaves, that is, grid-following converters [46, 47].

The concept of this control strategy is illustrated in Fig. 1-7(a).

The master converter maintains power balance within a DC microgrid. If power gen-

eration is higher than demand, the master converter absorbs the surplus power from the

microgrid. If power generation is lower than demand, it injects power into the microgrid to

compensate the power shortage. In this context, the master converter is expected to support

bi-directional power flow and to have relatively larger capacity than other components in

the microgrid. The GIC and ESS converters may fulfill the two requirements, and they

can be considered as the candidate for the master converter. DG converters are usually

configured as slave converters to operate with Maximum Power Point Tracking (MPPT)

10
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Figure 1-7: Microgrid-level control strategies for DC microgrids.

algorithm [48], achieving a good harvest of energy.

This control strategy is simple and is easy to implement. Moreover, as slave convert-

ers operate with power flow control, accurate power sharing among them can be attained.

However, the master-slave control suffers from a single point of failure. If a fault occured

in the master converter, the DC bus voltage loses control and the entire DC microgrid col-

lapses. In order to prevent this from happening, one of the slave converters should change

to the master as soon as the original master converter fails. To this end, high-bandwidth

communication or precise detection schemes must be adopted in DC microgrids, which

complicates the design and decreases the system reliability.

The master-slave control is suitable for a small-scale DC microgrid, where a converter

with dominant power capacity can be found. This control strategy has been tested in prac-

tical systems. For instance, in the DC sub-grid of Kaishan Island (see the second case in

Section 1.2.3), one of the two battery converters is designated as the master converter to

control the DC bus voltage.

Peer-to-peer control

In peer-to-peer control strategy, a part (or all) of converters are involved in microgrid power

balancing and DC bus voltge regulation, with equal position [49,50]. These converters can

be configured as grid-supporting devices, while the other converters are configured as grid-

following devices. There is not any grid-forming converter in this control mode. The

11
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concept of this control strategy is illustrated in Fig. 1-7(b).

Typically, stable resources like the GIC and ESS converters can be selected as grid-

supporting converters. DG converters can choose to participate in voltage regulation or to

stay in MPPT mode to maximize the generation of green energy.

The peer-to-peer control strategy features automatic power sharing among grid-

supporting converters. By adjusting virtual output resistors of grid-supporting converters,

proportional power sharing can be accomplished [51–53]. Furthermore, since the regula-

tion of DC bus voltage relies on a couple of converters, the system reliability is significantly

improved in comparison with the case with master-slave control. Nevertheless, the bene-

fits are introduced at the expense of control flexibility, because the output power of grid-

supporting converters is determined by load power not by their decisions. For example,

ESS converters cannot freely decide to charge or discharge on the basis on the State-of-

Charge (SoC).

According to the characteristics of peer-to-peer control, it is fit for a large-scale DC

microgrid, where there is not any converter overwhelming the others in terms of power

capacity.

1.3.3 Converter-level control

Taken the role assigned by microgrid-level control, one converter needs converter-level

control to execute the tasks in a desired way. In order to manage these tasks, the hierarchical

control structure is usually employed [37, 54–56].

The scheme of hierarchical converter-level control for DC mcirogrids is shown in

Fig. 1-8. It includes primary, secondary, and tertiary control levels, corresponding to dif-

ferent control tasks.

• Primary control makes use of local information of converters [57]. It is responsi-

ble for local current, voltage, and power regulations, as well as other functions that

only rely on local information. The time scale of primary control is at the level of

microseconds and milliseconds.

• Secondary control has access to information of elements within DC microgrids

12
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Figure 1-8: Hierarchical converter-level control for DC microgrids.

through communication link, so it could achieve global regulation targets, such as

DC bus voltage restoration and load distribution enhancement [58–61]. Since com-

munication with other devices takes time, the response time of secondary control is

usually at the level of seconds.

• Tertiary control shares information with other microgrids and the utility [58, 62]. Its

main objective is to guarantee the economic and optimal operation of DC microgrids

by regulating the power exchange with other grids. The time scale of tertiary control

is at the level of minutes and hours.

Primary control maintains mandatory functionalities of power converters, laying the

foundation of this well-ordered hierarchical structure. Fig. 1-9 gives an overview of pri-

mary control techniques. As can be seen, primary control has inner control loop(s) to

implement current/voltage regulations and outer control loop(s) to undertake other func-

tionalities. The details of primary control for DC-DC converters are reviewed below.

Inner control loops of primary control

Inner control loops are the base of primary control. They have different configurations in

terms of control loops and regulators.

Control loops

The common state variables used for feedback signals are the inductor current and the out-
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put voltage. According to feedback signals, there are three typical control structures: single

current loop, single voltage loop, and cascaded voltage and current loops, as presented in

Fig. 1-10.

Single current loop takes the error between the current reference i∗L and the current

feedback iL as the input of the current regulator Gi(s) [63]. Depending on the operation

principle of converter and the type of regulator, the output of Gi(s) can be modulation

signals like duty cycle, phase shift, and frequency, or it can also be gate driving signals

for power switches. This structure is usually found in grid-following converters, which are

controlled as current/power sources.

Single voltage loop calculates the error between the voltage reference v∗o and the voltage

feedback vo and sends it into the voltage regulator Gv(s) [64]. The output of Gv(s) can

either be modulation signals or gate driving signals. Single voltage loop is compatible with

all types of converter circuits and regulators, and it is usually used in grid-forming and

grid-supporting converters, which are assigned with the task of voltage regulation.

Cascaded voltage and current loops employs one voltage control loop to generate cur-

rent reference i∗L and one current control loop to produce modulation signals or gate driv-

ing signals [65]. It is usually adopted by grid-forming and grid-supporting converters.

Compared to single voltage loop, the cascaded form can simply achieve current limitation.

However, this cascaded structure cannot be applied with converters that do not possess

dc inductor current, like Dual Active Bridge (DAB) converters. In addition, the voltage

regulator Gv(s) does not support regulators that directly produce gate driving signals, for
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example, hysteresis controllers.

Regulators

The current and voltage regulators used in inner control loops have different shapes. As

listed in Fig. 1-9, there are linear control, hysteresis control, predictive control, fuzzy con-

trol, sliding mode control, and other control schemes. Among them, the most established

ones, that is, linear control and hysteresis control, are introduced as follows.

Linear control is the most popular control technique and has been widely used in vari-

ous control loops at different control levels. It features good control performances, robust-

ness to perturbations, and easy implementation. Linear controllers include Proportional-

Integral (PI) controller, Proportional-Integral-Derivative (PID) controller, Proportional-

Resonant (PR) controller, etc.

In general, for a PI controller, the proportional gain Kp is used to tune the bandwidths

of control loops, and the integrator Ki/s can achieve zero steady-state error. However, PI

controller brings lagging phase for control loops. In order to increase the phase margin

of control loops and to enhance system stability, a derivative term Kd · s can be added,

resulting in a PID controller. It is able to provide up to 90◦ leading phase to control loops.

A typical application of PID control is for a buck converter with single voltage loop, where

PID control allows voltage loop bandwidth to be higher than the LC resonant frequency,

which is not achievable with PI control.

With PI and PID control, only dc error signals converge to zero in steady state. In this

case, PR control, as presented in (1.1), is used to regulate other frequency components to

zero [66, 67]. The resonant term shows high magnitude peak at the center frequency ωr.

The width of the peak can be enlarged by increasing ωb, improving the tolerance level to

frequency variations.

GPR(s) = Kp +Kr
2ωbs

s2 + 2ωbs+ ω2
r

(1.1)

Hysteresis control is also known as bang-bang control. The control target is to restrict

an input signal within a hysteresis band [68]. The operation principle of conventional hys-

teresis control is illustrated in Fig. 1-11. When the input signal in1(t) hits the upper/lower
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in1(t)

hysteresis

S1(t)

Tsw1

band

S2(t)

Tsw2

in2(t)

Figure 1-11: Operation principle of conventional hysteresis control. Switching frequency varies
in different operation conditions.

bound, the switching signal S1(t) toggles its state, so that in1(t) would develop toward the

opposite direction and stay inside the hysteresis band.

The main merit of hysteresis control is its extremely fast dynamic response. The switch-

ing state is immediately changed once the input signal goes out of the hysteresis band, with

negligible time delay (true in analog implementations). Unfortunately, the major drawback

of traditional hysteresis control is that the switching frequency is not fixed. For instance,

in1(t) and in2(t) are input signals in different operation conditions, as shown in Fig. 1-11.

Slew rates of them are different, leading to the variation of switching frequency. Besides,

conventional hysteresis control requires relatively large switching ripples on the input sig-

nal, which makes it difficult to implement in voltage control loops.

To address these two issues, voltage-mode hysteresis control with frequency stabiliza-

tion was proposed in [69, 70]. Its operation principle is shown in Fig. 1-12. Instead of

acting on the voltage ripple, a ramp signal R(t) is generated according to the switching

state. By adjusting βr, that is, the relative position between R(t) and the input signal in(t),

duty cycle can be changed and in(t) can be regulated to the reference value. Importantly,

since the total height, which equals 2β, and slew rate of R(t) are constant, the switching

frequency is stabilized in steady states. It is worth mentioning that, while Ref [69] imple-

ments this controller in an architecture of mixed-signal, Ref [70] moves to a fully digital

control plant.
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S(t)

Tsw

R(t)
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β+βr

β−βr

Kd

Kd

Figure 1-12: Voltage-mode hysteresis control.

Outer control loops of primary control

Outer control loops are installed on top of inner control loops, in order to accomplish

various control missions. As reported in Fig. 1-9, potential control functionality include

the general ones that can be applied to any converter, and the particular ones that depend

on the role of converter and the type of source.

General control functionalities do not take into account of the converter role and the

front-end source type. Online stability monitoring and adaptive tuning of regulators belong

in this category. Online stability monitoring techniques cope with the varying microgrid

environment by continuously identifying the stability performance of other control loops

[71,72]. Auto-tuning methods adjust regulator parameters online, for the purpose of main-

taining desired dynamic performance [73–75].

Particular control functionalities consider the features of diverse converter roles and

resources. Grid-forming converters are controlled as constant voltage sources, so that no

outer control loops are required unless there is a need to change voltage references. As

for grid-following converters, DGs can employ functionalities like MPPT [48] and con-

stant power flow control, while ESSs can work on predefined charging/discharging pro-

files. Grid-supporting converters usually use droop control strategies to emulate virtual

output resistor. Different design criteria are proposed for the virtual resistor: linear, non-

linear, SoC-dependent, frequency-dependent, etc. The last two shapes of droop coefficient

are specifically for ESS applications. More discussions about droop control are presented

as follows.
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Figure 1-13: Different shapes of the virtual resistor in droop control.

Droop control

Droop control is becoming a standard decentralized solution to underline the power sharing

among parallel converters. Its operation principle is that the output voltage droops with the

increase of the output current. This behavior is exactly like inserting a virtual resistor at

the output port. As already stated in Section 1.3.2, ideally, power sharing among parallel

droop-controlled converters is only determined by the ratio of their virtual output resistors.

Different virtual resistors have been reported in the literature: linear, nonlinear, SoC-

dependent, and frequency-dependent, as shown in Fig. 1-13.

• Linear droop is the traditional design, in which the virtual resistor rd is constant,

as shown in Fig. 1-13(a), and the output voltage has a linear relationship with the

output current. However, if the interconnecting cable impedance is comparable to rd,

the power sharing performance of linear droop deteriorates.

• Nonlinear droop is proposed to overcome the defect of linear droop [76, 77]. With

nonlinear droop, rd increases together with the output current, as shown in Fig. 1-

19



1.3. Microgrid control

13(b). If the voltage drop at nominal current is maintained the same, rd would be

lower than the linear value at light load and be higher at heavy load. Consequently,

the power sharing performance is enhanced at heavy load.

• SoC-dependent droop is proposed to balance SoC of multiple ESSs [56, 59]. As can

be seen in Fig. 1-13(c), in charing mode, ESSs with higher SoC own larger rd. On

the contrary, in discharging mode, ESSs with higher SoC have smaller rd. Therefore,

ESS with higher SoC would deliver more power in discharging mode, and absorb

less power in charging mode. After a couple of cycles of charging and discharging,

SoC of multiple ESSs would be equal.

• Frequency-dependent aims to address the dynamic power distribution among ESSs

with different features [78, 79]. For example, in a hybrid ESS configuration with

super-capacitors and batteries, super-capacitors are expected to supply transient

power demand and batteries only respond to static power demand. To this end, rd

for super-capacitors is designed to be high at low frequency and be low at high fre-

quency, while rd for batteries is designed to be low at low frequency and be high at

high frequency, as depicted in Fig. 1-13(d).

Moreover, the implementation of droop control strategy can be categorized into four

types, the voltage-current (V-I) droop, the current-voltage (I-V) droop, the voltage-power

(V-P) droop, and the power-voltage (P-V) droop [80–82]. The control schemes of these

four implementations are displayed in Fig. 1-14. The V-I and I-V droop methods work on

the relationship between the output voltage and the output current, whereas the V-P and

P-V droop methods work on the relationship between the output voltage and the output

power. The V-I and V-P droop approaches generate the output voltage reference v∗o based

on the sampled output current io and the output power po, respectively. On the other hand,

according to the measured output voltage vo, the I-V and P-V droop methods calculate the

output current reference i∗o and the output power reference p∗o, respectively.

According to the reference generated by droop control, different inner loops should be

considered. For the V-I and V-P droop with v∗o , single voltage loop and cascaded voltage

and current loops can be the candidates. For the I-V droop with i∗o, single output current
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Figure 1-14: Different implementations of droop control.

loop, whose design methodology is not straightforward, should be adopted. Nevertheless,

for converters with LC output filter, like buck converters, the single output current loop can

be substituted by a single inductor current loop to ease the design, because the inductor

current equals the output current in steady state. For the P-V droop with p∗o, firstly i∗o or v∗o

can be calculated based on the measured vo or io, and then, corresponding inner loops can

be selected.

1.4 Challenges and research objectives

In this chapter, microgrids are reviewed from different scenarios, including architecture and

control, in order to build up a concise picture for readers. It is shown that primary control

maintains the basic operation of converters in DC microgrids, so it is of paramount impor-

tance to have well-designed primary control to ensure stable operation of entire microgrids.

This dissertation investigates several aspects about primary control for resource converters

in DC microgrids, with a special focus on droop control.
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1.4.1 Reduction of DC bus capacitance

Challenge: Having a certain amount of capacitors installed on DC bus in DC microgrids

is a must to provide transient power and to stabilize the DC bus voltage. However, massive

DC bus capacitance not only increases the investment, but also complicates fault protection.

This is because, during short-circuit faults, the larger the DC bus capacitance, the higher

the fault current. Therefore, the DC bus capacitance is expected to be as low as possible,

under the condition that the DC bus voltage is maintained in the acceptable range during

transient.

Objective: Improving the design of droop control for DC-DC resource converters, so that

their output capacitance can be reduced while the output voltage is kept in the tolerance

band during load changes.

1.4.2 Mitigation of second-order harmonic current

Challenge: Second-order harmonic power can be introduced into DC microgrids by either

single-phase converters or three-phase converters with unbalanced three-phase voltages. As

droop-controlled DC-DC converters usually show low output impedance at twice the line

frequency, considerable second-order harmonic power would flow into DC-DC converters.

This current ripple is generally not wanted, because it may decrease energy conversion

efficiency and reduce the lifetime of front-end devices like fuel cells. Appropriate control

actions must be taken to eliminate second-order harmonic current ripples.

Objective: Exploring the control approaches that can be simply integrated with droop

controllers, for the sake of mitigating second-order harmonic current. Meanwhile, these

control methods should not sacrifice other system performances like stability.

1.4.3 Seamless disconnection from upstream grids

Challenge: DC microgrids are usually connected to upstream grids to sell surplus power

and to obtain power support. Microgrids may have master-slave control in grid-connected

mode and peer-to-peer control in islanded mode, so as to combine the advantages of these

22



CHAPTER 1. INTRODUCTION

two control strategies. In this context, when microgrids are disconnected from upstream

grids, a part of converters need to change from grid-following converters to grid-supporting

converters. Proper mode transition mechanism should be applied to those converters to

guarantee stable operation.

Objective: Developing a unified controller for DC-DC resource converters in DC micro-

grids. This controller should operate with power flow control in grid-connected mode, and

operate with droop control in islanded mode. Importantly, the mode transfer is expected to

be done in an automatic way without any communication or islanding detection schemes.

1.5 Dissertation outline

In Chapter 2, a design method for general droop-controlled DC-DC converters in DC

microgrids is introduced to reduce the output capacitance by shaping resistive output

impedance. The design approach includes the selection criteria of output capacitance and

the design of droop control parameters. Besides, hysteresis control is also exploited to

extend the voltage loop bandwidth, so that the output capacitance can be further decreased.

In Chapter 3, a modified notch filter and a modified resonant regulator are presented. They

can be easily inserted into existing droop controllers to prevent second-order harmonic cur-

rent from flowing into DC-DC converters, without deteriorating the stability performances.

In Chapter 4, a power-based droop controller is proposed for DC-DC converters to enabling

automatic transition from grid-following mode to grid-supporting mode. As a result, DC

microgrids could achieve seamless disconnection from upstream grids.

In the end, Chapter 5 summarizes the main conclusions of the research work.
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Chapter 2

Reduction of Output Capacitance by

Shaping Resistive Output Impedance

In general, reduction of output capacitance for DER DC-DC converters in DC microgrids

is expected, for the purpose of saving cost, decreasing system weight and size, and facil-

itating the short-circuit fault isolation. However, the decrease of output capacitance leads

to the increase of output voltage spike/dip during load changes, and the output voltage

may go out of the acceptable range during transient. From this point of view, resistive

output impedance is a better design solution for DER converters than non-resistive solu-

tions, because it allows a larger voltage spike/dip and thus enables the use of smaller output

capacitance.

This chapter proposes a design methodology, which consists of the selection of output

capacitance and the design of droop controller, for droop-controlled DC-DC converters, so

that resistive output impedance can be achieved. This design approach is applied on not

only non-isolated topologies like buck and boost converters, but also on isolated topologies

like DAB converters.

This chapter also investigates the digital implementation of hysteresis control for the

purpose of further reducing the output capacitance. As stated in Section 1.3.3, hysteresis

control eliminating the modulation delay by removing the modulator. In addition, the hys-

teretic nature allows nonlinear switching actions during transient, speeding up the dynamic

response. Consequently, compared to PID controllers, smaller output capacitance can be
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used without concerns of overvoltage and undervoltage. Hysteresis control is typically im-

plemented on Field Programmable Gate Arrays (FPGAs). Differently, this work focuses

on Digital Signal Processors (DSPs) implementation, as DSPs are more often used than

FPGAs in commercial products, for example, PV inverters.

2.1 State-of-the-art

Droop control is a decentralized control strategy widely used in DC microgrids, allowing

proportional power sharing among parallel DER converters without communication. Based

on droop control, the static DC bus voltage varies in an allowable range according to load

conditions, that is, the bus voltage stays at a high level with light load while it stays at a

low level with heavy load. In order to supply a reliable bus voltage to customer loads, it is

essential to attain tight DC bus voltage regulation when facing load variations.

Given a certain voltage acceptable range, Fig. 2-1 displays different shapes of output

impedance and corresponding dynamic output voltage waveforms during load changes.

Fig. 2-1(a) shows the case of non-resistive output impedance. As can be seen, the allowable

voltage spike/dip ∆Vnr makes use of part of the tolerance range. On the other hand, if

the output impedance is designed to be resistive, as depicted in Fig. 2-1(b), the output

voltage spike/dip ∆Vr takes advantage of the full tolerance band. Apparently, since ∆Vr is

larger than ∆Vnr, resistive output impedance is the optimal design from the point of output

capacitance reduction.

2.1.1 Output impedance shaping

To suppress the magnitude of output impedance, a straightforward solution is to choose

relatively bulky output capacitors for DER converters [83]. By doing so, the DC bus voltage

is so stiff that the bus voltage sags and surges during load changes are small enough or even

negligible. Obviously, large output capacitance increases the system weight and size, which

is critical in applications like aircrafts and ships [84]. Also, massive output capacitance

means a great amount of energy stored on the bus. In case of a DC bus short-circuit fault, a

high fault current can be generated, which makes fault isolation difficult [85,86]. Therefore,
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Figure 2-1: Different output impedance of droop-controlled DER converters and corresponding
dynamic output voltage waveforms during load changes.
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it is necessary to reduce the output capacitance of DER converters.

Besides of hardware modifications, resistive output impedance can be also shaped by

means of control solutions. In [87] and [88], an additional output voltage feedback path is

added for the voltage control loop according to Mason’s gain formula, so that the output

impedance can be effectively shaped while preserving the voltage loop bandwidth. More-

over, voltage regulator modules, which are power supplies for microprocessors and are

mainly buck converters, are designed to have almost constant output impedance by means

of tuning the parameters of voltage regulators [89–91]. In addition, the so-called virtual-

capacitor control, which is also named as integral droop control or virtual inertia control,

is capable of providing virtual output capacitance for converters, thus diminishing the peak

of output impedance [78, 79, 92–96]. The virtual-capacitor control is basically realized by

an output current feedback path through an integral gain. The functions of this approach

include mitigating the harmonics in output currents/voltages of inverters [93, 94], enhanc-

ing the system damping and stability [95], and smoothing the output power flow of devices

like batteries [78,79,96]. Combing the concept of virtual-capacitor control, an admittance-

type droop controller is proposed in [97], achieving resistive-capacitive output impedance.

However, this controller is developed for specific converters with LC output filters (like

buck converters). Also, the design of virtual capacitance and the selection criterion for the

physical output capacitance are still missing.

2.1.2 Hysteresis control

DC bus voltage spikes or dips in case of load changes is related to the dynamic response

speed of the voltage control loop. Since the voltage control loop enforces the output volt-

age to track its reference value, so a faster response of the voltage loop ensures a smaller

voltage deviation. Hence, for a given voltage tolerance band, pushing the voltage control

bandwidth facilitates the reduction of the output capacitance. However, with typical single-

sampled PID controllers, the control bandwidth is limited by the control delay introduced

by the computation time and the Digital Pulse Width Modulation (DPWM) modulator [68].

For example, considering a computation time of one switching period and the triangular
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carrier-based PWM, the control loop would have a total time delay of one and a half of the

switching cycle, which causes about −54◦ phase lag at 1/10 of the switching frequency.

To reduce the time delay in control loops, a possible way is to adopt the oversam-

pling technique, in which, the signals are acquired for multiple times in one switching

period [68, 98, 99]. By doing so, the computation time and the modulation delay can be

significantly lowered to a fraction of the original value. The oversampling technique are

applied to different types of control solutions, including, but not restricted to, oversam-

pled PID control, hysteresis control [70], sliding mode control [100], and finite-control-set

model predictive control [101]. The oversampled PID control is directly developed from

the single-sampled one, and it features easy design and application. On the other hand,

the other three control methods are nonlinear solutions that are expected to advance the

linear PID controller in aspects like dynamic response. This is partially because that they

operate without modulators, thus, totally eliminating the modulation delay. In this chapter,

hysteresis control, whose basics are introduced in Section 1.3.3, is considered and applied

to droop-controlled DER converters.

Hysteresis control is usually implemented on FPGAs to guarantee an acceptable com-

putation time, since analog-to-digital conversions of sampled signals and relevant data post-

processing must be completed within sampling intervals. Nowadays, DSPs are becoming

more and more powerful, showing potential capability to handle the time-critical calcula-

tion tasks. DSPs are highly integrated with various peripherals and are, in general, cheaper

than FPGAs. Nevertheless, the use of DSP inevitably introduces additional computation

time and increases the control delay.

2.2 Selection of output capacitance

This section provides an initial estimation value for the output capacitance to achieve resis-

tive output impedance, by investigating the effect of the output capacitance on the output

impedance.

In order to choose a reasonable output capacitance, the simplified shape of output

impedance Zoc(s) is studied. Fig. 2-2(a) presents the diagram of Zoc(s) with inadequate
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output capacitance. The structure of Zoc(s) can be roughly divided into three parts. Well

below the output voltage control bandwidth fv, Zoc(s) can be shaped to be droop resistance

rd by means of control methods [102]. When the frequency approaches the control band-

width, Zoc(s) becomes closer to the open-loop output impedance, and its magnitude rises

gradually until dominated by 1/sCo at high frequency. As can be observed, Zoc(s) is lower

than rd again when the frequency is over fint, which is the intersection frequency of 1/sCo

and rd:

fint = 1/(2π ·Co · rd) (2.1)

To have resistive-capacitive output impedance, the output capacitance should be selected in

such a way that fint matches fv, as illustrated in Fig. 2-2(b). Thus, the value of the output

capacitance Co can be expressed as:

Co = 1/(2π · rd · fv) (2.2)

This equation is easy to understand. For a converter with a certain power capacity, a smaller

rd means a narrower voltage tolerance band, which, in turn, requires larger Co or faster

control response (i.e., higher fv). In practical design, the voltage control bandwidth fv

can be firstly estimated according to system parameters such as the switching frequency

and the control delay. Afterwards, the output capacitance Co can be calculated by (2.2).

It should be noticed that the output capacitance is obtained based on the simplified output

impedance and is not highly accurate, so it can be adjusted accordingly in the following

design procedures. Nevertheless, it could still facilitate the design process.

2.3 Case of non-isolated DC-DC converters

This section firstly derives the small-signal model of a generalized droop-controlled non-

isolated DC-DC converter to obtain the output impedance. Secondly, the design method

for droop controllers is introduced to attain resistive-capacitive output impedance. Then,

the simplified version of this design method is presented, so that it is independent of con-

verter topologies. Finally, the proposed design method is validated by experimental results
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Figure 2-3: The control scheme of a generalized droop-controlled non-isolated DC-DC converter.

referring to a buck-based and a boost-based DC microgrid prototype.

2.3.1 Derivation of small-signal model

The control scheme of a generalized droop-controlled non-isolated DC-DC converter is

shown in Fig. 2-3. The droop controller consists of cascaded voltage and current inner

loops, and a droop loop. Gi(s) is the current regulator and Gv(s) is the voltage regulator.

The implementation of droop control can be categorized into four types, as described in

Section 1.3.3, V-I droop, I-V droop, V-P droop, and P-V droop. Herein, the design method-

ology the V-I droop approach is analyzed. The droop function is expressed as:

v∗o = V0 − io ·Zd(s) (2.3)

where v∗o is the output voltage reference, V0 is the output voltage set point under no load

condition, io is the output current, and Zd(s) is the generalized droop impedance.
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Tv(s)

Figure 2-4: The linearized model of the converter shown in Fig. 2-3.

The small-signal model of the droop-controlled converter is derived. Under an opera-

tion condition, the power stage of this converter can be linearized as:

îL = Gid(s) · d̂+Giio(s) · îo (2.4)

v̂o = Gvd(s) · d̂− Zoo(s) · îo (2.5)

where the diacritic mark ˆ indicates the AC small-signal, Gid(s) is the transfer function

from d̂ to îL, Giio(s) is the transfer function from îo to îL, Gvd(s) is the transfer function

from d̂ to v̂o, Zoo(s) is the open-loop output impedance, and Gd(s) is the control delay

caused by computation and DPWM. By combining equation (2.4) and (2.5) and canceling

the variable d̂, following equation is obtained:

v̂o =
Gvd(s)

Gid(s)
· îL+

[
−Zoo(s)−

Gvd(s)Giio(s)

Gid(s)

]
· îo = Gvi(s) · îL +Gvio(s) · îo (2.6)

Finally, the power stage can be represented by (2.4) and (2.6). The resulted linearized

control block diagram of the droop-controlled converter is displayed in Fig. 2-4.

For the current loop, its open-loop transfer function Ti(s) and its closed-loop transfer

function TiCL(s) are given as:

Ti(s) = Gi(s) ·Gd(s) ·Gid(s) (2.7)

TiCL(s) = Ti(s)/[1 + Ti(s)] (2.8)
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For the voltage loop, its open-loop transfer function Tv(s) and its closed-loop transfer func-

tion TvCL(s) are given as:

Tv(s) = Gv(s) ·TiCL(s) ·Gvi(s) (2.9)

TvCL(s) = Tv(s)/[1 + Tv(s)] (2.10)

With the current loop, the voltage loop, and the droop loop closed, the output impedance

Zoc(s) can be deduced as:

Zoc(s)=− v̂o(s)

îo(s)

∣∣∣∣
V̂0=0

=
Zd(s)Tv(s)−Giio(s)Gvi(s)/[1+Ti(s)]−Gvio(s)

1 + Tv(s)
(2.11)

Since the open-loop output impedance Zoo(s) can be expressed as:

Zoo(s)=− v̂o(s)

îo(s)

∣∣∣∣
d̂=0

=−Gvio(s)−Giio(s)Gvi(s) (2.12)

(2.11) can be rewritten as:

Zoc(s)=Zd(s)TvCL(s)+
Zoo(s) +Giio(s)Gvi(s)TiCL(s)

1 + Tv(s)

=Zoo(s)[1−TvCL(s)] + [Zd(s)+Giio(s)/Gv(s)]TvCL(s)

(2.13)

2.3.2 Resistive output impedance shaping

The design method to achieve resistive output impedance is straightforward. The output

impedance Zoc(s) can be regarded as a function of Zd(s). By solving the equation that

Zoc(s) = rd (rd is the droop resistance), Zd(s) can be deduced. According to (2.13), the

droop impedance Zd(s) should be designed as:

Zd(s) = rd/TvCL(s)− Zoo(s)/Tv(s)−Giio(s)/Gv(s) (2.14)

Within the voltage control bandwidth ωv (i.e., ω < ωv), TvCL(jω) and TiCL(jω) can be

approximately considered as unit gains. Hence, combining (2.9) and (2.12), (2.14) can be
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simplified as:

Zd(jω)≈rd+
Gvio(jω)+Giio(jω)Gvi(jω)

Gv(jω)Gvi(jω)
−Giio(jω)

Gv(jω)

=rd+
Gvio(jω)

Gv(jω)Gvi(jω)
, ω < ωv

(2.15)

It can be found that Zd(s) is related not only to rd, but also to Gvio(s), Gvi(s) and Gv(s).

It suggests that Zd(s) depends on the topology of DER converters because of the presence

of Gvio(s) and Gvi(s).

To numerically verify the feasibility of the proposed design method, two representative

examples of DC-DC converters are studied herein: a buck-type converter and a boost-type

converter. It should be noted that this design method is generic and it can be also applied

to other converters like buck-boost, Cuk, Sepic, and Zeta.

Buck-type converter

The control scheme of a buck-type droop-controlled DER converter is shown in Fig. 2-5.

Under an operation point, the linearized equations of the buck converter are given as:

sL · îL = Vin · d̂− v̂o (2.16)

sCo · v̂o = îL − îo (2.17)

Then, by combining (2.16) and (2.17), the state variables îL and v̂o can be expressed as:

îL =
sCoVin

s2LCo + 1︸ ︷︷ ︸
Gid(s)

· d̂+
1

s2LCo + 1︸ ︷︷ ︸
Giio (s)

· îo (2.18)

v̂o =
1

sCo︸︷︷︸
Gvi(s)

· îL +

(
− 1

sCo

)
︸ ︷︷ ︸
Gvio (s)

· îo (2.19)

The entire block diagram of the linearized droop-controlled buck converter is displayed in

Fig. 2-4.
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Figure 2-5: Control scheme of an example buck-type droop-controlled converter.

The system parameters used in this example are: Vin = 380 V, Vo = 200 V, Pn = 3 kW,

L = 1.6 mH, Co = 200µF, fs = 12.5 kHz, rd = 1.33 V/A. As discussed in Section 2.2,

the output capacitance Co can be selected based on the voltage control bandwidth fv and

the droop resistance rd. For example, fv herein is expected to be 600 Hz, which is 1/20 of

the switch frequency fs, thus Co is calculated as 200µF according to (2.2). Based on these

parameters, the current loop Ti(s) [see (2.7)] and the voltage loop Tv(s) [see (2.9)] are

designed to have zero crossings at 1.2 kHz and 600 Hz, respectively. It is worth mentioning

that the voltage control bandwidth is exactly designed at its expected value. As for the

droop loop, the design of Zd(s) follows (2.15), resulting in:

Zd(s) = rd − 1/Gv(s) (2.20)

The bode diagram of Zoc(s) is plotted in Fig. 2-6, with Zd(s) designed in the conven-

tional way [i.e., Zd(s) = rd] and in the proposed way [see (2.20)]. As can be seen, in both

cases, Zoc(s) is equal to rd at low frequency. However, with Zd(s) being rd, Zoc(s) shows

high magnitude, which is about 1.9 times of rd, in medium frequency range. This output

impedance actually suggests an output voltage overshoot/undershoot of 90 %. To restrict

the voltage fluctuation to a lower level, for instance, 10 %, the output capacitance should be

approximately increased to 9 times of the original value, that is, 1.8 mF. Whereas, with the

proposed Zd(s) implemented, Zoc(s) is nearly constant until 1 kHz. Above this frequency,

Zoc(s) is dominated by the output capacitance. As a result, the design target is achieved.

37



2.3. Case of non-isolated DC-DC converters

101 102 104

Frequency (Hz)

P
h
as

e
(d

eg
)

M
ag

n
it

u
d
e

(d
B

)

−150

−100

0

50

−50

−30

−10

10

101 102 104

−20

0

100

100

103

103

rd

with Zd(s)=rd
with proposed Zd(s)

Figure 2-6: Bode diagram of the output impedance Zoc(s) of the buck-type droop-controlled
converter shown in Fig. 2-5, using different design methods.
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Figure 2-7: Control scheme of an example boost-type droop-controlled converter.

Boost-type converter

The Buck converter is a specific case because its small-signal model is not influenced by the

operation point. Differently, for many other converters, their small-signal models change

with the operation point. From this perspective, this paper aims to verify the feasibility of

the proposed design method for this kind of converter by providing an example of boost

converters. The control scheme of an boost-type converter is shown in Fig. 2-7. Under an

operation point, the circuit of the boost converter can be linearized as follows:

sL · îL = −(1−Dp) · v̂o + Vop · d̂ (2.21)

sCo · v̂o = (1−Dp) · îL − ILp · d̂− îo (2.22)
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where Vop is the static output voltage, ILp is the static inductor current, and Dp is the static

duty cycle. In steady state, the input voltage Vin equals (1−Dp)·Vop, and the static output

current Iop equals (1−Dp)·ILp. Then, by combining (2.21) and (2.22), the state variables

îL and v̂o can be expressed as:

îL =
sCoVop+Iop

s2LCo+(1−Dp)2︸ ︷︷ ︸
Gid(s)

· d̂+
1−Dp

s2LCo+(1−Dp)2︸ ︷︷ ︸
Giio (s)

· îo (2.23)

v̂o =
−sLILp + Vin
sCoVop + Iop︸ ︷︷ ︸

Gvi(s)

· îL +
−Vop

sCoVop + Iop︸ ︷︷ ︸
Gvio (s)

· îo (2.24)

For the complete block diagram of the linearized droop-controlled boost converter, one can

refer to Fig. 2-4.

The system parameters are listed as follows: Vin = 200 V, Vo = 380 V, Pn = 3 kW,

L = 1.6 mH, Co = 160µF, fs = 12.5 kHz, rd = 2.53 V/A. The voltage loop bandwidth

fv is expected to be 400 Hz, and Co is calculated as 160µF according to (2.2). Based on

these parameters, the current loop Ti(s) [see (2.7)] and the voltage loop Tv(s) [see (2.9)] are

designed to have zero crossings at 1.2 kHz and 400 Hz, respectively. Afterwards, following

(2.15) and neglecting the Right-Half-Plane (RHP) pole introduced by Gvi(s) since it is not

causal, the droop impedance Zd(s) of the boost-type DER converter can be expressed as:

Zd(s) = rd − 1/[(1−Dp)Gv(s)] (2.25)

The bode diagram of Zoc(s) is plotted in Fig. 2-8, with Zd(s) designed in the con-

ventional way [i.e., Zd(s) = rd] and in the proposed way [see (2.25)]. When Zd(s) is

designed as a pure resistance, Zoc(s) is greater than rd from 10 Hz to 1 kHz. Remarkably,

with the proposed Zd(s), Zoc(s) is almost resistive at low frequency, satisfying the design

requirement.
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Figure 2-8: Bode diagram of the output impedance Zoc(s) of the boost-type droop-controlled
converter shown in Fig. 2-7, using different design methods.

2.3.3 Simplification of the design method

When the proposed droop impedance Zd(s) shown in (2.15) is applied to a generalized

droop-controlled converter, the transfer function Gvio(s) and Gvi(s) should be calculated

for every kind of the converter topology. Although the calculation may not bring too much

difficulty, a concise droop impedance Zd(s), which is independent of converter topologies,

is still more appreciated.

Fig. 2-9(a) depicts bode diagram of the droop impedance Zd(s) implemented in the

example of buck-type converter. In fact, as the droop controller is only responsible for

the output impedance up to the voltage control bandwidth fv, the design of Zd(s) can be

simplified as long as it is precise until fv. Therefore, in this example, by performing curve

fitting, the simplified version of the proposed Zd(s) is introduced as follows:

Zd(s) =
rd

s/ωzv + 1
(2.26)

where ωzv is the zero of the voltage regulator Gv(s). Fig. 2-9(a) also compares the exact

Zd(s) defined in (2.20) and its simplified version (2.26). Clearly, within the voltage loop

bandwidth, the difference between the exact and its simplified version is minor. With the

simplified Zd(s) adopted, Fig. 2-9(b) shows the bode diagram of the corresponding output

impedance Zoc(s). As expected, Zoc(s) is nearly resistive in the low and medium frequency
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(b) Resulted output impedance with simplified deisgn method.

Figure 2-9: Simplification of the design for the buck-type converter.
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range, presenting a satisfactory shape.

Similarly, for the boost-type converter, the proposed exact Zd(s) defined in (2.25) and

its simplified version, which is expressed by (2.26), are shown in Fig. 2-10(a). It can

be seen that the exact Zd(s) and its simplified form have a close shape. Consequently,

the corresponding output impedance Zoc(s) presented in Fig. 2-10(b) is resistive at low

frequency, verifying the effectiveness of the simplified design method.

Most importantly, the simplified Zd(s) is uniform for both buck-type and boost-type

converters and is only related to the control parameters, so it can be easily extended to

DER converters with different topologies.

In summary, for a droop-controlled DER converter shown in Fig. 2-3, in order to obtain

resistive output impedance, the design should follow the steps below.

• In the beginning, taking account of control parameters like the switching frequency

and the control delay (including computation time and PWM delay), a reasonable

voltage control bandwidth fv can be set;

• At the converter circuit level, based on the predicted fv, the output capacitance Co is

selected according to (2.2);

• Then, at the controller level, the current regulator Gi(s) and the voltage regulator

Gv(s) can be designed on the basis of the current loop gain Ti(s) and the voltage loop

gain Tv(s), respectively. The current control bandwidth can be set at, for example,

1/10 of the switching frequency, and the voltage control bandwidth can be set at the

expected value fv;

• The droop loop is installed on the top inner current and voltage loops. The pro-

posed droop impedance Zd(s) can be derived from (2.15) and further simplified by

performing curve fitting.

In the end, it is necessary to perform an overall check of the resulted closed-loop output

impedance by analytical expressions or by simulation results.
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(a) Simplification of the droop impedance Zd(s)

(b) Resulted output impedance with simplified deisgn method.
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Figure 2-10: Simplification of the design for the boost-type converter.
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2.3.4 Experimental verification

Laboratory-scale DC microgrid prototypes are set up to experimentally verify the perfor-

mance of the proposed design method.

Verification on buck converters

One prototype is composed of six half-bridges and can be flexibly reconfigured. The entire

plant employs one DSP (TMS320F2810) to control all of the six bridges. The circuit

diagram and picture of this prototype are presented in Fig. 2-11. In this test, three bridges

are connected to an external common DC bus to form a DC micorgrid prototype, as shown

in Fig. 2-12. Each bridge is regarded as a bi-directional buck converter. Constant power

load, which is a typical scenario of microgrids, is also considered and is emulated by DC

electronic load. The system parameters are reported in Table 2.1.

The control structure of every buck-type DER converter is shown in Fig. 2-5. Specif-

ically, in the experimental implementation, the inductor current, which equals the output

current in steady state, is taken as the feedback signal in the droop loop. In terms of the

design of droop controller, considering that the switching frequency fs is 12.5 kHz and the

control delay is one switching cycle, the voltage control bandwidth is estimated at 600 Hz,

that is, around 1/20 of fs. Following the design procedure, the output capacitance is se-

lected as 200µF according to (2.2). The current control bandwidth and the voltage control

bandwidth are designed at 1.2 kHz and 600 Hz, respectively.

Output impedance measurement

The actual output impedance of one buck converter is experimentally measured by fre-

quency sweep. Under an steady-state operation point, another converter injects sinusoidal

small-signal perturbations into the DC microgrid. At injection frequency that is close to

half of the switching frequency, although the perturbation signal is almost square wave in-

stead of sinusoidal wave, it still contains corresponding frequency component. Meanwhile,

the converter under measurement collects its output current and output voltage signals.

Finally, the output impedance of the converter can be calculated by performing the Fast
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Figure 2-11: Circuit diagram and picture of the reconfigurable prototype.
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Figure 2-12: DC microgrid prototype based on buck converters.

Table 2.1: Parameters of the system shown in Fig. 2-12

Parameter Symbol Value

Input voltage Vin 380 V

Nominal bus voltage Vo 200 V

Nominal Power Pn 3 kW

Inductance L 1.6 mH

Output capacitance Co 200µF

Switching frequency fs 12.5 kHz

Droop resistance rd 1.33 V/A

Current regulator Gi(s) 0.03 + 5.7/s

Voltage regulator Gv(s) 0.7 + 267/s
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Fourier Transform (FFT) on the collected data. The output impedance measurement can be

automatically completed by the Software Frequency Response Analyzer (SFRA) functions

embedded in the Texas Instruments digital controllers [103]. One thing to be noted is that

the amplitude of perturbation should be set at such a level that the operation point is not sig-

nificantly changed. In the following measurements, the amplitude of voltage perturbation

is 1 V which is 0.26% of the nominal bus voltage.

Fig. 2-13 shows the measured output impedance with different design principles. The

actual output impedance is marked by a series of circles from 10 Hz to 5 kHz, and the

analytical output impedance is represented by the solid line. As can be seen, the measured

output impedances almost follow the analytical ones up to half of the switching frequency,

proving the accuracy of the modeled output impedances.

Moreover, with Zd(s) being rd, Zoc(s) has higher magnitude than rd until 600 Hz, as

shown in Fig. 2-13(a). In contrast, if Zd(s) is designed in the form of (2.15), the magnitude

of the resulted Zoc(s) is successfully suppressed, presenting resistive characteristics at low

and medium frequency, as displayed in Fig. 2-13(b). Similarly, with the simplified Zd(s)

[see (2.26)], resistive-capacitive output impedance is also obtained, as presented in Fig. 2-

13(c).

Voltage variations under load changes

In this test, the DC bus voltage variations under load changes are evaluated. Fig. 2-14(a)

shows the dynamic experimental results under a constant power load step, with the droop

controller designed in the conventional way (i.e., Zd(s) = rd). As can be seen from Fig 2-

14(a), when the load steps up, the bus voltage presents a significant sag of 5.5 V during

transient. Compared to the 2.9 V steady-state voltage change, which is caused by the droop

function, the dynamic voltage variation is almost doubled.

Fig. 2-14(b) depicts the experimental results under the same load change, with the droop

controller designed in the proposed way [i.e., Zd(s) follows (2.15)]. Remarkably, the bus

voltage undershoot and overshoot are successfully eliminated, verifying the feasibility of

the proposed design method.

Fig. 2-14(c) displays the experimental results under the same load changes, with the

47



2.3. Case of non-isolated DC-DC converters

101 102 104

(Hz)

P
h
as

e
(d

eg
)

M
ag

n
it

u
d
e

(d
B

)

−150

−100

0

50

−50

−10

10

101 102 104

−30

0

100

100

103

103

measured Zoc

analytical Zoc−20

101 102 104

P
h
as

e
(d

eg
)

M
ag

n
it

u
d
e

(d
B

)

−150

−100

0

50

−50

101 102 104

100

100

103

103

measured Zoc

analytical Zoc

−10

10

−30

0

−20

101 102 104

P
h
as

e
(d

eg
)

M
a
gn

it
u
d
e

(d
B

)

−150

−100

0

50

−50

101 102 104

100

100

103

103

measured Zoc

analytical Zoc

−10

10

−30

0

−20

(a) Zd(s) is designed as rd

(Hz)

(Hz)

(b) Zd(s) is designed in the proposed way

(c) Zd(s) is designed in the simplified way

Figure 2-13: The measured and theoretical output impedance Zoc(s) of one buck-type droop-
controlled converter, with droop controllers designed in different ways.
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(a) Zd(s) is designed as rd

(b) Zd(s) is designed in the proposed way

(c) Zd(s) is designed in the simplified way
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Figure 2-14: Experimental results under a 1.2 kW step up of constant power load in the buck-
based microgrid, with droop controllers designed in different ways. vbus offset: 200 V. Time:
10 ms/div.
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Figure 2-15: DC microgrid prototype based on boost converters.

droop controller designed in the simplified way [i.e., Zd(s) follows (2.26)]. Notably, the

bus voltage is tightly regulated. Thus, the effectiveness of the simplified design method is

also validated.

Verification on boost converters

The proposed design approach is also applied to the other DC microgrid prototype, which

includes two boost converters, as shown in Fig. 2-15. More details of this prototype can

be found in Appendix A. The system parameters are reported in Table 2.2. The control

structure of every boost converter is shown in Fig. 2-7. As for the design of droop controller,

since the switching frequency fs is 20 kHz and the control delay is one switching cycle, the

voltage control bandwidth is predicted at 550 Hz in this test. Subsequently, the output

capacitance is chosen as 130µF according to (2.2). The current control bandwidth and the

voltage control bandwidth are designed at 2 kHz and 550 Hz, respectively.

Output impedance measurement

The output impedance Zoc(s) of one boost-type droop-controlled converter is experimen-

tally measured using SFRA. Fig. 2-16 shows the measurement results with different design

strategies. With the traditional design [Zd(s) = rd], Zoc(s) shows higher magnitude than

rd at medium frequency, as shown in Fig. 2-16(a). Whereas, if either the proposed design

[refer to (2.15)] or the simplified design [refer to (2.26)] is applied, Zoc(s) is shaped to be

resistive at low and medium frequency and to be capacitive at high frequency, as depicted

in Fig. 2-16(b) and Fig. 2-16(c), respectively.
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Table 2.2: Parameters of the system shown in Fig. 2-15

Parameter Symbol Value

Input voltage Vin 200 V

Nominal bus voltage Vo 380 V

Nominal Power Pn 3 kW

Inductance L 1.0 mH

Output capacitance Co 130µF

Switching frequency fs 20 kHz

Droop resistance rd 2.53 V/A

Current regulator Gi(s) 0.034 + 32/s

Voltage regulator Gv(s) 0.75 + 77/s

Voltage variations under load changes

Furthermore, the dynamic experiments under load changes are carried out, as shown in

Fig. 2-17. With the traditional design, the DC bus voltage shows an unexpected dip of 6.5 V

during transient, while the voltage change in steady state is only 4 V, as shown in Fig. 2-

17(a). Differently, Fig. 2-17(b) shows the case of adopting the proposed design. Notably,

the DC bus voltage moves to the new level without any undershoot, demonstrating the

advantage of the proposed design method. Similar results are obtained with the simplified

design method, as presented in Fig. 2-17(c).

2.4 Case of isolated DC-DC converters

The proposed output impedance shaping approach can be also applied to isolated DC-DC

converters. The control schemes of these converters are usually different from the one

shown in Fig. 2-3. Thus, further analyses should be conducted. Herein, DAB DC-DC

converters are taken as an example to demonstrate the concept, since they are adopted

in many applications like electric vehicles and energy storage systems where electrical

isolation and high input-output voltage ratio are required [104].

This section firstly derives the small-signal model of a DAB converter to calculate the
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Figure 2-16: The measured and theoretical output impedance Zoc(s) of one boost-type droop-
controlled converter, with droop controllers designed in different ways.
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(a) Zd(s) is designed as rd

(b) Zd(s) is designed in the proposed way

(c) Zd(s) is designed in the simplified way

Figure 2-17: Experimental results under a 600 W step up of constant power load in the boost-based
microgrid, with droop controllers designed in different ways. vbus offset: 380 V. Time: 10 ms/div.
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Figure 2-18: Control scheme of a droop-controlled DAB converter.

output impedance. Then, the output impedance is shaped to be resistive by adjusting the

droop control parameters. In the end, experimental results are reported to show the effec-

tiveness of the proposed design method.

2.4.1 Derivation of small-signal model

The control scheme of a droop-controlled DAB converter are shown in Fig. 2-18. The

droop controller consists of a voltage loop and a droop loop. Gv(s) is the voltage regulator,

which usually employs PI to achieve zero steady-state error. The V-I droop is considered,

and its function is expressed as:

v∗o = V0 − io ·Zd(s) (2.27)

where V0 is the voltage set point under no-load condition and Zd(s) is the frequency-

dependent droop coefficient, which has a DC value of rd. Single-phase-shift modulation is

adopted herein. The key waveforms of the DAB converter are presented in Fig. 2-19. The

bridge output voltages vp and vs are square waves with duty cycle fixed at 50%, and the

phase shift φ between them is adjusted for power transfer.

Different small-signal models are developed for DAB converters, covering both

continuous-time [105, 106] and discrete-time models [107]. In this paper, the reduced-

order continuous-time model is considered [105], since it is simple and provides enough

54



CHAPTER 2. REDUCTION OF OUTPUT CAPACITANCE BY SHAPING RESISTIVE
OUTPUT IMPEDANCE

t

t

nvp

vs φ

t

iL

Ts/2

Ts/2

t

ib

Figure 2-19: The key waveforms of the DAB converter with single-phase-shift modulation.

accuracy at the frequency range that is well below the switching frequency.

The steady-state output power Po of the DAB converter shown in Fig. 2-18 can be

calculated as:

Po = VoIb =
nVinVoΦ(π − |Φ|)

2π2fsL
, −π

2
< φ <

π

2
(2.28)

where fs is the switching frequency, Φ is the steady-state phase shift, and the other symbols

can be found in Fig. 2-18. Then, the bridge output current Ib can be expressed as:

Ib =
nVinΦ(π − |Φ|)

2π2fsL
(2.29)

By linearizing (2.29) around a steady-state operation point, the transfer function Giφ(s)

from control to output current can be deduced as:

Giφ(s) =
îb

φ̂
=
nVin(π − 2|Φ|)

2π2fsL
(2.30)
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Figure 2-20: Small-signal model of the DAB converter.

Based on (2.30), the block diagram of the small-signal model of the DAB converter is

illustrated in Fig. 2-20, where Gd(s) is the control delay including the computation time

and the modulation delay. Further, the output impedance Zoc(s) can be derived from this

model:

Zoc(s) = Zd(s)TvCL(s) +
1

sCo
· 1

1 + Tv(s)
(2.31)

where Tv(s) and TvCL(s) are open-loop and closed-loop transfer functions of the voltage

loop, respectively:

Tv(s) =
Gv(s)Gd(s)Giφ(s)

sCo
(2.32)

TvCL(s) = Tv(s)/[1 + Tv(s)] (2.33)

To verify the accuracy of the obtained small-signal model, the voltage loop gain Tv(s)

is experimentally measured. Fig. 2-21 displays the comparison between the theoretical

and experimental results. Clearly, the small-signal model established in this section shows

enough accuracy in the frequency range that is well below the switching frequency.

2.4.2 Resistive output impedance shaping

To achieve resistive output impedance, there should be:

Zoc(s) = rd (2.34)

By combining (2.31) and (2.34), Zd(s) can be solved as:

Zd(s) =
rd

TvCL(s)
− 1

sCo

1

Tv(s)
(2.35)
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Figure 2-21: Theoretical and experimentally measured voltage loop gains of the DAB converter.

Table 2.3: Parameters of the DAB Converter shown in Fig. 2-18

Parameter Symbol Value

Input voltage Vin 48 V

Nominal bus voltage Vo 380 V

Nominal Power Pn 1.5 kW

Inductance L 186µH

Output capacitance Co 12µF

Switching frequency fs 60 kHz

Voltage regulator Gv(s) 0.13 + 90/s

Droop resistance rd(s) 5.06 V/A

Within the voltage control bandwidth fv, TvCL(s) and Gd(s) can be approximated as unit

gains. Finally, the required Zd(s) to accomplish resistive output impedance can be ex-

pressed as:

Zd(jω) = rd −
1

Giφ(jω)Gv(jω)
, ω < 2πfv (2.36)

To numerically verify the effectiveness of the proposed design method, parameters of

the DAB converter are given in Table 2.3. The tolerance band of the output voltage is from

360 V to 400 V, and the resulted DC droop coefficient rd equals 5.06 V/A. The voltage loop

bandwidth fv is designed at 3 kHz, which is 1/20 of the switching frequency. According
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Figure 2-22: Output impedance of the DAB converter with the traditional and proposed design
methods.

to (2.2), the output capacitance is selected to be 12µF. Based on these system parameters,

the output impedance of the DAB converter is drawn in Fig. 2-22. In the traditional design

way [i.e., Zd(s) = rd], the magnitude of the resulted Zoc(s) is about 6 dB higher than rd

from 20 Hz to 200 Hz. On the contrary, after implementing the proposed design method

(i.e., Zd(s) follows (2.36)), resistive output impedance is achieved.

In summary, there are three steps in the design process of a DAB converter to achieve

resistive output impedance.

• The voltage control bandwidth fv can be estimated according to the switching fre-

quency and the control delay. The DC droop coefficient rd can be calculated based

on the voltage tolerance range and the converter’s nominal output current. Following

(2.2), the output capacitance can be designed.

• The voltage loop bandwidth should be designed at the estimated value by choosing

proper gains for the voltage regulator Gv(s).

• The droop coefficient Zd(s) should be derived from (2.36).

In the end of the design process, it is necessary to perform a final check of the resulted

output impedance.
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output MOSFETs

input MOSFETs

transformer

output capacitor

Figure 2-23: Picture of the DAB converter prototype.

2.4.3 Experimental verification

To validate the proposed design method, a DAB converter is built up. The circuit diagram

can be found in Fig. 2-18 and the picture of this converter is shown in Fig. 2-23. The system

parameters are the same as those reported in Table 2.3.

Output impedance measurement

In this test, the output impedance of the DAB converter is measured experimentally. The

circuit diagram of the impedance measurement is presented in Fig. 2-24. The output current

perturbations are generated by switching a part of the load at different frequencies. The

output current and the output voltage are acquired by the oscilloscope. By performing FFT

on the waveforms, the real output impedance can be obtained.

With the proposed design method, the real output impedance is measured. Fig. 2-25

gives the comparison between the measured and the theoretical output impedance. A good

match can be found between them at medium and high frequency. It should be noted

that the measurement result is slightly lower (around 1 dB) than the analytical one at low

frequency. This is because the voltage sensing error due to the switching ripple is not

constant. Instead, it changes with the output power. The overall magnitude of the measured

output impedance is lower than rd, satisfying the design requirement.
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Figure 2-24: Circuit diagram of the impedance measurement.
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Figure 2-25: The measured and theoretical output impedance of the DAB converter, with the
proposed design method.
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(a) 400 W load step up

(b) 400 W load step down

io [1.0 A/div]

vo [5.0 V/div]

iL [5.0 A/div]

11.5V
6.0V

io [1.0 A/div]

vo [5.0 V/div]

iL [5.0 A/div]

11.5V
6.0V

Figure 2-26: Experimental results under load step changes, with DAB converters designed in the
traditional way. vbus offset: 370 V. Time: 1 ms/div.

Voltage variations under load changes

The experiments under load step changes are carried out to find out the output voltage

behavior. Fig. 2-26 presents the experimental results with the droop controller designed in

the traditional way [i.e., Zd(s) = rd]. As seen in Fig. 2-26(a), the output voltage shows

a large undershoot of 11.5 V in case of load step up. This voltage sag is actually almost

two times of the static voltage drop due to droop function. Similar results can be found in

Fig. 2-26(b) when the load steps down.

Subsequently, the droop coefficient Zd(s) is designed according to (2.36). Under the

same load steps, the output voltage is tightly regulated inside the tolerance range, as shown

in Fig. 2-27. Therefore, the effectiveness of the proposed design method is confirmed.
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(a) 400 W load step up

(b) 400 W load step down
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Figure 2-27: Experimental results under load step changes, with DAB converters designed in the
proposed way. vbus offset: 370 V. Time: 1 ms/div.
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2.5 Implementation of hysteresis control

In Section 2.3 and Section 2.4, the inner control loops only employ traditional linear con-

trollers. As discussed in Section 2.1.2, hysteresis control is a nonlinear technique and

removes the modulator, featuring fast dynamic response. In this context, this section aims

to exploit the advantages of hysteresis control to further reduce the output capacitance.

This section firstly gives a brief introduction for the structure of the hysteresis con-

troller. Then, the implementation on a DSP-based control plant is discussed, as well as

the effect of the induced one-sampling-period delay on the converter’s stability. Finally,

simulation and experimental results referring to a 3 kW boost converter are reported to

demonstrate the performances of the hysteresis controller.

2.5.1 Hysteresis control structure

The control scheme of the hysteresis droop controller is presented in Fig. 2-28. It consists

of two loops, an inner voltage control loop and an external droop control loop. The voltage

loop regulates the output voltage vo to track its reference v∗o . A first-order low-pass filter

LPFv is used to attenuate high-frequency noises. On top of the voltage loop, the droop loop

is added to adjust the voltage reference v∗o according to the output current io, achieving the

droop function:

v∗o = V0 − io · rd ·GLi(s) (2.37)

where V0 is the voltage set point under no-load condition, rd is the droop resistance, and

GLi(s) is a first-order low-pass filter to slow down the rate of change of v∗o .

The hysteresis regulator, as shown in Fig. 2-28, distinguishes the hysteresis technique

from others. It is constructed on the basis of a hysteretic differentiator and a PI controller.

These two elements are responsible for instant actions and zero steady-state error, respec-

tively. More details about these two components are discussed below.
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Figure 2-28: Control scheme of the hysteresis droop controller. 1© The hysteresis regulator; 2©
The hysteretic differentiator.
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Figure 2-29: Operation principle of the hysteresis droop controller.

Hysteretic differentiator

The hysteretic differentiator, which is composed of a comparator and an integrator, is the

heart of the proposed control method, as illustrated in the dashed area in Fig. 2-28. In

the sense of small-signal, this hysteretic differentiator emulates the behavior of a derivative

term, providing leading phase for the voltage loop gain and ensuring fast dynamic response.

The relevant waveforms are displayed in Fig. 2-29 to show the operation principle. The

switching signal S(t) is generated by comparing the error signal e(t) and the ramp state
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R(t), and it has two possible states, 0 and 1.

S(t) =

0, if e(t) < R(t)

1, else
(2.38)

In terms of R(t), it is ramped down at a slope of −1/2Kd when S(t) = 0. Whereas, it is

ramped up at a slope of 1/2Kd when S(t)=1. At the moment thatR(t) crosses e(t),R(t) is

reset. The reason to implement this reset action will be explained later. By choosing proper

control parameters, R(t) would oscillate around e(t) within a certain hysteresis band, as

can be seen in Fig. 2-29.

A simplified small-signal model of the hysteretic differentiator is derived as below. Let

us approximately assume that e(t) has the same average value as R(t), which is a common

supposition in the analysis of hysteresis loops. Then, there is:

ê(s) ≈ R̂(s) =
Ŝ(s)

sKd

⇒ Ŝ(s) ≈ ê(s) · sKd (2.39)

It is clear that the hysteretic differentiator behaves like a traditional differentiator from

small signal point of view. On the other hand, in case of large-signal variations, the hys-

teretic differentiator shows instant actions once e(t) crosses R(t), improving the transient

response.

This hysteretic differentiator also stabilizes the switching frequency, which is accom-

plished by the reset block in Fig. 2-28. When a rising edge is detected in S(t), R(t) is reset

downward by β + βpi, where β is a constant value and βpi is the output of the PI controller.

On the other hand, when a falling edge is detected in S(t), R(t) is reset upward by β−βpi.

Therefore, the switching frequency is only decided by the total hysteresis window height,

which is equal to 2β, and the slope of R(t), which is equal to 1/2Kd. As a consequence,

the switching frequency is fixed in steady state and can be expressed as:

fs = 1/(4βKd) (2.40)

It should be noticed that, (2.40) is based on the condition that e(t) and βpi have negligible
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e(t)

β+βpi

β−βpi

R(t)

samples

2Kd

Tsp

Tsp

Figure 2-30: Operation principle of the hysteresis droop controller in DSP implementation.

variations in one switching cycle. Otherwise, this equation no longer holds.

PI controller

A PI controller is adopted here to force the output voltage vo to follow its reference value

v∗o in steady state. Its output βpi is used to adjust the relative position of R(t) and e(t).

For example, considering the case that vo is smaller than v∗o , so e(t) is larger than zero.

Then, under the function of the PI controller, βpi increases. The position of R(t) moves

downward compared to the position of e(t), which means that more time is allocated to the

switching state S(t)=1. In such a case, vo increases until reaching v∗o .

2.5.2 DSP implementation

The operation waveforms shown in Fig. 2-29 can only be realized in analog implementa-

tion. When migrated to digital platform, the operation principle changes.

A marked difference between analog and digital implementation is that the sampling

frequency in digital implementation is finite and limited by the analog-to-digital conversion

time and the computation time. Especially, when applied to DSP-based control system,

computation takes a significant amount of time. Fig. 2-30 depicts the key waveforms of the

digital hysteresis droop controller. As can be seen, R(t) becomes a series of discrete points

instead of a smooth curve. Importantly, R(t) should be updated in a way that every point

is located on the continuous curve, so that the digital controller’s behavior exactly follows
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Figure 2-31: The switching signal S(t) is generated by comparing a counter clocked at the system
frequency and a variable CPM-ON.

the analog one.

Another phenomenon which should be noticed is that the DSP implementation induces

non-negligible calculation time. The switching actions of hysteresis control are directly

decided by the controller without any modulator. However, the controller operates at the

sampling frequency fsp, which is only several times of the switching frequency fs. Thus,

if the switching actions is synchronized with the sampling instants, the resolution of the

resulted duty cycle is too low. For example, in the case that fsp is 10 times of fs, the syn-

chronized duty cycle has a resolution of 10 %. To solve this problem, a counter clocked at

the system frequency is generated inside DSP, and it is exploited to trigger the sampling

and to increase the resolution, as shown in Fig. 2-31. At the kth instant, the voltage and cur-

rent are acquired and processed in the following sampling period. The moment when R(t)
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Figure 2-32: The boost DC-DC converter with the hysteresis droop controller. The structure of
the hysteresis regulator can be found in Fig. 2-28.

crosses e(t) is predicted, and the required compare value CMP-ON is calculated so that it

intersects with the counter at the same moment. Then, at the (k+1)th instant, CMP-ON is

updated and the switching state is changed in the following sampling period. Inevitably,

the real switching signal S(t) shows one-sampling-period delay compared with the ideal

signal S ′(t).

2.5.3 Simulation results

To verify the effectiveness of the hysteresis droop controller, a model of boost DC-DC

converter is built in MATLAB/SIMULINK. The control scheme is presented in Fig. 2-32.

Compared to the control structure in Fig. 2-28, the model considered in simulation takes

the inductor current iL as an additional feedback signal. This is a particular modification

only for the boost converter to suppress the effect of the RHP zero. A high-pass filter HPFi

and a moving average filter MAF are inserted into the feedback path of iL to remove the

DC component and the switching ripple, respectively. The system parameters are reported

in Table 2.4. The nominal power is 3 kW and the output capacitance is only 50µF. The

acceptable range for the output voltage is from 360 V to 400 V. The nominal switching

frequency fs is 20 kHz and the sampling frequency fsp is fixed at 200 kHz, which is 10

times more than fs.
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Table 2.4: Parameters of the hysteresis-based converter

Parameter Symbol Value

Input voltage Vin 200 V

Nominal output voltage Vo 380 V

Nominal Power Pn 3.0 kW

Inductance L 1.0 mH

Output capacitance Co 50µF

Switching frequency fs 20 kHz

Sampling frequency fsp 200 kHz

Droop resistance rd 2.53 V/A

Cutoff frequency of LPFi ωLi 2π · 100 rad/s

Cutoff frequency of HPFi ωHi 2π · 300 rad/s

Cutoff frequency of MAF ωM 2π · 20000 rad/s

Cutoff frequency of LPFv ωLv 2π · 20000 rad/s

Proportional gain of PI Kp 0.35

Integral gain of PI Ki 0.0015

Ramp slope Kd 0.45

Hysteresis window height β 5.56
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Figure 2-33: The voltage loop gain Tv(s), with and without the one-sampling-period delay.

Effect of one-sampling-period delay

The effect of the one-sampling-period delay introduced by the DSP implementation is stud-

ied herein, by evaluating the voltage loop gain Tv(s), which is expressed as:

Tv(s) =
GLv(s) · v̂o +GLv(s)GHi(s)GM(s) · îL +GLi(s)rd · îo

ê
(2.41)

where e is the error signal marked in Fig. 2-32. The frequency response of Tv(s) is mea-

sured in simulation by injecting small-signal sinusoidal perturbations at different frequency

points. The loop gains with and without the one-sampling-period delay are both evaluated.

The measurement results are shown in Fig. 2-33. The voltage loop has a crossover fre-

quency of 3.5 kHz, which is around 1/6 of the switching frequency. Although the time

delay introduced by the DSP implementation brings a lagging phase of −10◦, the phase

margin is still as large as 74◦. Therefore, from the point of view of small-signal stability,

the influence of the one-sampling-period delay is acceptable.

Output impedance measurement

The output impedance Zoc of the boost DC-DC converter with the hysteresis droop con-

troller is measured in simulation, by stimulating the system at different frequency points.

The measurement result is shown in Fig. 2-34. A magnitude valley appears around 200 Hz.
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Figure 2-34: Simulated output impedance Zoc of the boost converter with the hysteresis droop
controller.

Below this frequency, vo follows its reference v∗o , and Zoc is dominated by the droop func-

tion. The overall magnitude of Zoc is equal to or lower than the droop resistance rd in full

frequency range. Hence, from small-signal perspective, the output voltage stays within the

allowable range when facing a load change.

Steady-state simulation result

The steady-state waveforms under nominal load are presented in Fig. 2-35. The output

voltage vo is stably regulated and shows a switching ripple of 3 V, which is about 0.8%

of the nominal value. The inductor current iL has a switching ripple of 4 A, accounting

for 30% of the nominal value. Due to these switching ripples, the error signal e(t) is not

constant in steady-state and presents switching-frequency fluctuation, which is about 15%

of the ramp height. Regardless of the switching ripple in e(t), the switching signal S(t) still

has a constant duty cycle. However, the actual switching frequency is affected and is 1.1

times as much as the nominal value. In order not to further amplify the switching ripple,

the derivative gain (i.e., the ramp slope Kd) cannot be increased any more. It is worth

mentioning that the nominal load condition is the worst case, because vo has the largest

switching ripple.
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Figure 2-35: Steady-state simulation result of the boost converter with the hysteresis droop con-
troller.
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2.5.4 Experimental results

To experimentally demonstrating the dynamic performance of the hysteresis droop con-

troller, the 3 kW boost DC-DC converter shown in Fig. 2-15 is utilized. The control scheme

is the same as Fig. 2-32. The system parameters are listed in Table 2.4. The DSP utilized

in this prototype is TMS320F28379D, with a system clock frequency of 200 MHz.

The dynamic experimental results, in case of load step up and step down, are depicted

in Fig. 2-36(a) and Fig. 2-36(b), respectively. Notably, the output voltage drop during

transient is not lower than the static drop, so vo is strictly confined to the tolerance band,

verifying the feasibility of the hysteresis droop controller. Moreover, in steady state, vo and

iL present little fluctuations, which means that the proposed controller is not amplifying

sample noises. This characteristic is obtained, in our case, by the low-pass filters, especially

LPFv, used in the controller.

2.6 Summary

In this chapter, different control methods toward the reduction of DC bus capacitance are

studied, from the perspectives of the design of droop control and the utilization of hysteresis

control.

Firstly, the output capacitance of droop-controlled DC-DC converters in DC microgrids

is reduced by shaping resistive output impedance. The output impedance shaping approach

involves the selection criterion of output capacitance and the design of droop impedance.

In particular, the output capacitance is chosen according to the voltage control bandwidth

and the droop resistance, and the droop impedance is designed as a frequency-dependent

term instead of a constant. Following this design methodology, resistive output impedance

can be obtained on droop-controlled DC-DC converters. The effectiveness of the proposed

design method has been verified by experimental results performed on buck-based and

boost-based laboratory-scale DC microgrid prototypes.

Secondly, the digital application of the hysteresis droop controller on DER converters

in DC mcirogrids is investigated. This controller removes the DPWM modulator used in

the traditional PID controller, so the time delay in the voltage control loop is reduced. As
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vo [2.0 V/div]
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(a) 1 kW load step up

(b) 1 kW load step down

Figure 2-36: Dynamic experiment results of the boost converter with the hysteresis droop con-
troller. vo offset: 370 V. Time: 1 ms/div.
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a consequence, the loop bandwidth can be further increased, for example, it is designed at

1/6 of the switching frequency in this chapter. Moreover, the hysteresis controller features

nonlinear behaviour in case of large-signal perturbations, speeding up the large-signal dy-

namic response. Thanks to these two advantages, a smaller output capacitance can be used

while always keeping the output voltage within the tolerance band. This control method

is implemented on a DSP-based 3 kW boost DC-DC converter with a sampling frequency

of 200 kHz. Although the DSP implementation brings one-sampling-period delay, it does

not shows a significant influence on the small-signal stability. Simulation and experiment

results validate the feasibility of the hysteresis controller.
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Chapter 3

Suppression of second-order harmonic

current

When DC microgrids are coupled with AC systems, second-order harmonics typically ap-

pear on the DC bus voltage, causing significant harmonic currents at the converters resource

side. This chapter shows how to reduce such undesired currents by means of notch filters

and resonant regulators included in the converters control loops. The main characteristics

of the techniques in terms of harmonic attenuation and stability are systematically investi-

gated.

This chapter is organized as follows. Section 3.1 reviews the existing approaches to sup-

press the second-order harmonic current ripples. Section 3.2 analyzes the issue of second-

order harmonic current for a generic droop-controlled DC-DC converter. Section 3.3 in-

vestigates the method using a notch filter, focusing on the converter output impedance and

stability. Section 3.4 introduces the modified notch filter and compares its performance

with the notch filter; the design of the filter is reported in this section too. Section 3.5

and Section 3.6 briefly discusses the resonant regulator and the modified resonant regulator

methods, respectively. Section 3.7 summarizes and compares the obtained results. Finally,

Section 3.8 reports the experimental verification of the presented theoretical results and the

methods.

77



3.1. State-of-the-art

3.1 State-of-the-art

DC microgrids can be linked to the AC utility mains or AC microgrids through GIC, to

allow power balancing flexibility and energy trading [108, 109]. In a small-scale DC mi-

crogrid, a single-phase bidirectional converter can be used as GIC [110]. In this case, when

the GIC operates at unity power factor, a second-order ripple inevitably appears in the DC

bus voltage. This ripple also occurs with three-phase GIC under unbalanced voltages [111].

As described in Chapter 2, droop-controlled DER converters usually show low output

impedance at twice the line frequency. In this case, the second-order bus voltage pertur-

bation causes large current fluctuations flowing into the resource side of the converters.

In some applications (e.g., fuel cells, batteries), the corresponding second-order harmonic

current is detrimental, because it may shorten devices lifetime [112].

The issue of second-order harmonic current can be addressed by means of both hard-

ware and control solutions. Hardware solutions, like increasing the bus capacitance [113],

using different GIC topologies [114], and installing active power decoupling circuits

[115–117], aim at eliminating the bus voltage harmonic ripple with hardware modifications.

As a consequence, the second-order harmonic currents in DER converters are also reduced.

It is worth mentioning that nonlinear control approaches are adopted in [116, 117]. While

these nonlinear methods rely on the prior knowledge of the controlled system to obtain

high performance, the linear ones, including the methods proposed in this paper, show the

favorable feature of being more tolerant to the varying conditions that are typical of the ad-

dressed microgrid scenario. Moreover, without additional components, H-bridge rectifiers

integrated with the active power decoupling function were proposed recently [118,119]. In

this converter, one half-bridge is responsible for active power transmission, while the other

one is used for power decoupling. This converter serves as a good interface between 380 V

DC microgrids and 110 V AC utility grid. However, interfacing with 230 V AC grids, a

commonly used voltage level in Europe, would require DC bus voltages higher than 380 V

(e.g., 500 V). Differently, techniques at the converters control level, which are addressed

herein, allow to selectively mitigate harmonic currents at the resource side of DER convert-

ers in a flexible and effective way without requiring higher DC bus voltages or hardware
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modifications [120].

In [121], knowing the bus capacitance and the GIC output power, the bus voltage

second-order ripple is calculated and then compensated by adding a ripple cancellation

term on the duty cycle of the GIC. However, this method hardly supports the plug-and-play

connection of converters, which makes the DC bus capacitance to vary unpredictably.

Second-order harmonic current suppression can be attained also by shaping the convert-

ers output impedance to be high at 2ωg. To this end, the bandwidth of the output voltage

loops can be set well below 2ωg [122], which though sacrifices the dynamic performance

of the DER converters. In [123] the mean value of the bus voltage, rather than its instan-

taneous value, is calculated and taken as the feedback signal to eliminate the second-order

harmonic in the voltage loops. For the same purpose, a notch filter based on the second-

order generalized integrator (SOGI) is added in the output voltage feedback path in [124].

In these approaches, frequency-adaptive notch filters can be used to obtain more precise

performances under fluctuating line frequency [125, 126], and multiple notch filters can be

adopted to cope with multiple harmonic frequencies [127]. However, since notch filters

introduce −π/2 phase lag around the characteristic frequency (i.e., 2ωg), the bandwidth of

the voltage loop is limited to be below 2ωg to avoid instability. In order to improve the

dynamic performance of converters with low-bandwidth (less than 2ωg) voltage loops, a

load current feedforward path consisting of a notch filter is adopted in [128], and a virtual

impedance in parallel with the DC bus capacitor is introduced in [120]. Both the load cur-

rent feedforward method and the parallel virtual impedance method should be calculated

based on the inverse of the converters transfer functions, which complicates the design.

In this chapter, four different methods for second-order harmonic currents reduction

are discussed herein: adoption of a notch filter, a modified notch filter, a resonant regulator,

and a modified resonant regulator. The implementations called modified notch filter and

modified resonant regulator are proposed herein. The modified schemes can be simply

inserted into high-bandwidth loops, without specific concerns about stability. Hence, the

proposed approaches give an efficient way to tackle the second-order harmonic current

issue and to achieve good dynamic performance, concurrently.
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V̂0
v̂o

îo

−Zoi(s)rd

Tv(s)

Figure 3-1: Equivalent transformation of the small-signal model shown in Fig.. 2-4.

3.2 Second-order harmonic current issue

For a generic droop-controlled DC-DC DER converter, its control scheme and small-signal

model have been illustrated in Fig. 2-3 and Fig. 2-4, respectively. The small-signal model

can be also restructured, as shown in Fig. 3-1. Tv(s) is the open-loop transfer function of

the voltage loop, and it is expressed as (2.9). Zoi(s) is the output impedance with only the

current loop closed:

Zoi(s) = − v̂o(s)

îo(s)

∣∣∣∣̂
i∗L=0

= −
[
Gvio(s) +

Giio(s)Gvi(s)

1 + Ti(s)

]
(3.1)

where Ti(s) is the open-loop transfer function of the inductor current loop, and it is ex-

pressed as (2.7). Then, the output impedance with all the three loops closed Zoc(s), which

is also given as (2.11), can be expressed as:

Zoc(s) = − v̂o(s)
îo(s)

∣∣∣∣
V̂0=0

=
Zoi(s) + rd ·Tv(s)

1 + Tv(s)
(3.2)

Further, the output impedance excluding the output capacitance, Zo(s), can be derived by

decoupling the output capacitance 1/sCo from Zoc(s):

Zo(s) = Zoc(s)/ [1− sCoZoc(s)] (3.3)

To numerically present the issue of second-order harmonic current, the boost DER con-

verter shown in Fig. 2-7 is taken as an example. The system parameters are: Vin = 200 V,

Vbus = 380 V, L = 0.5 mH, Co = 220µF, rd = 0.76 V/A. Fig. 3-2 shows the bode

diagram of Zo(s). As can be seen, |Zo(s)| is about 4.8 dB (i.e., 1.7 Ω) at twice the line fre-
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Figure 3-2: Bode diagram of the closed-loop output impedance Zo(s) in (3.3), excluding the
output capacitance.

quency 2ωg (i.e., 100 Hz), which means that even a relatively small second-order harmonic

voltage ripple would lead to a large associated current flowing at the resource side of the

converter. Actually, the output impedance at 2ωg can be as low as rd, which would produce

a higher second-order harmonic current.

3.3 Adoption of a notch filter

To mitigate the second-order harmonic current, a common way is to decrease the voltage

loop gain at twice the line frequency, that is, to reduce the second-order fluctuations in the

current reference i∗L. A notch filter Gnf(s) can be adopted to this purpose:

Gnf(s) =
(s/ωc)

2 + 2ξ1 · s/ωc + 1

(s/ωc)
2 + 2ξ2 · s/ωc + 1

(3.4)

where ωc is the center frequency of the notch, ξ1 and ξ2 are two coefficients related to the

filter bandwidth and the notch depth. With the decrease of the ratio ξ1/ξ2, the notch at ωc

gets deeper (i.e., higher attenuation). The filter bandwidth becomes wider as ξ1 decreases

or ξ2 increases. An instance of Gnf(s) is displayed in Fig. 3-3. The bandwidth of this notch

filter is 100 Hz and the notch depth is−60 dB. By inserting Gnf(s) into the forward path of

the voltage loop, that is, in series with the voltage regulator Gv(s), the voltage loop gain at
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Figure 3-3: Bode diagram of a representative notch filter Gnf(s) in (3.4) using ωc =
2π · 100 rad/s, ξ1 = 5.0× 10−4, and ξ2 = 5.0× 10−1.
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−
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Figure 3-4: Control scheme of the second-order harmonic current provision by adopting a notch
filterGnf(s) [defined in (3.4)]. Gnf(s) can be replaced by the modified notch filterGmnf(s) [defined
in (3.9)].

ωc can be reduced to a low level and i∗L is free from the ripple at ωc. The resulting control

scheme adopting a notch filter is displayed in Fig. 3-4.

3.3.1 Output impedance

According to Fig. 3-4, the converter output impedance Zoc nf(s) with Gnf(s) inserted is:

Zoc nf(s) =
Zoi(s) + rd ·Tv nf(s)

1 + Tv nf(s)
(3.5)
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Figure 3-5: Bode diagram of the output impedance Zo nf(s) [see (3.8)] resulting by adopting
Gnf(s).

where Tv nf(s) is the open-loop transfer function of the voltage loop with Gnf(s) inserted:

Tv nf(s) = Tv(s) ·Gnf(s) (3.6)

As Gnf(s) shows a high attenuation at 2ωg, |Tv nf(j2ωg)| is small. Hence, Zoc nf(j2ωg) can

be approximated as:

Zoc nf(j2ωg) ≈ Zoi(j2ωg) (3.7)

and Zo nf(s) can be expressed as:

Zo nf(s) = Zoc nf(s)/ [1− sCoZoc nf(s)] (3.8)

The bode diagram of Zo nf(s) is displayed in Fig. 3-5. The notch filter Gnf(s) used here

has a bandwidth of 10 Hz and a notch depth of −60 dB, with ωc = 2π · 100 rad/s, ξ1 =

5.0×10−5, and ξ2 = 5.0×10−2. It can be noticed thatZo nf(j2ωg) has a magnitude of 22 dB

(i.e., 12.6 Ω), which is 7.4 times Zo(j2ωg). Consequently, with Gnf(s), the second-order

harmonic current is notably reduced.
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3.3.2 Stability analysis

It should be noted that if the crossover frequency of the voltage loop is above 2ωg, which is

typically the case in practice, Gnf(s) brings two additional zero crossings: one below 2ωg,

the other above 2ωg. Notably, Gnf(s) introduces large phase lags at frequencies below 2ωg,

reducing the phase margin at the corresponding zero crossing and weakening significantly

the stability of the voltage loop. Fig. 3-6 shows the bode diagram of the open-loop transfer

functions Tv nf(s) and Tv(s) of the voltage loop. Without Gnf(s), Tv(s) has a magnitude of

14 dB and a phase of −80◦ at 100 Hz. By employing Gnf(s), Tv nf(s) has two additional

zero crossing points around 100 Hz. At the zero crossing below 100 Hz, the phase margin

drastically reduces to 22◦. To maintain the system stability, the voltage control bandwidth

should be redesigned to fall below 100 Hz, resulting in a slow dynamic response.

3.4 Adoption of a modified notch filter

In order to concurrently achieve fast dynamic response and good stability margin, a modi-

fied notch filter Gmnf(s) is proposed herein in place of Gnf(s) in Fig. 3-4:

Gmnf(s) =
1

α2

(s/ωc)
2 + 2ξ1 · s/ωc + 1[

s/(αωc)
]2

+ 2ξ2 · s/(αωc) + 1
(3.9)
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Figure 3-7: Bode diagram of the modified notch filter Gmnf(s) in (3.9) with different α, using
ωc = 2π · 100 rad/s, ξ1 = 5.0× 10−4, and ξ2 = 5.0× 10−1.

where α, which is larger than 1, is the deviation factor; if α = 1, Gmnf(s) corresponds to

Gnf(s). The bode diagram of Gmnf(s) with different values of α is displayed in Fig. 3-7.

By increasing α, the two poles of Gmnf(s) move to higher frequencies. Consequently, the

phase lag below ωc reduces, while keeping a high attenuation at ωc. The term 1/α2 is used

to correct the gains to 1 at high frequency, so that Gmnf(s) does not change the original

crossover frequency of the voltage loop. However, by doing so, the static gain of Gmnf(s)

is less than 1.

3.4.1 Stability improvement

To investigate the effect of Gmnf(s) on the converter stability, the open-loop transfer func-

tion Tv mnf(s) of the voltage loop with Gmnf(s) inserted is considered:

Tv mnf(s) = Tv(s) ·Gmnf(s) (3.10)

The bode diagram of Tv mnf(s) is displayed in Fig. 3-8. The Gmnf(s) reported here have

different α, but the other parameters are kept constant (i.e., ωc = 2π · 100 rad/s, ξ1 =

5.0 × 10−5, and ξ2 = 5.0 × 10−2). Remarkably, the phase margin rises from 22◦ to 59◦,

with a light increase of α from 1.00 to 1.04, showing a significant stability improvement.

Since the instability is avoided, the voltage control bandwidth can be kept at the original
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Figure 3-8: Stability improvement by using Gmnf(s) in (3.9) with different α: bode diagram of
the open-loop transfer function Tv mnf(s) of the voltage loop.

value, that is, 650 Hz. Compared to the case with the traditional notch filter, the converter

dynamic response is much faster.

It is worth observing that the phase improvement induced by Gmnf(s) is determined

only by the filter parameters, and it is not influenced by physical system variations. Clearly,

to always ensure an adequate phase margin also in the presence of a wide range of operating

conditions, Gmnf(s) should be designed by referring to the operation point showing the

worst (i.e., minimum) phase at 2ωg.

3.4.2 Output impedance

By replacing Gnf(s) with Gmnf(s) in Fig. 3-4, the output impedance Zoc mnf(s) can be

expressed as:

Zoc mnf(s) =
Zoi(s) + rd ·Tv mnf(s)

1 + Tv mnf(s)
(3.11)

Zo mnf(s) can be calculated by decoupling 1/sCo from Zoc mnf(s):

Zo mnf(s) = Zoc mnf(s)/ [1− sCoZoc mnf(s)] (3.12)

The bode diagram of Zo mnf(s) is shown in Fig. 3-9. Gmnf(s) adopted here uses α =

1.04. Since Gmnf(s) also brings |Zo mnf(j2ωg)| to 22 dB (i.e., 12.6 Ω), it has the same
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Figure 3-9: Bode diagram of the output impedance Zo mnf(s) [see (3.12)] resulting by adopting
Gmnf(s).

performance as Gnf(s) (see Fig. 3-5) in rejecting second-order harmonic current.

3.4.3 Filter design

A modified notch filter Gmnf(s) has four parameters: the center frequency ωc, the deviation

factor α, and the two coefficients ξ1 and ξ2. The first three parameters should be designed

based on required attenuation and filter bandwidth. Particularly, in practical applications,

the frequency of the second-order harmonic voltage depends on the, possibly varying, up-

stream grid frequency; therefore, a technique to adapt ωc to the actual frequency of the

second-order harmonic may be required. This adaptive feature can be attained by, for ex-

ample, employing a phase locked loop to continuously monitor the bus voltage ripple fre-

quency and changing ωc accordingly. The deviation factor α is introduced in the proposed

technique, and its selection criterion is discussed below.

The deviation factor α is utilized to increase the phase margin of the voltage loop. As

compared to Gnf(s), Gmnf(s) gives a high phase gain at 2ωg, and the phase gain reduces as

the frequency strays from 2ωg (see Fig. 3-7). In different application cases, voltage loops

with Gmnf(s) inserted may have different crossover frequencies around 2ωg, so the phase

margin improvements brought by Gmnf(s) differ from case to case. Fortunately, as long as

the implementedGmnf(s) has a narrow notch, the crossover frequency locates in the vicinity

of 2ωg (see Fig. 3-8). In this case, the phase gain of Gmnf(s) at the crossover frequency is
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Figure 3-10: Relationship (3.14) between the desired phase improvement φ and α, using ξ2 =
5.0× 10−2.

approximately equal to the phase gain at 2ωg, that is, ∠Gmnf(j2ωg). This estimation makes

the selection of α independent from the specific application case, simplifying the design

procedure. The phase gain of Gmnf(s) at 2ωg can be calculated as:

∠Gmnf(j2ωg) =
π

2
− arctan

(
2αξ2
α2 − 1

)
(3.13)

The value of α for a desired phase gain φ (0 < φ < π/2) is:

α =

(
ξ2 +

√
ξ2

2 + tan2
(π

2
− φ
))/

tan
(π

2
− φ
)

(3.14)

Fig. 3-10 displays the relationship between φ and α. Notably, the larger the required phase

improvement, the larger the required value of α.

As an example, let us consider the choice of α to reach a phase margin of 60◦ in the

case of Fig. 3-6, where the phase margin is displayed to decrease to 22◦ after inserting the

notch filter. Being the necessary phase lead equal to 38◦, by referring to (3.14) or Fig. 3-10,

it is possible to find that the desired phase margin improvement can be achieved if α is set

to 1.04. In Fig. 3-8 the final result by employing a modified notch filter with α = 1.04,

showing an obtained phase margin of 59◦.
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Figure 3-11: Second-order harmonic current provision by adopting a resonant regulator Grr(s)
[defined in (3.15)]. Grr(s) can be replaced by the modified resonant regulator Gmrr(s) [defined in
(3.20)].

3.5 Adoption of a resonant regulator

An alternative way to suppress the second-order harmonic current is to actively regulate it

to a low level. The scheme in Fig. 3-11 gives a representation of this approach. Grr(s) is a

resonant regulator featuring a high gain at 2ωg. Grr(s) amplifies the error between 0 and il

at 2ωg, and its output is used to modify the inductor current reference iref . The higher the

gain of Grr(s) at 2ωg, the smaller the second-order harmonic current. Particularly, if Grr(s)

has infinite gain at 2ωg, the second-order harmonic current can be totally compensated. An

instance of Grr(s) is expressed as:

Grr(s) =
λ1 · s/ωr

(s/ωr)
2 + λ2 · s/ωr + 1

+ 1 (3.15)

where ωr is the resonant frequency, λ1 and λ2 are two coefficients. The bode diagram of an

example Grr(s) is displayed in Fig. 3-12. A peak of 60 dB can be found at ωr.

3.5.1 Output impedance

According to Fig. 3-11, the output impedance Zoc rr(s) is calculated as:

Zoc rr(s) =
−Gvio(s)−Giio(s)Gvi(s)/[1 + Ti rr(s)] + rdTv rr(s)

1 + Tv rr(s)
(3.16)
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Figure 3-12: Bode diagram of the resonant regulator Grr(s) in (3.15) using ωr = 2π · 100 rad/s,
λ1 = 1.6, and λ2 = 1.6× 10−3.

where Ti rr(s) and Tv rr(s) are the open-loop transfer functions of the current loop and the

voltage loop, respectively, with Grr(s) adopted. They can be expressed as:

Ti rr(s) = Ti(s)[1 +Grr(s)] (3.17)

Tv rr(s) = Gv(s) ·
Ti rr(s)

[1 + Ti rr(s)] · [1 +Grr(s)]
·Gvi(s) (3.18)

Then, Zo rr(s) can be derived by excluding the output capacitance.

Zo rr(s) = Zoc rr(s)/ [1− sCoZoc rr(s)] (3.19)

Fig. 3-13 shows the bode diagram of Zo rr(s). The Grr(s) employed here uses ωr =

2π · 100 rad/s, λ1 = 1.6× 10−1, and λ2 = 1.6× 10−4. At 2ωg, Zo rr(s) has a magnitude of

29 dB (i.e., 28.2 Ω), indicating a high rejection of the second-order harmonic current ripple

in the inductor current.

3.5.2 Stability analysis

Since Grr(s) has a large magnitude at 2ωg, Tv rr(s) presents a notch at 2ωg [see (3.18)].

In such a case, Grr(s) gives rise to a stability problem. The bode diagram of Tv rr(s) is
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Figure 3-13: Bode diagram of the output impedance Zo rr(s) resulting by adopting G rr(s).
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Figure 3-14: Impact of Grr(s) on voltage loop stability: bode diagram of the open-loop transfer
function of the voltage loop, with and without using Grr(s).

depicted in Fig. 3-14, where the adopted Grr(s) uses ωr = 2π · 100 rad/s, λ1 = 1.6×10−1,

and λ2 = 1.6 × 10−4. As can be seen, Tv rr(s) has two additional zero crossing points

around 2ωg. For the one at the frequency below 2ωg, the phase margin is only 12 ◦. Hence,

the converter stability worsens considerably after inserting Grr(s).
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Figure 3-15: Bode diagram of the modified resonant regulator Gmrr(s) with different β, using
ωr = 2π · 100 rad/s, λ1 = 1.6, and λ2 = 1.6× 10−3.

3.6 Adoption of a modified resonant regulator

To improve the stability margin, a modified resonant regulator Gmrr(s) is proposed to re-

place the resonant regulator Grr(s) in Fig. 3-11. Gmrr(s) is expressed as below:

Gmrr(s) = β2 [s/(βωr)]
2 + (λ1 + λ2) · s/(βωr) + 1

(s/ωr)
2 + λ2 · s/ωr + 1

(3.20)

where β is the deviation factor and is required to be larger than 1. It can be found that

Gmrr(s) is constructed in a way similar to Gmnf(s). In the case that β = 1, Gmrr(s) is

equivalent to (1+Grr(s)). The bode diagram ofGmrr(s) with different β is shown in Fig 3-

15. The zeros of Gmrr(s) are moving to high frequencies by increasing β, so that the phase

lead below 2ωg is reduced. To keep the original crossover frequencies of the current loop

and the voltage loop, the gains at high frequencies are set to 1 by the term β2. Moreover,

since the static feedback gain of the current loop is β2 instead of 1, current limitations, that

is, the output of voltage regulator Gv(s), should be changed correspondingly.
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Figure 3-16: Stability improvement by using Gmrr(s) in (3.20): bode diagram of the open-loop
transfer function Tv mrr(s) of the voltage loop.

3.6.1 Stability improvement

With Gmrr(s) adopted, the open-loop transfer function of voltage loop, Tv mrr(s), can be

expressed as

Tv mrr(s) = Gv(s) ·
Ti mrr(s)

[1 + Ti mrr(s)] ·Gmrr(s)
·Gvi(s) (3.21)

where Ti mrr(s) is the open-loop transfer function of the current loop

Ti mrr(s) = Ti(s) ·Gmrr(s) (3.22)

To evaluate the stability improvement brought by Gmrr(s), the bode diagram of Tv mrr(s) is

shown in Fig. 3-16. The parameters of Gmrr(s) are: ωr = 2π · 100 rad/s, λ1 = 1.6× 10−1,

λ2 = 1.6 × 10−4, and β = 1.12. It can be seen that the phase margin and, consequently,

the system stability is significantly improved by adopting Gmrr(s).

3.6.2 Output impedance

The output impedance Zoc mrr(s) can be further derived as:

Zoc mrr(s) =
−Gvio(s)−Giio(s)Gvi(s)/[1 + Ti mrr(s)] + rdTv mrr(s)

1 + Tv mrr(s)
(3.23)
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Figure 3-17: Bode diagram of the output impedance Zo mrr(s) resulting by adopting Gmrr(s).

The output impedance without considering the output capacitance, Zo mrr(s), can be ex-

pressed as:

Zo mrr(s) = Zoc mrr(s)/ [1− sCoZoc mrr(s)] (3.24)

Fig. 3-17 depicts the bode diagram of Zo mrr(s). Gmrr(s) adopted here uses ωr =

2π · 100 rad/s, λ1 = 1.6 × 10−1, λ2 = 1.6 × 10−4, and β = 1.12. Similar to the result

of using Gmrr(s), the magnitude at 2ωg is as high as 29 dB, so the second-order harmonic

current ripple in iL is well removed.

3.6.3 Regulator design

It can be observed from (3.20) and (3.9) that Gmrr(s) resembles Gmnf(s) in terms of struc-

ture. Therefore, the design methodology of Gmnf(s) described in Sec. 3.4.3 can be adopted

also toGmrr(s). Since β is used to enhance the voltage loop stability, β should be chosen on

the basis of the desired phase margin improvement. Note that Gmrr(s) introduces a phase

lag in the current loop, which turns out to be a phase lead in the voltage loop. Actually, the

phase margin improvement is roughly equal to the phase gain of 1/Gmrr(j2ωg). In practice,

in order to simplify the design process, β can be selected according to the phase change of
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Figure 3-18: Relationship (3.25) between the desired phase improvement φ and β, using λ1 =
1.6× 10−1 and λ2 = 1.6× 10−4.

1/Gmrr(j2ωg), which can be expressed as:

∠ (1/Gmrr(j2ωg)) =
π

2
− arctan

(
β(λ1 + λ2)

β2 − 1

)
(3.25)

Fig. 3-18 displays the relationship between the desired phase improvement φ and β. No-

tably, for a phase improvement from 0◦ to 50◦, the value of β varies from 1 to 1.1.

3.7 Comparison

Table 3.1 summarizes the performances of the suppression methods analyzed in Section 3.3

to Section 3.6. The methods are compared by considering i) effectiveness in suppressing

second-order harmonic currents and ii) impact on converter stability.

Regarding the reduction of the second-order harmonic current, the notch filter Gnf(s)

and the modified notch filter Gmnf(s) are able to remove the second-order ripple in the

current reference, whereas the approach using the resonant regulator Grr(s) and the one

employing the modified resonant regulator Gmrr(s) are capable of canceling the second-

order ripple in the measured actual current. Hence, Grr(s) and Gmrr(s) are expected to

have better suppression performances than Gnf(s) and Gmnf(s).

Regarding the impact on converter stability, Gnf(s) and Grr(s) drastically deteriorate

the system stability if the voltage loop has a control bandwidth above 2ωg. In contrast,

Gmnf(s) and Gmrr(s) allow higher phase margins for the control system and, consequently,
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Table 3.1: Comparison of harmonic current suppression methods

Method
Harmonic current

suppression
Influence on

converter stability

Gnf(s) in (3.4) and Fig. 3-4 good easily cause instability

Gmnf(s) in (3.9) and Fig. 3-4 good stability ensured

Grr(s) in (3.15) and Fig. 3-11 excellent easily cause instability

Gmrr(s) in (3.20) and Fig. 3-11 excellent stability ensured

stable voltage control loops with wider control bandwidths.

3.8 Experimental results

The laboratory-scale experimental testbed represented in Fig. 3-19, constituted of one full-

bridge GIC and three boost DER converters, is considered to evaluate the methods dis-

cussed herein. In fact, this testbed is developed from the configurable prototype shown in

Fig. 2-11. Constant power load and resistive load are installed in the prototype. System

parameters, unless otherwise specified, are reported in Table 3.2. The total bus capacitance

Cb is the sum of all the capacitors connected to the DC bus. The input of the boost convert-

ers are connected to a DC source. The GIC and DER converters are controlled in droop,

with the same droop coefficient rd. The DC bus voltage ranges between 360 V and 400 V.

The bandwidths of the inductor current loop and the output voltage loop of DER convert-

ers are set to 1 kHz and 150 Hz, respectively, without including notch filters or resonant

controllers. These control parameters are reasonable and aligned with those found in other

microgrid implementations [51, 129].

3.8.1 Operation with no harmonic suppression provisions

In this test, the GIC and DER #1 are in operation. A basic droop controller (see Fig. 2-

7) is implemented on DER #1, without any second-order harmonic current suppression

technique. The experimental result is given in Fig. 3-20. Due to the second-order power

generated by the single-phase GIC, there is a second-order bus voltage ripple with a peak-
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Figure 3-19: Schematic of the experimental testbed with a single-phase grid-connected converter.

Table 3.2: Parameters of the system shown in Fig. 3-19.

Parameter Symbol Value

Grid RMS voltage Vg 220 V

Grid frequency fg 50 Hz

AC side inductance Lac 1.6 mH

AC side capacitance Cac 20µF

Nominal bus voltage Vbus 380 V

Total DC bus capacitance Cb 2.2 mF

DER input voltage Vin 200 V

Boost inductance L 1.6 mH

DER input capacitance Cin 110µF

Switching frequency fs 12.5 kHz

Voltage set point V0 380 V

Droop coefficient rd 0.76 V/A

Current regulator Gi(s) 0.027 + 5/s

Voltage regulator Gv(s) 3.7 + 103/s
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vg [400 V/div]

ig [8.0 A/div]

vbus [4.0 V/div]

iin1
[8.0 A/div]Time: 10 ms/div

Figure 3-20: Steady-state experimental results without any second-order harmonic current sup-
pression provision. vbus offset: 380 V.

to-peak value of about 4 V. An associated current ripple with amplitude of about 6.7 A is

measured in iin1 . In this case, the second-order harmonic ripple amounts to about 27% the

nominal value.

3.8.2 Evaluation of steady-state performances

The steady-state performances of the analyzed suppression methods are now considered.

Notch filters

A notch filter Gnf(s) and a modified notch filter Gmnf(s), with ωc = 2π · 100 rad/s, ξ1 =

5.0 × 10−5, ξ2 = 5.0 × 10−2, and α = 1.06, are included in the controller of DER #1,

separately. The obtained results are shown in Fig. 3-21(a) and Fig. 3-21(b), respectively.

Although vbus shows a ripple with a peak-to-peak value of 5 V, the corresponding ripple in

iin1 is effectively reduced.

Resonant regulators

The steady-state experimental results of the methods adopting the resonant regulatorGrr(s)

and the modified resonant regulator Gmrr(s) are presented in Fig. 3-21(c) and Fig. 3-21(d),

respectively. The implemented Grr(s) and Gmrr(s) use ωr = 2π · 100 rad/s, λ1 = 1.6 ×
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Table 3.3: Amplitude of Second-order Harmonic Current Ripple

Methods No provision Gnf(s) Gmnf(s) Grr(s) Gmrr(s)

Ripple 6.75 A 0.11 A 0.14 A 0.03 A 0.01 A

10−1, λ2 = 1.6× 10−4, and β = 1.06. Notably, the second-order harmonic ripple in iin1 is

well eliminated.

The second-order harmonic component in the inductor current is also extracted by

performing a discrete Fourier transform (DFT) over a time window of 2.5 s sampled at

200 kS/s. The results are reported in Table 3.3. Compared to the cases using Gnf(s) or

Gmnf(s), the current ripple is better rejected by solutions Grr(s) or Gmrr(s). It should be

also noticed that, as the inductor current has a DC component of 5.5 A, the ripple differ-

ences between these four methods are relatively small.

Fig. 3-21(a) to Fig. 3-21(d) display an increase in the bus voltage ripple when harmonic

suppression methods are applied. This is due to the larger magnitude of Zo(s) at twice the

line frequency attained by the suppression techniques, which prevents the DER converters

from draining the second-order harmonic power affecting the DC bus.

3.8.3 Evaluation of stability performances

The dynamic processes of activating the second-order harmonic current suppression meth-

ods are now reported to show the stability performances of the considered approaches.

Notch filters

Fig. 3-22(a) shows the experimental result of activating Gnf(s). In the dynamic process, an

oscillation can be observed in the bus voltage. Looking at the envelope, vbus shows a peak

of 1.9 V in the first oscillation cycle and reaches steady state after 3 cycles, which indicates

poor a stability margin. Fig. 3-22(b) refers to the activation of Gmnf(s). As compared

to Gnf(s), the bus voltage oscillation spike becomes smaller, indicating a better system

stability, which shows the advantage of the proposed modified notch filter Gmnf(s).
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Figure 3-21: Steady-state experimental results with different methods. vbus offset: 380 V.
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Figure 3-22: Dynamic experimental results of activating different filters and regulators. vbus
offset: 380 V.
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Resonant regulators

Fig. 3-22(c) and Fig. 3-22(d) show the experimental results of activating Grr(s) and

Gmrr(s), respectively. After activating Grr(s), vbus shows an oscillation with an overshoot

of 3.2 V. Whereas, ifGmrr(s) is considered, the bus voltage oscillation overshoot reduces to

1.1 V. This shows that the proposed modified resonant regulatorGmrr(s) is able to improve

the system stability.

3.8.4 Evaluation of dynamic performances

The transient processes of load step are presented herein to assess the dynamic speed of

DER converters with the modified approaches. In this test, the GIC and three DER con-

verters are all activated. For the purpose of comparison, a low-bandwidth (corresponding

to 50 Hz voltage loop bandwidth) voltage regulator, whose transfer function is 1.2+153/s,

is also implemented.

Notch filters

Fig. 3-23(a) shows the experimental result of load change, with the 50 Hz voltage regulator

and Gmnf(s). Because of the low-bandwidth voltage loop, vbus shows a significant drop

during the transient. On the other hand, Fig. 3-23(b) shows the experimental result of

the same load change, with the default 150 Hz voltage regulator and Gmnf(s). Thanks

to the increase of the voltage control bandwidth, vbus smoothly transit to the new steady

state. Therefore, a high-bandwidth (over 2ωg) voltage loop, which is the benefit brought

by the proposed Gmnf(s), enables better dynamic performance and tighter DC bus voltage

regulation.

Resonant regulators

Fig. 3-23(c) and Fig. 3-23(d) report the experimental results about the dynamic speed with

Gmrr(s) employed. Performing a load step in the DC microgrid, vbus dips notably in Fig. 3-

23(c), with the 50 Hz voltage regulator. On the contrary, the bus voltage drop is not ob-

served with the 150 Hz voltage regulator in Fig. 3-23(d), validating the advantage of the
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proposed Gmrr(s).

3.9 Summary

This chapter presents four second-order harmonic current suppression methods for droop-

controlled DER converters in DC microgrids coupled with AC power systems. The meth-

ods are based on the adoption of a notch filter, a modified notch filter, a resonant regulator,

and a modified resonant regulator. They all allow converters connected to DC buses pre-

senting a significant second-order harmonic voltage ripple to be free from corresponding

current fluctuations at resource side. It is shown that, for the method adopting a notch fil-

ter and the one employing a resonant regulator, the voltage control bandwidth is limited

to be below 2ωg to ensure stability, because these methods introduce large phase lags and

high attenuation below 2ωg in the voltage control loop. Instead, in the case of the modified

methods proposed in this paper, voltage control bandwidth can be designed to be above

2ωg, while preserving stability and improving the converters dynamics. These four meth-

ods are verified experimentally on a prototype composed of three DER converters and one

single-phase grid-interface converter.
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Figure 3-23: Dynamic experimental results under load change. vbus offset: 380 V.
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Chapter 4

Seamless disconnection from upstream

grids

Chapter 2 and Chapter 3 discusses the reduction of DC bus capacitance and the suppression

of second-order harmonic current, respectively. Both of these two topics lie in the field of

performance improvement for droop control. This chapter, however, focuses on the switch

from power flow control to droop control. The goal is to allow DC microgrids:

• to operate with master-slave control if grid-interfacing converter works normally,

taking advantage of the flexibility of power flow control;

• to work with peer-to-peer control if grid-interfacing converter fails, for the sake of

reliability;

• to seamlessly transfer from grid-connected mode to islanded mode, when discon-

necting from upstream grids.

This chapter is organized as follows. State-of-the-art is reviewed in Section 4.1. The

control scheme of the proposed power-based droop control is introduced in Section 4.2.

Then, the operation modes of a single DER converter considered individually and those

of the whole microgrid are analyzed in Section 4.3. Section 4.4 discusses the controller

design. The power sharing performance of the proposed control method is analyzed and

compared with that of traditional droop control in Section 4.5. Finally, Section 4.6 reports
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the experimental results relevant to the steady-state and transient behaviors of the proposed

control method, showing its feasibility and effectiveness.

4.1 State-of-the-art

As introduced in Section 1.3.3, with classical droop control, the power contributions from

DER converters are determined by load power absorption. This behavior limits the power

control flexibility at the output of DER converters and makes it difficult to apply power

management strategies in which DER converters act as power sources [38, 130]. To ad-

dress this problem, an additional power flow controller, operating in parallel with the droop

controller, can be used [131]. In such a case, DER converters regulate their output power

by means of the power flow controller when the bus voltage is imposed by the GIC, and

they regulate the bus voltage by means of the droop controller when the GIC fails (e.g.,

due to faults or output power limitations). Unfortunately, switching between these two

controllers usually requires time-critical communications between microgrid components

or the implementation of bus voltage variations detection techniques, which increase sys-

tem complexity and decrease reliability [41]. Similar issues, dealt with, for example, in

[132–134], can be found in AC microgrids.

Power sharing is a key issue in DC microgrids due to the parallel operation of many

DER converters. Although all the parallel converters share a common DC bus, the bus

voltages at specific points of connection are not exactly the same because of the inter-

connection cable impedances. Indeed, load distribution within DC microgrids applying

conventional droop control, with constant droop characteristics, is significantly affected by

cable impedances [52]. For converters employing the V-I type droop method, since the

droop coefficients can be approximately regarded as virtual output impedances [65], load

distribution depends on the ratio between droop coefficients and cable impedances. With

particular cable impedances, higher droop coefficients ensure better power sharing but re-

sult in wider bus voltage ranges. To cope with this trade-off, a nonlinear droop control

method is presented in [76]. Under an equal voltage range, the droop coefficient is en-

larged with the increase of the load power, attaining a more proportional power sharing un-
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der heavy loading conditions. In [135], Low-Bandwidth Communication (LBC) is used to

restore the consequent voltage derivations. Hence, relatively larger droop coefficients can

be selected with less concerns on bus voltage constrains. In [129], a small AC signal whose

frequency is related to the bus voltage is injected onto the DC bus. Based on the signal fre-

quency, which is uniform within the microgrid, the load can be distributed proportionally

regardless of cable impedances. Active compensation of mismatch currents is another way

to guarantee proportional power sharing. By considering the difference between the aver-

age output current and the actual converters output currents, a correction term can be added

into the droop function through LBC, either to shift droop curves [30, 52, 136] or to adjust

droop coefficients [137, 138]. Alternatively, for DER converters equipped with power flow

controllers, the load can also be allocated in a proportional manner through LBC.

Aiming at achieving power flow control and enhancing system reliability, this chapter

proposes a local power-based droop controller for DER converters by unifying the power

flow controller and the droop controller. During normal operation, DERs track the given

power references and the GIC imposes the bus voltage, while, during abnormal operation

of the GIC, DERs ensure bus voltage regulation with droop control. The advantages of the

proposed controller include i) regulation of DERs active power when the GIC is operating

normally, accurately accomplishing specific power sharing configurations through LBC,

regardless of cable impedances and loading conditions, ii) smooth transitions from power

flow control to droop control in the event of the GIC inability in maintaining the bus voltage

(e.g., due to power limitation or faults in the upstream grid), without using bus voltage

variations detection schemes or communications with other microgrid elements.

4.2 Power-based droop controller

The power-based droop controller, which is designed for DER converters, is a combination

of a droop controller and a power flow controller. Fig. 4-1 shows the scheme of this control

approach, which mainly consists of three parts: inner voltage and current loops, droop loop,

and power loop.
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Figure 4-1: Scheme of the power-based droop control method.

Inner voltage and current loops

The inner voltage and current loops are the bases of the control structure. The inner voltage

regulator Gv(s) generates the current reference i∗L by regulating the difference between the

voltage reference v∗o and the output voltage vo. The current regulator Gi(s) takes i∗L and the

inductor current iL to produce the duty cycle d.

Droop loop

The V-I droop control is adopted herein. The voltage reference v∗o is calculated as:

v∗o = (V0 + vs)− rd · io (4.1)

where V0 is the voltage set point under no load condition, rd is the droop resistance, vs is

the voltage offset determined by the power loop and io is the output current. In traditional

droop control, vs is zero. In the proposed solution, vs is utilized to shift the droop curve

upwards or downwards.
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Power loop

Outside the droop loop, an external bounded power loop is added to track a given power

reference Pref which can be defined by a microgrid supervisor using non-critical communi-

cations. Gp(s) is employed to regulate to zero the difference between the power reference

Pref and the output power po. The offset vs is generated by Gp(s) to shift the droop curve,

enabling, in this way, power flow regulation:

vs = (Pref − po) ·Gp(s) (4.2)

It should be noted that the upper and lower saturation levels of vs, namely, V max
s and V min

s ,

play a fundamental role in the controller. These two levels should be large enough to allow

DER converters to reach their nominal power. On the other hand, once vs is saturated, the

proposed controller turns into a classical droop controller.

4.3 Operation modes

This section firstly describes the operation modes of a single DER converter. Then, the

concept is extended to the microgrid level.

4.3.1 Operation modes of a single DER converter

From the standpoint of each individual DER converter, the operation modes can be classi-

fied into power regulation mode and bus regulation mode.

Power regulation mode

In power regulation mode, the DER converter exchanges the desired power Pref with the

microgrid, while other converters regulate the bus voltage. For example, Fig. 4-2 shows

the operation principle of a DER converter in power regulation mode. Let us assume that

the bus voltage is regulated at voA , with voA not necessarily equal to V0. To achieve power

flow control, the offset vsA , which is produced by the power regulator Gp(s), is added to
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Figure 4-2: Operation principle of a DER converter in power regulation mode.

V0. Then, the droop curve of the controller is shifted upwards by vsA , forcing the converter

to operate at point A and to have an output current ioA equal to Pref/voA . Correspondingly,

if the bus voltage stands at V0, vs is equal to rd ·Pref/V0.

Bus regulation mode

in bus regulation mode, the DER converter contributes in ensuring bus voltage regulation.

In this case, its output power po depends on load power demand and it is not equal, in

general, to its given power reference Pref . If po is larger than Pref , the power regulator

Gp(s) saturates vs at its lower level V min
s and the droop curve leans against its lower bound.

Conversely, if po is smaller than Pref , vs reaches its higher level V max
s and the droop curve

leans against its upper bound, as depicted in Fig. 4-3. The operation point of the DER

converter stays on the lower or upper bound in a way that depends on the specific loading

conditions. The resulting behavior at the converters output terminals is similar to that

obtained with conventional droop control.

Transition mechanism

seamless transition from power regulation mode to bus regulation mode is an important

feature of the proposed controller. This process actually consists in the transition of Gp(s)
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Figure 4-3: Operation principle of a DER converter in bus regulation mode.

from unsaturated state to saturated state. The following example is considered here to

explain the principle of this operation. A DER converter switches from power regulation

mode to bus regulation mode when the GIC stops the transfer of power from the upstream

grid to the microgrid. This process can be divided into three stages, as presented in Fig. 4-4

and discussed in the following.

• Stage 1: assume the DER converter operating at a generic original operation point

A(V0, ioA), where ioA equals Pref/V0. After losing the support from the GIC, the lost

power contribution from the GIC naturally redistributes to the droop controlled DER

converter, which guarantees, in this way, the instantaneous power balance. Due to

the control law (4.1) the bus voltage decreases and the operation point of the DER

converter slides from A to B along the droop curve. As the outer power loop is

usually designed to have a slower response than the droop loop, the effect of power

loop, that is, the change of vs, can be neglected in this stage. According to the control

scheme, the following equation can be derived:

∆vo1 = −rd · (ioB − ioA) +∆vs1 ≈−rd · (ioB −
Pref

V0
) (4.3)

where∆ refers to changes of variables, the subscript 1 indicates the change occurring

in the first stage and ioB is the output current at operation point B. Noticeably, in this
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Figure 4-4: Transition from power regulation mode to bus regulation mode.
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stage, the output power po increases to compensate the lost contribution from the GIC

and moves away from the power reference Pref . Consequently, the error between po

and Pref becomes larger and vs increases. On the contrary, the rate of change of vo

decreases as the power deficit reduces.

• Stage 2: once vs changes at the same pace as vo, the transition process steps into the

second stage, where the power loop takes effect. The power regulator Gp(s) com-

pletes the transition from the unsaturated state to the saturated state and the operation

point of the DER converter moves from B to C. The variation of the bus voltage

∆vo2 can be expressed as:

∆vo2 = ∆vs2 = V min
s − rd

Pref

V0
(4.4)

where the subscript 2 indicates that the change occurs in the second stage. In this

stage, the bus voltage deviates together with the droop curve and the output current

approximately remains unchanged.

• Stage 3: the third stage begins when vs hits its lower saturation level V min
s . The

droop curve reaches its lower bound and the power regulator is inhibited. The bus

voltage is then determined again by the droop loop and the operation point of the

DER converter changes from C to D:

∆vo3 = −rd · (ioD − ioC ) (4.5)

where the subscript 3 indicates that the change occurs in the third stage and ioD is

the output current at operation point D. As can be seen, the bus voltage continues

to decrease until the power balance is obtained. Finally, the microgrid enters another

steady state.

113



4.3. Operation modes

4.3.2 Operation modes of microgrid

The operation of a DC microgrid with all the converters adopting the power-based droop

controllers is now considered. The following operation modes can be identified.

Mode I

In this mode, master-slave control strategy is adopted. The GIC compensates the power

surplus or deficit within the microgrid through its connection with the upstream grid and

maintains the bus voltage fixed at V0, behaving as a grid-forming device. The DER convert-

ers operate in power regulation mode, tracking their own power references and behaving

as grid-following devices. ESSs can be charged or discharged according to the desired tar-

gets and renewable energy resources can be operated at their maximum power points. The

equivalent microgrid model is shown in Fig. 4-5(a).

Mode II

In this mode, peer-to-peer control strategy is employed. This mode occurs when the GIC

is incapable of controlling the bus voltage. There are two possible causes for this mode:

the upstream grid is unavailable or the required power flow exceeds the GIC availability

(e.g., maximum converter’s ratings). In these cases, the output power of the GIC is fixed,

and it can be represented as a constant power source. Meanwhile, with power loop still

activated, DER converters automatically reconfigure their operation status. For each DER

converter, if the output power po is not equal to the power reference Pref , the output of the

power regulator Gp(s) deviates and eventually saturates. In this condition, the droop curve

is fixed at the upper or lower bound, and the converter works with droop control, operating

in bus regulation mode to support the bus voltage. On the other hand, if po is equal to Pref ,

the converter continues to operate in power regulation mode. It should be noted that, in

practical cases, the sum of DER converters power references differs from the load power,

thus, there is at least one DER converter operating in bus regulation mode.

To clearly explain the possible operation modes in Mode II, the example of a microgrid

composed of two equal DER converters is now referred to. Let us assume Pref1 > Pref2 .
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Figure 4-5: Equivalent models of DC microgrid in different operation conditions.

The following situations can occur as a function of the load absorbed power PL.

• Situation 1: Converter #1 and #2 are in bus regulation mode. Both of the droop

curves of these two converters are saturated:

– at the upper bound if:

Pref1 > Pref2 >
PL
2

(4.6)

– at the lower bound if:
PL
2
> Pref1 > Pref2 (4.7)

In this situation, the converters share the load equally if cable impedances are neg-

ligibly small. The equivalent microgrid model in this case is shown in Fig. 4-5(b).

Since the lower and upper bounds of the droop curves are designed to have no inter-
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sections, the case that the droop curves of two converters are saturated at different

bounds cannot happen (this aspect is specifically addresses in Section 4.4).

• Situation 2: Converter #1 is in bus regulation mode while converter #2 is in power

regulation mode. Converter #2 tracks its power reference Pref2 and converter #1 sup-

plies the remaining power demand, that is, PL − Pref2 . The droop curve of converter

#1 is saturated at the upper bound. This situation occurs when:

Pref1 >
PL
2
> Pref2 & Pref1 + Pref2 > PL (4.8)

The equivalent microgrid model in this case is shown in Fig. 4-5(c).

• Situation 3: Converter #1 is in power regulation mode while converter #2 is in bus

regulation mode. Similar to situation 2, the droop curve of converter #2 is saturated

at the lower bound. The relationship between Pref1 , Pref2 and PL in this situation can

be expressed as:

Pref1 >
PL
2
> Pref2 & Pref1 + Pref2 < PL (4.9)

The equivalent microgrid model in this case is shown in Fig. 4-5(d).

It can be found that, the operation modes of DER converters are actually determined by

factors like the load power, droop coefficients and power references. With the non-critical

communication within the microgrid, appropriate power references can be chosen for DER

converters to pursue specific operation situations.

4.4 Controller design

According to the operation principle, the controller design is presented in this section, with

distributed cable impedances taken into consideration. The current regulator Gi(s), the

voltage regulator Gv(s), and the power regulator Gp(s) should be designed considering

different operation modes [139]. The focus herein is, in particular, on the selection of
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Figure 4-6: Equivalent model of a DC microgrid with cable impedance rob and rb.

droop coefficient rd and saturation levels of power regulator Gp(s), V max
s and V min

s , which

is an aspect that deserves adequate investigation.

4.4.1 Current delivery capacity

When the microgrid is in Mode I, all DER converters operate in power regulation mode. In

this condition, DER converters should be able to generate or absorb their nominal currents.

For V-I type droop methods, the droop coefficients rd can be regarded as virtual output re-

sistance of DER converters, as shown in Fig. 4-6. In addition, the output-to-bus impedance

rob of the cables that link DER converters to the DC bus can be considered as extra output

impedance. Thus, for a DER converter, its total output impedance is rd + rob and its output

voltage vo can be expressed as

vo = (V0 + vs)− (rd + rob) · io (4.10)

This equivalent droop function is reported in Fig. 4-7. After considering the output-to-

bus impedance rob, the droop curve shows a larger droop slope, resulting in an additional

voltage drop vd, which limits the actual current capacity that can be exploited. Besides,

although the output voltage of the GIC is imposed at V0, the bus voltage fluctuates from
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Figure 4-7: Equivalent droop function with cable impedance rob.

V0 −∆V0 to V0 +∆V0 due to distributed DC bus impedance rb, that is

V0 −∆V0 6 vo 6 V0 +∆V0 (4.11)

Then, by combining (4.10) and (4.11), the output current io of each DER converter can be

shown as
vs −∆V0
rd + rob

6 io 6
vs +∆V0
rd + rob

(4.12)

It can be found that the output current range is determined by the range of variation of

vs, namely, from V min
s to V max

s . To allow the exploitation of the full nominal current In

of DER converters, that is, to allow the current io to assume all the values in the interval

[−In, In], the limitations of V max
s and V min

s should be defined as

V
max
s > In(rd + rob) +∆V0

V min
s 6 − In(rd + rob)−∆V0

(4.13)

The requirement of rated current capacity gives a lower limitation for V max
s and an upper

limitation for V min
s , respectively.
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4.4.2 Bus voltage range

While in Mode II (i.e., autonomous mode), some DER converters operate in bus regulation

mode and regulate the bus voltage. When these DER converters absorb the respective

nominal current and their vs are located at the upper saturation level V max
s , the highest

output voltage V max
o is obtained. Similarly, when the DER converters deliver nominal

current and their vs are located at the lower saturation level V min
s , the output voltage reaches

its lowest level V min
o :

V
max
o = V0 + V max

s + In(rd + rob)

V min
o = V0 + V min

s − In(rd + rob)

(4.14)

If the acceptable bus voltage range is defined as V0 ± ∆Vb, then V max
o 6 V0 + ∆Vb and

V min
o > V0 − ∆Vb must be satisfied. Accordingly, the limitations for V max

s and V min
s can

be written as V
max
s 6 ∆Vb − In(rd + rob)

V min
s > −∆Vb + In(rd + rob)

(4.15)

The requirements on bus voltage range give an upper and a lower limitation, respectively,

for V max
s and V min

s .

4.4.3 Parameters selection

By combining (4.13) and (4.15), the available ranges of V max
s and V min

s can be found as

In(rd + rob) +∆V0 6 V max
s 6 ∆Vb − In(rd + rob)

−∆Vb + In(rd + rob) 6 V min
s 6 −In(rd + rob)−∆V0

(4.16)

According to (4.16), a restriction for rd can be derived:

rd 6
∆Vb −∆V0 − 2Inrob

2In
(4.17)
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Since larger droop coefficient can bring benefits, such as higher power sharing accuracy,

rd should be chosen as large as possible. Additionally, for parallel DER converters, their

droop coefficients should be inversely proportional to their nominal currents to attain a

proportional load distribution. In this case, let us define a maximum acceptable voltage

drop V max
d on the output-to-bus cables rob. For any DER converter in the DC microgrid, it

is required that the product of its rated current In and its output-to-bus cable impedance rob

is less than V max
d . Then, the droop coefficient rd can be selected as

rd =
∆Vb −∆V0 − 2V max

d

2In
(4.18)

Further, V max
s and V min

s are set as
V max
s =

∆Vb +∆V0 − 2V max
d

2

V min
s = −∆Vb +∆V0 − 2V max

d

2

(4.19)

It can be seen that V max
s and V min

s are constants, so that all the DER converters share the

same saturation levels. As a result, under no load condition, there is no circulating current

among DER converters operating in bus regulation mode. It is also possible to find that the

upper bounds do not intersect with the lower bounds at any voltage level, which means that

DER converters operating in bus regulation mode must have droop curves saturated at the

same level.

4.5 Power sharing performance

With the proposed controllers, when the microgrid is in Mode I, DER converters oper-

ate in power regulation mode. Through LBC, converters power references can be set in

proportion to converters ratings. In this case, despite the existence of cable impedance,

proportional power sharing can be accomplished precisely. However, when the DC mi-

crogrid operates in Mode II, power sharing accuracy degrades due to cable impedance. In

the following, load distribution among parallel converters in the two operating modes is
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Figure 4-8: Equivalent circuit of DC microgrids based on (a) traditional droop control; (b) power-
based droop control.

discussed and compared with that of traditional droop control. A microgrid including two

DER converters is considered in the comparison.

4.5.1 Traditional droop control

The equivalent circuit with DER converters employing droop controllers is shown in Fig. 4-

8(a). The output currents i′1 and i′2 can be derived as
i
′
1 =

rd2 + rc2
rd1 + rc1 + rd2 + rc2

Iload

i
′
2 =

rd1 + rc1
rd1 + rc1 + rd2 + rc2

Iload

(4.20)

where Iload is the load current and rc is the cable impedance including the corresponding

output-to-bus impedance rob and the bus impedance rb. The mismatch ∆i′ between the

relative currents is defined as

∆i
′
=

i
′
1

In1

− i
′
2

In2

=
Iload
In1In2

(rd2 + rc2)In2 − (rd1 + rc1)In1

rd1 + rc1 + rd2 + rc2
(4.21)
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where In1 and In2 are the nominal output currents of converter #1 and #2, respectively.

Only if (rd1 + rc1)In1 equals (rd2 + rc2)In2 , there is no mismatch current and an exactly

proportional load sharing is obtained.

4.5.2 Power-based droop control

When power-based droop controllers are used in DER converters, the equivalent circuit of

the DC microgrid can be presented as in Fig. 4-8(b). The output of the power loop, vs, can

be regarded as an adjustable voltage source in series with the constant voltage source V0.

The output currents, i1 and i2, of converter #1 and #2 can be calculated as
i1 =

(rd2 + rc2)Iload + (vs1 − vs2)
rd1 + rc1 + rd2 + rc2

i2 =
(rd1 + rc1)Iload − (vs1 − vs2)

rd1 + rc1 + rd2 + rc2

(4.22)

the mismatch ∆i of relative currents between these two converters results

∆i =
i1
In1

− i2
In2

=
Iload
In1In2

[
(rd2 + rc2)In2 − (rd1 + rc1)In1

rd1 + rc1 + rd2 + rc2
+

(vs1 − vs2)(In1 + In2)/Iload
rd1 + rc1 + rd2 + rc2

] (4.23)

4.5.3 Comparison of power sharing performance

A comparison of power sharing performance between the power-based droop control and

the droop control is discussed here. Generally, the droop coefficient of a converter is in-

versely proportional to its nominal output current, that is, rd1In1 = rd2In2 . Hence, the ratio

Kmis of ∆i and ∆i′ is derived as

Kmis =
∆i

∆i′
= 1 +

(vs1 − vs2)(In1 + In2)

(rd2 + rc2)In2 − (rd1 + rc1)In1

1

Iload

= 1 +
(vs1 − vs2)(1/rd1 + 1/rd2)

rc2/rd2 − rc1/rd1
1

Iload

(4.24)

If |Kmis| is smaller than 1, the load is better distributed (i.e., in a way that is closer to the

exact proportional sharing) with the power-based droop control. Otherwise, the traditional
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droop control method shows a better power sharing performance.

Since the saturation levels of vs1 and vs2 are the same, that is, V min
s1

= V min
s2

and V max
s1

=

V max
s2

, |Kmis| is analyzed as follows.

1) vs1 = vs2: it indicates the case that converter #1 and #2 are both in bus regulation

mode. vs1 and vs2 are saturated at the same level, either the upper level or the lower one.

|Kmis| is equal to 1 in this case, traditional droop control and power-based droop control

show the same power sharing accuracy.

2) vs1 6= vs2: it suggests the situation that one converter is in bus regulation mode while

the other one is in power regulation mode. Therefore, the power loop brings additional

uncertainty for power sharing.

If vs1 is larger than vs2 , there are two possible operation cases for these two converters.

In the first case, converter #1 operates in bus regulation mode, with vs1 saturated at the

upper level, while converter #2 operates in power regulation mode. In the second one, con-

verter #1 operates in power regulation mode, while converter #2 operates in bus regulation

mode, with vs2 saturated at the lower level. The indicator of power sharing performance,

|Kmis|, is calculated as below:

• if |(vs1−vs2)(1/rd1 +1/rd2)| < 2 |(rc2/rd2−rc1/rd1)Iload|

and rc2/rd2 < rc1/rd1 ⇒ |Kmis| < 1

• otherwise ⇒ |Kmis| > 1

If vs1 is smaller than vs2 , similarly, the power-based droop control attains a higher

power sharing accuracy if |(vs1 − vs2)(1/rd1 + 1/rd2)| < 2 |(rc2/rd2 − rc1/rd1)Iload| and

rc2/rd2 > rc1/rd1 .

In summary, when a DC microgrid is operating in Mode I, the power-based droop con-

trol method is able to distribute the load proportionally. When operating in Mode II, by

coordinating DER converters’ power references, the power-based droop control method is

able to improve the load distribution among sources.
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Figure 4-9: Schematic of the laboratory-scale DC microgrid.

4.6 Experimental results

The actual operation of the proposed controller has been thoroughly tested by means of a

laboratory-scale DC microgrid testbed, which is shown in Fig. 2-11. Herein, the testbed

is configured as Fig. 4-9. It is composed of three parallel buck converters of 3kW rated

power, buck converter #1 and #2 play the role of DER converters and are controlled by

the proposed power-based droop control, buck converter #3 plays the role of GIC. All the

converters are powered by a DC power source. System parameters are listed in Table 4.1.

Here, the acceptable bus voltage fluctuation is±15% of the nominal value, that is±∆Vb =

±30 V, the maximum voltage drop V max
d on the output-to-bus cable impedance rob is 5 V,

and the voltage drop ∆V0 along the DC bus impedance rb is neglected. According to (4.18)

and (4.19), the droop coefficients for two DER converters are 0.67 V/A, and the upper

and lower saturation levels of Gp(s) are 10 V and −10 V. The control bandwidths of the

current loop, the voltage loop, and the power loop are designed at 1000 Hz, 300 Hz, and

3.5 Hz, respectively.

In the following, the basic functionality of the proposed control approach is firstly

shown. Secondly, the achievable power sharing performance with cable impedance in-

cluded is evaluated.
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Table 4.1: Parameters of the system shown in Fig. 4-9

Parameter Symbol Value

Converters
Input voltage Vin 380 V
Nominal bus voltage Vbus 200 V
Nominal power Pn 3 kW
Inductance Lin 1.6 mH
Output capacitance Co 110µF
Switching frequency fs 12.5 kHz

Inner Current and Voltage Loops
Current regulator Gi(s) 0.025 + 12.1/s
Voltage regulator Gv(s) 0.16 + 395/s

Droop Loop
Voltage set point V0 200 V
Droop coefficient rd 0.67 V/A

Power Loop
Upper saturation level V max

s 10 V
Lower saturation level V min

s −10 V
Power regulator Gp(s) 0.067/s
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(a) Pref1 step: 0 kW→ 1 kW

(b) load step: 70 Ω→ 30 Ω

Time: [100 ms/div]

Time: [40 ms/div]

condition: Pref2 =0 kW, RL =70 Ω.

condition: Pref1 = 1 kW, Pref2 = 1 kW.

Figure 4-10: Dynamic experimental results in Mode I. vbus offset: 200 V.

4.6.1 Basic functionality

The controller basic functionalities are evaluated while the microgrid operating in the two

possible operation modes described in Section 4.3.

When the microgrid operates in Mode I, buck #1 and #2 operate in power regulation

mode and the GIC dominates the bus voltage. A step change from 0 kW to 1 kW is applied

to Pref1 . The resulting dynamic performance is displayed in Fig. 4-10(a). The output

current i1 rises smoothly from 0 A to 5 A, with the delivered output power correspondingly

increasing up to 1 kW. Accordingly, ig reduces by 5 A to maintain the power balance. In
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(a) condition: Pref1 = 1 kW, Pref2 = 1 kW,
RL = 70 Ω. ig offset: −4 A.

RL = 70 Ω.

Figure 4-11: Transition from Mode I to Mode II: (a) situation 1; (b) situation 2. vbus offset: 200 V.

the same operation case, the transient response with a load step from 70 Ω to 30 Ω is also

shown in Fig. 4-10(b). The power deficit is compensated by the GIC, while buck #1 and #2

keep injecting their power references in steady-state.

The transition of the microgrid from Mode I to Mode II is performed by opening the

switch Sw, that is, by disconnecting the GIC. As discussed in Section 4.3 and summarized

in Fig. 4-5, under different situations of power references and loading conditions, different

microgrid operations may establish during Mode II. The acquisitions displayed in Fig. 4-

11(a) refer to microgrid operation in situation 1, with two DER converters operating in bus

regulation mode. Whereas, Fig. 4-11(b) refers to a transition to Mode II in situation 2,
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(b) condition: Pref1 = 1 kW, Pref2 = 0 kW.

(a) condition: Pref1 = 1 kW, Pref2 = 1 kW.

Figure 4-12: Dynamic experimental results of load step in Mode II: 70 Ω → 30 Ω. vbus offset:
200 V.

where buck #1 operates in bus regulation mode and buck #2 operates in power regulation

mode. In both cases, the transition processes are achieved smoothly, which validates the

effectiveness of the proposed control method.

Load step is implemented when the microgrid operates in Mode II. In Fig. 4-12(a), both

DER converters operate in bus regulation mode before and after the load step. The total

load power is increased by 800 W and each DER converter outputs 400 W more, that is,

about 2 A of their currents. As a result, bus voltage decreases by 1.4 V, due to the droop

function. Besides, different power references and load steps may load to different microgrid

states. As presented in Fig. 4-12(b), buck #1 switches from bus regulation mode to power
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i1 [0.8 A/div]

i2 [0.8 A/div]

vbus [4.0 V/div]

1.6A

Time: [4 ms/div]

Figure 4-13: Power sharing performance of the traditional droop control, with RL = 30 Ω. i1
offset: 1 A, i2 offset: 1 A, vbus offset: 200 V.

regulation mode, while buck #2 undergoes a reverse process during this transient.

4.6.2 Power sharing performance

A resistor rb, with value 0.5 Ω, is placed at the output terminal of buck #1 to emulate cable

impedance. In this way, the power sharing performances of traditional droop control as

compared to power-based droop control are evaluated.

With traditional droop control

in this test, converters #1 and #2 employ conventional droop controllers. Since these two

converters have the same power rating, an equal load distribution is expected. However,

due to bus impedance rb, a mismatch current of 1.6 A can be observed in Fig. 4-13, with a

load current of about 6.7 A.

With power-based droop control

in this test, converters #1 and #2 employ the proposed power-based droop control. Fig. 4-

14 shows the transient response with a step variation of the power reference Pref1 , when the

microgrid operates in Mode I. Since the bus voltage is imposed by the GI converter, con-

verter #1 tracks its power reference precisely and the power sharing accuracy is preserved

regardless of the bus impedance.
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i1 [2.0 A/div]

i2 [2.0 A/div]

vbus [2.0 V/div]

ig [2.0 A/div]

Time: [100 ms/div]

Figure 4-14: Power sharing performance of the proposed control method in Mode I, under Pref1
step: 0 kW→ 1 kW, with Pref2 = 0 and RL = 70 Ω. vbus offset: 200 V.

When the microgrid operates in Mode II, the power sharing performance is tested with

different power references. Fig. 4-15(a) presents the result with converter #1 operating

in power regulation mode and converter #2 operating in bus regulation mode. It can be

seen that, by selecting proper power references, the mismatch current can be reduced or

even totally eliminated. A similar result is obtained when converter #1 operates in bus

regulation mode and converter #2 operates in power regulation mode, as shown in Fig. 4-

15(b). As a consequence, compared to the traditional droop control method, power sharing

accuracy is enhanced with the proposed approach.

4.7 Summary

This chapter presents a power-based droop controller for DER converters in DC microgrids

that are connected to upstream grids by a GIC. During normal operation, the GIC imposes

the bus voltage and the proposed controller allows DER converters to track given power

references. If the GIC is not able (e.g., due to disconnection or faults) to provide bus volt-

age regulation, the proposed controller seamlessly transits to traditional droop controller,

stabilizing the bus voltage. Moreover, by applying proper power references, the proposed

control method allows better power sharing performances among parallel DER converters

as compared to conventional droop control method. These features are attained by means

of a bounded power loop on top of a traditional droop controller. In the paper, the design
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(a) condition: Pref2 = 0 kW, RL = 30 Ω.
i1 and i2 offset: 1.5 A, vbus offset: 180 V.

i1 and i2 offset: 2 A, vbus offset: 200 V.
(b) condition: Pref1 = 1.5 kW, RL = 30 Ω.

Figure 4-15: Power sharing performance of the proposed control method in Mode II, with (a)
different Pref1 (W); (b) different Pref2 (W).
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criteria of the droop resistance and saturation levels of the power control loop are also dis-

cussed, satisfying the requirements of output current capacity and bus voltage regulation.

Finally, the power-based droop control method has been implemented on a laboratory-scale

DC microgrid testbed and its performance, in all the relevant operation modes, is experi-

mentally verified and reported.
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Chapter 5

Conclusions

This dissertation concentrates on the primary level control, particularly, droop control, for

distributed energy resource converters in DC microgrids. The aim is to improve converter

performances from three aspects by means of advanced control methods. The first aspect is

about the reduction of converter output capacitance. The solutions studied herein include

the improvement of design principle for droop-controlled converters and the utilization

of hysteresis control. In the second aspect, the harmonic power coming from AC grid is

suppressed at resource sides. This task is achieved by inserting a modified notch filter or

resonant regulator in a droop controller. As for the third aspect, the investigation focuses

on seamless disconnection of DC microgrids from upstream grids. A power-based droop

controller is proposed to attain this goal.

1. A design approach is proposed for resource converters to achieve resistive output

impedance, so that output capacitance can be reduced. The key point is to design the output

capacitance, the voltage loop bandwidth, and the droop coefficient in a coordinated manner.

The output capacitance should be selected according to the voltage loop bandwidth and the

DC droop coefficient. The droop coefficient should be designed as a frequency-dependent

term, which is related to the plant and other control parameters. This design guideline

is applied to both non-isolated (buck and boost) and isolated (dual active bridge) DC-DC

converters.

Hysteresis control is utilized to speed up the dynamic response of voltage loop. Com-

pared to the case with PID control, smaller output capacitance is used while the output volt-
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age is confined to the same acceptable range during transient. Hysteresis control is imple-

mented in less-expensive digital signal processors with a sampling frequency of 200 kHz,

which is 10 times of the switching frequency. Although the implementation introduces one

sampling period delay, the influence of this additional delay on the converter stability is

acceptable.

2. Notch filter, modified notch filter, resonant regulator, and modified resonant regulator

are employed in droop controllers. The first two filters are installed in voltage control loops

and the last two regulators are added in current control loops. The performances of these

four methods are compared in terms of output impedance and stability. All the approaches

effectively increase converter output impedance at twice the line frequency. Notably, the

proposed modified schemes overwhelm the traditional schemes by providing more stability

margins. The design criteria for the proposed filter and regulator are discussed.

3. A power-based droop controller is proposed to enable seamless transition from power

flow control to droop control. Based on this controller, the operation modes of a single con-

verter and of a whole DC microgrids are described. Resource converters operate with power

flow control when grid-interfacing converters impose DC bus voltage, and they regulate

DC bus voltage with droop control when grid-interfacing converters are in abnormal con-

ditions. The transfer from power flow control to droop control is achieved automatically,

without communication or detection schemes. The power sharing performance between

two converters are analyzed. The design guideline of the proposed controller is reported.

The scenarios outlined above are all supported and validated by experimental results

referring to various laboratory-scale (several kilowatt) DC microgrid prototypes. Moreover,

a DC microgrid prototype is built up from scratch. This prototype includes three boost

converters and a central controller. The communication within this prototype is established

by a 500 kbps CAN bus.

5.1 Future works

Within the area of this dissertation, there are still some gaps to fill.

1. This work only tests a set of parameters for the hysteresis-controlled droop converter.
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The selection criteria of system parameters (e.g., the value of output capacitance, the slope

of ramp, PI gains) should be further investigated. This study could be useful when this

hysteresis control technique is applied to other power converters.

2. The modulation of DAB converters considered in this work only has one degree of

freedom, i.e., the phase shift. In fact, many other modulation schemes have been proposed

in literature, since they can potentially improve the converter performances, in terms of

reactive power and soft-switching range. In such a case, output impedance shaping for

DAB converters with other modulation schemes can be a worthwhile subject.

3. When considering cable impedance, nonlinear droop control could achieve more

precise power sharing among parallel converters than linear droop control. How to ob-

tain resistive output impedance for converters with nonlinear droop could be an interesting

topic.
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Appendix A

DC microgrid prototype

To experimentally verify the research proposals, a laboratory-scale DC microgrid proto-

type, which includes three boost DC-DC converters, is built from scratch. The target is to

establish a general-purpose experimental platform for testing various control techniques in

the scenario of DC microgrids. Since we have full access to every part of this prototype,

the system parameters can be easily changed in case of needs, facilitating the current and

future research studies. In the following, the structure of single boost converter and that of

the entire DC microgrid will be introduced, respectively.

A.1 Single converter unit

The power and sensing circuit diagram of one boost converter are shown in Fig. A-1(a).

Besides, there are also some other major elements, such as protection circuits and the digital

controller. The boost converter is boxed including all relevant components, and the picture

is displayed in Fig. A-1(b).

A.1.1 Power circuit

The power circuit of the boost converter includes two power switches, one inductor, and

input/output capacitors. The components are selected based on the system parameters. The

nominal power of this converter is 3 kW, the nominal input voltage is 200 V, the nominal
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Figure A-1: Circuit diagram and picture of the self-built boost converter.
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output voltage is 380 V, the nominal inductor current is 15 A, and the nominal switching

frequency is 20 kHz.

Considering these parameters, the power switches use Insulated Gate Bipolar Transis-

tors (IGBTs, IKW40N65ES5) from Infineon. The breakdown voltage of this IGBT is 650 V

and the DC collector current can reach 40 A.

The inductance is selected as 1 mH, so that there is 30% switching ripple on the inductor

current at nominal operating condition. The core for the inductor is the amorphous cut core

(AMCU-40) from AMOGREENTECH. The air gap is designed as 1.5 mm at both columns,

so that the AL (inductance per turn) value has limited drop (less than 10%) with nominal

DC bias current. The winding is made of 64 turns of litz wire with a cross section area of

around 3.2 mm2 to support 15 A DC current.

The input and output capacitors use film capacitors. The input capacitance is 12µF

and the output capacitance is 24µF. Another 470 nF snubber capacitor is placed close to

the power switches to form a short commutation loop. It is worth mentioning that one can

freely install more capacitors on the input and output sides.

A.1.2 Sensing circuit

As shown in Fig. A-1(a), three current signals and two voltage signals are collected. The

current transducers used in this prototype are CAS-25NP from LEM. This sensor sup-

ports maximum 25 A Root Mean Square (RMS) current and its measurement range is from

−85 A to 85 A. The output of current sensors are sent to signal conditioning circuits to

adjust the dc offset and the amplification gain. The signals after conditioning are sam-

pled by Analog-to-Digital Converter (ADC) modules of the digital controller. The linear

measurement range of the current sensing circuits (including current sensors and signal

conditioning circuits) is from −20 A to 20 A.

The diagram of voltage sensing circuits is shown in Fig. A-2. The voltage signal is

scaled down through resistors and is sent to an isolated amplifier (TLP7820). A dc offset

voltage is connected to the other input of the amplifier, in order to locate the measurement

range in a band surrounding the nominal voltage. The differential output of this amplifier
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Figure A-2: Diagram of voltage sensing circuits.

current
sensor

−85∼85 A −20∼20 A

signal
conditioning

range: range:

DSP

buffer
gate

driverADC PWM

Imax

Imin

or
input overcurrent

protection

enable

Figure A-3: Diagram of protection circuits.

is directly connected to ADC modules. In this prototype, the measurement range of input

voltage is from 170 V to 230 V, and the measurement range of output voltage is from 335 V

to 425 V.

A.1.3 Protection circuit

This prototype also includes hardware overcurrent protection circuits, as depicted in Fig. A-

3. The protection circuits take the current signals produced by current sensors and compare

these signals with upper/lower limits. Once the current signals exceed the limitations,

the overcurrent flag is set and the PWM buffer is disabled. The maximum and minimum

limitation levels can be changed by means of adjustable resistors.

A.1.4 Digital controller

The digital controller for the boost converter uses DSP TMS320F28379D from Texas In-

struments. The CPU frequency of this dual-core DSP is 200 MHz. It also features a series
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Figure A-4: Structure of entire DC microgrid prototype.

of built-in peripherals, like ADC, DAC, PWM, CAN bus, etc.

A.2 Entire prototype structure

The entire DC microgrid prototype, as illustrated in Fig. A-4, is composed of three boost

converters described above, one central controller, and loads. The central controller is sim-

ply a DSP board (LAUNCHXL-F28379D). The communication link among converters and

the central controller is established by a 500 kbps CAN bus. For the sake of user-friendly

interface, there is also a serial communication link, between the central controller and a

computer. Users could send commands to the central controller from the computer, and

then, the commands are dispatched to converters. Thanks to the presence of communica-

tion link, it is possible to implement secondary-level and tertiary-level control techniques

in this prototype.
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