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공학박사 학위논문

직직직류류류마마마이이이크크크로로로그그그리리리드드드에에에서서서고고고품품품질질질전전전력력력

기기기반반반분분분산산산전전전원원원전전전력력력분분분배배배
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울산대학교 대학원

전기공학부
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공학박사 학위논문

직직직류류류마마마이이이크크크로로로그그그리리리드드드에에에서서서고고고품품품질질질전전전력력력

기기기반반반분분분산산산전전전원원원전전전력력력분분분배배배
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이 논문을 공학박사 학위논문으로 제출함
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울산대학교 대학원

전기공학부
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Abstract

Recently, DC microgrid receives more attention in these days as it has no issues with
reactive power flow and frequency regulation, which results in a notably less complex in
control system. As droop control method is used to cooperate with various type of sources
in microgrid, the DC bus voltage is swing according to the load power. Moreover, the line
impedance affects the power sharing among distributed generations (DGs) in the system.
In DC microgrid, there are many renewable energy resources, and their output power
strictly depend on the resource condition. In order to utilize the DG sources effectively
in DC microgrid, many kinds of power management methods are developed to improve
the power quality and achieve accurate power sharing for DG microgrid system. In this
thesis, the power sharing with enhanced power quality is studied for DC Microgrid based
on the battery energy storage system including the supercapacitor (SC).
Firstly, this thesis introduces a new power distributed control method for a DC micro-

grid. This method is developed to share the load power proportionally to the rating of
DG and restore the DC bus voltage when the load changes. For this purpose, a shifted
voltage technique is developed based on the power rating and the instantaneous power of
DGs. By adding the shifted voltage, the voltage drop caused by the droop controller is
effectively compensated so that the DC bus voltage is constantly regulated regardless of
the load change. To realize the proposed method, all the required information to deter-
mine the reference voltage is transmitted through a low-bandwidth communication link.
The controller design process is presented in detail along with a system stability analysis
in this thesis.
Secondly, this thesis presents a new control method for SC to compensate the transient

for the DG in DC microgrid. The SC unit is controlled by modeling the SC as a constant
voltage source in series with paralleled capacitor-resistor. The value of the resistor is
adjusted according to the level of the SC voltage; it becomes negative to charge the SC
when the SC voltage is lower than its nominal value; and become positive to discharge
the SC when the SC voltage is higher than its nominal value. The power sharing between
SC units is ensured by means of virtual impedance control method.
Thirdly, this thesis presents a new control method for the SC to compensate the tran-

sient load current and support the system under the pulsed load condition. Moreover, the
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Abstract

cooperation of the multiple SC units in DC microgrid is also ensured by proportionally
sharing the supporting current between the SC units. The current sharing between the
SC units is achieved by means of the droop control. The conventional droop control is
modified so that it can adaptively change its operation mode and parameters in order to
compensate the load transient current and regulate the state of charge of the SC.
Fourth, this thesis presents a new configuration of a hybrid energy storage system

(HESS) called a battery-inductor-supercapacitor HESS (BLSC-HESS), which is easily
implemented to integrate the SC into DC microgrid. It splits the power between a battery
and SC, and can operate in parallel. The power sharing is achieved between the battery
and the supercapacitor by combining an internal battery resistor and output LSC filter,
which consists of a SC and an inductor. The battery current is smoothed to supply
and receive only the low-frequency current component under any disturbances and load
conditions through cooperation with the SC. Complete guideline to design the parameters
of the BLSC-HESS is also presented.
All proposed control methods and configuration are demonstrated by simulation and

experiment with DC microgrid prototype in laboratory. Proper comparisons and discus-
sion are provided to show its effectiveness of the improved power management techniques
in DC microgrid.
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Chapter 1

Introduction

1.1 DC Microgrid
To integrate various renewable energy sources and supply power to a remote area, the
concept of microgrid has been introduced as an effective solution by Laseter et al. [1]. The
microgrid is an aggregated entity to integrate the distributed generators (DGs) including
the wind turbine, photo-voltaic (PV), and energy storage systems. There are two three
type of microgrid: AC microgrid, DC microgrid and Hybrid AC-DC microgrid. The AC
microgrid is developed to integrate the AC source from tradition grid such as AC generator
and AC loads. When DC coupled renewable energy resources such as the PVs and the
energy storage systems are integrated into the AC grid, some additional DC-AC converter
is necessary, so that it increases the cost and reduces the system efficiency. To overcome
these problems, the DC microgrid has been focused on significantly in these days [2–8].
Besides, the DC microgrid has no issues with reactive power flow and frequency regulation,
which results in a notably less complex control system.
The typical DC microgrid system is shown in Fig. 1.1, where all the DGs and loads

are connected to a common DC bus. To achieve cooperative control for various sources in
microgrid, droop control method has been generally used [8–15]. This method is based on
adding a virtual resistance control on top of inner voltage-current control loop. However,
it has some drawbacks such as: drop voltage on the DC bus due to the load demand,
inaccuracy power sharing due to the different line impedance. In [9], because a small zone
DC system is considered, the effect of line impedance is neglected. Nevertheless, this effect
becomes significant for a low-voltage DC system, which leads to the different load sharing
in distributed source. This problem in the droop control can be solved by a secondary
control which can be accomplished by the data communication link (DCL) between DGs
[16–19]. In secondary control, there are three categories such as decentralized control
[12,13], centralized control [20–23] and distributed control [19,21,24–26]. With advantages
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Figure 1.1: Typical configuration of DC microgrid.

of flexible in communication and reality, the distributed control gets noticed.
In order to stabilize the energy in DC microgrid, the battery energy storage system

(BESS) is one of the most promising solutions. So, the BESS should has an ability to
quickly provide the mismatch power between the load demand power and the harvested
power with high power density and energy density. However, none of the recent BESS
technology can provide high power density together with high energy density. Fortunately,
the supercapacitor has high power density which can be used to compensate the fluctua-
tion of the loads and source currents. To improve the performance of BESS, SC is used to
compensate the mismatch current caused by the limitation of BESS power density [27,28].

1.2 Review of DC Microgrid Power Quality

1.2.1 Power sharing between DGs
In DC microgrid, when unbalanced sharing condition is happened, there will be a source
supply higher power than others, which leads it to an overload condition. Therefore, the
accuracy sharing current is very importance task in DC microgrid. This problem could
happen when there is different in line impedance.
For accurate load sharing, there are two main methods: 1) Adjust the virtual impedance

or droop coefficient of droop control [11, 25, 29], 2) Average current method [21]. By
increasing the virtual impedance of droop control, S. Anand et al. in [25] can reduce the
error of sharing the load power but not precisely. Furthermore, this method can increase
the output impedance of DG’s converter, which leads system become unstable and degrade
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Figure 1.2: Power of DG units under unbalanced load sharing.

the output power of the DGs. In [11,29], the authors adjust the virtual impedance of droop
control to adapt the difference line impedance for achieving the correct power sharing.
By this way, the total output impedance of all DGs are the same so that the balanced
sharing power is ensured. However, this method may affect the stability of the system due
to the changes of droop characteristic. Inspire of that, the average current method used
in [21] compensate the error of power sharing by adding “shifted voltage” to the reference
voltage. This “shifted voltage” is calculated by the error between the output current of
each DG to the average current of all DGs. This method does not change the virtual
impedance of droop control which makes sure the stability of the system.

1.2.2 DC bus voltage quality
Generally, the DC microgrid source is controlled by droop controller to sharing the load
power when operating in parallel. However, as a characteristic of droop controller, the
output voltage is drop according to the load power condition. As shown in Fig. 1.2, the
DC bus voltage when the load changes is swing according to the output power.
Considering the bus voltage quality with the droop control, its drop level depends

on the load demand. For bus voltage restoration, the authors in [11, 21, 29, 30] used
average voltage to compensate the dropped voltage which made by droop controller. By
using DCL, the information of output voltage of DGs is sharing among all DGs; then
all DGs output voltage are shifted to make sure the average voltage of all DGs reach
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nominal voltage. If the variance of all DG output voltages is small, so this method can
regulate the loads voltage closed to nominal voltage. However, in low-voltage DC system,
the line impedance effect becomes significant that causes a higher DGs output voltage
variance.Therefore, the load voltage, which is lower than the DGs output voltage, become
more depressed and cannot be maintained closed to the nominal voltage.

1.2.3 Transient current and pulsed load condition
To compensate the transient current and pulsed load current, the SC is used to supply
the spike current as it has high power density compare with battery. Generally, the
SC is connected to the DC bus by a DC-DC converter. This converter is controlled by
a dedicated controller to support the battery in DC microgrid. Because SC is not a
generation source, to maintain the available of operation, the voltage or SoC level of SC
must be regulated at a certain level.
The recent proposed control methods for SC converter are divided into two group: 1)

high-pass filter method and 2) virtual capacitance method. The high-pass filter method
uses a high-pass filter to generate the reference output current [31–33]. This method
is easily implemented, however, the cooperation of multiple SC units in the system is
not guaranteed. To overcome this problem, the virtual capacitance method (VCM) is
proposed [34–38], and it becomes popular because it has some advantages such as easy
control and effective cooperation of multiple SC units. Unfortunately, both of high-pass
filter method and VCM are need an additional controller to regulate the state of charge
(SoC) of SC, so that the SC unit must change its operation mode from supporting the
microgrid mode to regulating the SoC mode. Many methods have been presented to
balance and recover the SoC of SC units, but none of them can operate seamlessly [36,39].
In low-voltage DC microgrid, the pulsed load should be considered [31,40,41]; the pulsed
load such as the laser head, drill head, and motor drivers, withdraws a large amount
of current in a short time. It makes the system operate under overload condition and
unstable. Because of the limited power density, the BESS cannot supply and support
the microgrid under the pulsed load condition, and also the recent SC control methods is
hard to supply DC current in short interval to support the BESS.

1.3 Objectives
From above mentioned problems, this thesis develops advanced control methods for DG
units and SC units in DC microgrid to compensate and improve the power quality of the
system. In addition, proposed methods should be easily applied in DC microgrid and
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keep a superb performance under various conditions. The power quality problems of DC
microgrid is cataloged into two groups: static power quality and dynamic power quality.
The static power quality is related to power sharing and DC bus voltage restoration in
steady state, while the dynamic power quality is related to the response of power delivery
of the sources under load changed condition.

Power sharing and DC bus voltage restoration

To reduce the DC bus voltage variation and enhance the load power sharing, several
improved control methods have been proposed based on secondary controllers for DC
microgrids. Anand et al. [25] reduced the error in load power sharing by increasing the
virtual impedance, which is used to determine the droop coefficient. They also added a
shifted voltage to regulate the voltage variation. Huang et al. introduced a method to
reduce the DC bus voltage variation by using an average voltage sharing control algorithm
[30]. However, these methods did not consider the line voltage fluctuation caused by the
load variation, so the current sharing was not accurately achieved.
To solve these problems, Xiaonan et al. proposed a low-bandwidth distributed control

method to transmit information about the voltage, current, and current sharing ratio of
each DG to achieve accurate load power sharing and keep the DC bus voltage stable [21].
Even though they considered the line impedance to share the load power, the power
sharing would not be achieved correctly when the load was changed because the line
voltage drop due to the load variation was not considered. Moreover, the system can be
unstable if the virtual impedance of a DG is not controlled properly.
Recently, a new control method based on a consensus protocol was proposed to overcome

DCL failures [11]. The average voltage and current information were used to adjust the
droop coefficient and shift the DG output voltages to balance the power sharing and
for voltage restoration. However, the DG output voltages change linearly according to
the line impedance to balance power sharing, so the output voltage of DGs becomes an
outlying nominal voltage due to the significant voltage drop across the line impedance,
especially in a low-voltage system. Therefore, the load voltage becomes more depressed
and it is difficult to maintain the nominal voltage.
In order to solve the un-proportional power sharing problem, a shifted voltage method

is introduced by considering the line impedance [42]. However, the DC bus voltage is
not effectively regulated to its nominal voltage because the DG output voltage drop due
to the virtual resistance is not taken into account. In this thesis, we propose a power
distributed control method to achieve proportional power sharing and improve the DC
bus voltage regulation. This is achieved by directly controlling the output power and the
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output voltage simultaneously. The average power method was used to control each output
power proportionally to the power capacity. A control method called maximum voltage
drop compensation is proposed to compensate the voltage drop of all DGs, such that the
DG with the lowest output voltage is controlled to reach its nominal voltage. Therefore,
the loads voltage in the DC microgrid is optimally restored without adjusting the droop
controller coefficient which depends on the rated current of the DG converter. Moreover,
with the low sampling frequency of the distributed controller, the proposed method can be
implemented with low-cost communication link and simple microprocessor.

Compensate the transient current for DG units

The bulky and high-cost DC-DC converter used to connect the supercapacitor and bat-
tery is another obstacle to integration of the supercapacitor into systems such as electric
vehicles and small residential buildings. A passive solution where the battery and su-
percapacitor are connected in parallel is widely used in electric vehicles because of the
low cost, low maintenance, and small volume. Moreover, the passive solution can operate
without considering the supercapacitor voltage or SoC. However, when the HESS is used
as an input source for a DC-DC converter to increase the power quality of the system,
the switching noise and ripple current from the DC-DC converter cannot be filtered out
by a conventional parallel battery-supercapacitor configuration. It also has a limitation
in that the high-frequency current component leaks to the battery side, which decreases
the battery life time.
To solve this problem, this thesis proposes a battery-inductor-supercapacitor HESS (BLSC-

HESS), which we developed by analyzing the HESS and DC-DC converter individually.
The BLSC-HESS can be easily connected to any DC-DC converter in a DC microgrid
with a simple droop controller. To analyze the reliability of the proposed topology, the pa-
rameters were investigated, including the capacitance of supercapacitor, inductance, and
internal resistance of the battery.
As the limitation of the BESS, the SC is used to compensate the current transient for

the BESS unit in DC microgrid. The recent proposed control methods for SC converter are
divided into two group: 1) high-pass filter method and 2) virtual capacitance method. The
high-pass filter method uses a high-pass filter to generate the reference output current [31–
33]. This method is easily implemented, however, the cooperation of multiple SC units in
the system is not guaranteed. To overcome this problem, the virtual capacitance method
(VCM) is proposed [34–36], and it becomes popular because it has some advantages such
as easy control and effective cooperation of multiple SC units. Unfortunately, both of
high-pass filter method and VCM are need an additional controller to regulate the state
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of charge (SoC) of SC, so that the SC unit must change its operation mode from supporting
the microgrid mode to regulating the SoC mode. Many methods have been presented to
balance and recover the SoC of SC units, but none of them can operate seamlessly [36].
To compensate the transient current and regulate the SC voltage seamlessly, this the-

sis proposed a new adaptive virtual impedance control method for SC unit. By adjusting
the virtual impedance according to the SC voltage level, the proposed method can seam-
lessly restore the SC voltage while supporting to compensate the transient current in DC
microgrid. The control method is easily implemented by modeling the SC unit as a volt-
age source in serial with a parallel capacitor and resistor. The performance of proposed
method is superb as it can compensate the transient current as well as conventional virtual
impedance control method and seamlessly restore the SC voltage.
The pulsed load such as the laser head, drill head, and motor drivers, withdraws a large

amount of current in a short time. It makes the system operate under overload condition
and unstable. Because of the limited power density, the BESS cannot supply and support
the microgrid under the pulsed load condition; moreover, the recent SC control methods
is hard to supply DC current in short interval to support the BESS. There are not many
researches to control the microgrid under pulsed load condition [31, 40, 43–46]. Authors
in [31] proposed a real-time energy management algorithm for hybrid AC/DC microgrid to
minimized the effect of pulsed load on the system stability. However, this control method
is implemented in higher level of control, which is hardly achieved in practical. Proposed
a controller in [43] actively charges the energy to a super capacitor and rapidly utilized
it. This method effectively compensates the peak current of the pulsed load; however,
the parallel operation is not considered. The method in [40, 45, 46] can improve the
performance of microgrid under pulsed load condition. However, this control method does
not compensate the transient current for DGs. A control method that can compensate
the transient current for DGs and support current for DGs under pulsed loads condition
has not been implemented.
A droop based controller for SC is proposed to cooperate multiple SC unit and com-

pensate the pulsed load current in DC microgrid [47]. However, the work only shows the
controller concept, further studies need to be carried such as detailed design process and
stability analysis. In this thesis, we expand the works for analysis the proposed droop-
based control method to compensate the transient load current for the pulsed load, and
to seamlessly regulate the SoC of SC without any interruption. According to the SoC of
SC and load condition, the nominal voltage of droop control is adjusted, and it helps SC
converter to change its operation mode and provide the current to compensate the load
variation and regulate the SoC at the same time.
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1.4 Contribution
From the research objectives presented above, theoretical analysis and experimental im-
plementation for the DC microgrid to tackle various power quality problems such as
unbalanced power sharing, DC bus voltage drop, current transient, and pulsed load con-
dition have been investigated in this thesis to demonstrate advanced features of proposed
control methods. From view points of the author, main contributions of the thesis are:

• Introduce the basic theory of controlling a DC microgrid from private controller to
secondary controller. The power quality problems are pointed out with a theory
analysis in detail. Beside that, the recent researches on DC microgrid power quality
is reviewed. Based on these analysis, the thesis proposed appropriate control method
to compensate and overcome these problems.

• Developed a control method for DG to proportionally sharing the load power and
restore the DC bus voltage by only used a low bandwidth communication net-
work. The proposed control method precisely shares the load power despite the load
changes and different line impedance. The DC bus voltage is restored by using a
shifted-voltage technique, which is regulated by secondary controller in a distributed
control concept. A prototype of 2.8kW test bed DC microgrid is implemented and
controlled by proposed method.

• Developed an adaptive virtual impedance control method for SC unit to compensate
the transient current for DGs in DC microgrid. The virtual impedance is adjusted
according to the SC voltage level, so that the output current of SC unit is changed
to regulate the SC voltage to reach its nominal value. The SC voltage is restored
without any additional controller.

• Developed a droop based control method for SC unit to compensate the transient
current and support the DC microgrid under pulsed load condition. The proposed
method effectively compensate the transient current as well as conventional virtual
capacitance method. Moreover, during the pulsed load is connected, it can support
very well the DGs by supplying an amount of DC current by using droop controller.
Therefore, the sharing current between SC units is ensured by the mean of droop
controller. The effectiveness of proposed method is verified by a DC microgrid
prototype controlled by TMS320F28379D.

• Developed a simple and compact HESS configuration to utilize the battery and SC
units in DC microgrid. By adding a serial inductor between battery and SC, the
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output current of HESS is decoupled into low and high frequency components. The
low frequency component is handled by battery, meanwhile the high frequency is
handle by the SC. The proposed deliveries a excellent performance in a compact
size.

1.5 Outline
• Chapter 1 introduces the basic of DCmicrogrid and and its power quality problems.

In addition, a brief review of recent research is presented regarding to power sharing,
DC bus voltage restoration, current transient, and pulsed load problems. Then, the
research objectives and contributions are outlined.

• Chapter 2 presents conventional control method in DC microgrid including the
hierarchical control. Beside that, the power quality problems related to the power
sharing, DC bus voltage variation, current transient and pulsed load is reviewed.

• Chapter 3 introduces a new power distributed control method for DC microgrid.
This method was developed to share the load power proportionally to the DG rated
powers and restore the DC bus voltage. The controller design process is presented
in detail along with the system stability analysis. The effectiveness of the method
was verified by simulation and experiments, which were carried out using a 2.8-kW
prototype of a DC microgrid.

• Chapter 4 firstly presents an adaptive virtual impedance control method for SC to
compensate the transient current in DC microgrid is also presented. The discussion
of controller parameters and simulation is carried out to show the effectiveness of
proposed control method. Secondly, this chapter presents a new control method for
Supercapacitor (SC) to compensate the transient load current and support the sys-
tem under the pulsed load. The effectiveness of the proposed method is investigated
and evaluated by an experimental DC microgrid prototype. The simulation and ex-
perimental results prove that the proposed methods can achieve high performance
and seamless control.

• Chapter 5 presents a new configuration of a hybrid energy storage system (HESS)
called a battery-inductor-supercapacitor HESS (BLSC-HESS) is presented to effec-
tively compensate the transient current for the battery. Complete guideline to design
the parameters of the BLSC-HESS is also presented. Simulation and experimental
results prove that the proposed BLSC-HESS configuration achieves high stability
performance and lower cost, and it is easily applied to a DC microgrid.
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• Chapter 6 concludes the works in this thesis. In additional, the future works are
mentioned to open some new topics on the DC microgrid and its applications.

• Appendix shows the experimental setup and used parameters for DC microgrid
and SC units.
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Chapter 2

DC Microgrid Control Principles and
Power Management

This chapter presents the basic principles of control methods in DC microgrid and its
power quality problems. In general, microgrid consists of a number of parallel converters
that operate in harmony. Local control loop handles the functions of: 1) output current-
voltage of converter, 2) source function such as MPPT, 3) output signal for upper level
control. For secondary control loop, a communication link is necessary to implement the
additional functions such as voltage restoration, state-of-charge balancing and current
sharing balancing . It can be divided into three groups:

1. Decentralized control : Communication link do not exist and power lines are used as
the only channel of communication.

2. Centralized control : A central controller collects all data from all units and send the
control signal to each via communication link.

3. Distributed control : A communication link is used between units and am additional
control method is operated locally.

The static and dynamic power quality in DC microgrid related to the distribution line
impedance, transient current and pulsed load are reviewed in this chapter.

2.1 Local control in DC microgrid
In this section, the local control is presented in detail. A basic local controller should
include droop control loop and inner voltage-current control loop. Droop control is com-
monly installed on the top of inner voltage-current loops for current or power sharing
purposes. Fig. 2.1 shows the principle of the droop control method based on power or
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Figure 2.1: Droop control method (a) power based, (b) current based.

current. For the power based droop control, the output voltage reference of ith unit can
be calculated as

V ∗oi = Vnom −RdiPoi (2.1)

where V ∗oi is output reference voltage, Rdi is power droop coefficient, Poi is output power
of unit ith, and Vmon is nominal voltage of DC bus. For the current based droop control,
the output voltage of ith unit can be calculated as

V ∗oi = Vnom − rdiioi (2.2)

where rdi is current droop coefficient of ith unit. The droop coefficients have importance
effect on the sharing accuracy and stability. The higher droop droop coefficient, the
sharing error is smaller but result in higher DC bus voltage deviation.
To control the converter, a double loop voltage-current control is implemented with

the output voltage reference is calculated in (2.1) or (2.2). The control diagram of inner
voltage-current loop coordinating with droop controller is shown in Fig. 2.2. Generally,
a PI controller is used to control the voltage or current; other advanced controller such
as fuzzy, PID can be utilized [48–50].
Finally, the operation mode of the converter can be changed according to the level of

DC bus voltage by meaning of droop control method. By adjusting droop parameters,
the operation modes of each unit in the system can be managed and changed according
to a scheduled scenario. Additional function of local control such as MPPT or charging
algorithm are not cover in this thesis.
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Figure 2.2: A basic diagram of local controller.

Figure 2.3: Control principles (a) Decentralized, (b) Centralized, (c) Distributed.

2.2 Coordinated control in DC microgrid
As discussed, depending on the configuration communication between the units in the
DC microgrid, it can be realized either by using decentralized, centralized, or distributed
control.

2.2.1 Decentralized Control
Decentralized coordination strategies are achieved exclusively by local controller as shown
in Fig. 2.3(a). The most common way to implement the decentralized coordination
method is using DC bus signaling, adaptive adjustment of droop coefficients, and power
line signaling. Without using a communication network, the advantage of decentralized
control is independence from digital communication technology. However, due to lack
of information from other units, its performance has some limitations. Moreover, these
methods use DC bus voltage as a signal to determine the operation mode of each unit,
the accuracy of voltage sensors impacts their effectiveness and reliability.
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Figure 2.4: An example of DC bus signaling control method.

The methods in [24, 51] used DC bus voltage level to coordinate the operation of each
unit on DC microgrid. An example of DC bus signaling method is illustrated in Fig. 2.4,
and the operation has three modes:

• Mode I: When load demand is low, the ESS is in charging mode with maximum
charging current. The generator is controlled by droop controller to balance the
DC bus voltage in order to balance the power. When the load demand increases,
the DC bus voltage will reduce as characteristic of droop controller, the system will
moves to Mode II.

• Mode II: When the load demand increase, the generator operates in maximum power
supplying mode, meanwhile the ESS is controlled by droop controller to maintain
the DC bus voltage in order to support the generator in supplying to the load.
When load demand reach maximum of supplying capacity of generator and ESS,
the system will operate in Mode III.

• Mode III: In this mode, the DC bus voltage keep drop if load demand keep increasing.
This means that the system is under overload condition. Some protection methods
need to be consider in this mode i.e. load shedding, under-voltage protection.
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Figure 2.5: An example of centralized control method.

2.2.2 Centralized Control
Centralized control can be implemented in DC microgrid by employing a central controller
and communication network to connect all the units in the system as shown in Fig.
2.3(b). Centralized control has advantage of implementing advanced control methods
since all relevant data can be collected and processed in a single controller. However,
the most disadvantage of this strategy is that if a single point of failure appears on the
communication network, the whole system will be failure. For a critical applications,
redundancy communication network is necessary but it increases the system cost. Many
recent researches is presented [20, 23, 52, 53] with advanced functions as multi operation
modes, optimal decision, and coordinating and optimal operation.
An example of centralized control is illustrated in Fig. 2.5. In this control method,

the generator power is controlled by central controller to obtain optimized operation cost
either ESS life time. The ESS is controlled by droop controller to maintain the DC bus
voltage; with fast power responding time, the ESS can support the system actively when
it operates under peak load. Some advanced functions can be implemented in the central
controller such as:

• Generator and ESS monitoring: These functions of central controller help to monitor
the operation of the system. It also collects the global information of the system.
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• Optimize Operation: By using collected information of the system and optimization
algorithm, the operation cost and life time of ESS is a cost function to optimize the
operation of the system. The output power of the generator is the final output of
optimization algorithm.

• Generator Power Command: Based on the optimized operation information, the
central controller can command the operation of generator in order to optimize the
system operation.

2.2.3 Distributed Control
Distributed control indicates the control principle where central control unit does not ex-
ist and LCs communicate only among themselves through dedicated DCLs, as shown in
Fig. 2.3(c). The main advantage of this method is that the system can override the single
point failure of communication links and maintain fully functional. In order to imple-
ment distributed control method,the information between units should be appropriately
processed. The local controller only have accessibility to its neighbor units. To overcome
this problem, a consensus algorithm can be used. The consensus can be described as

ẋi(t) =
∑
j∈Ni

[xi(t) = xj(t)] + bi(t) (2.3)

where xi(t) and xj(t) are the value of related variables used in distributed control of ith and
jth unit, Ni is the set of the neighbors of ith unit. The collective dynamics of communication
system realized via consensus protocol can be represented by the following equation:

ẋ(t) = −Θx(t) (2.4)

where Θ = [θij] is the graph Laplacian of the network, which its elements are defined as

θij =

−1, j ∈ Ni

|Ni| j = i
(2.5)

where |Ni| denotes the number of neighbors of unit ith. Recently, the consensus is used in
many research of microgrid application [54–56].
Distributed control can achieve additional functions such as current sharing, voltage

restoration, global efficiency enhancement, SoC balancing, and others can be easily real-
ized. Therefore, distributed control offers much wider functionalities than decentralized
control with ride through single point of failure capability. Two examples of distributed
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Figure 2.6: Example of distributed communication network configurations.

communication networks is shown in Fig. 2.6. The 1st network configuration in Fig.
2.6(a) has higher redundancy capability more than the one in Fig. 2.6(b).

2.3 DC Microgrid Power Quality Problems
The power quality in DC microgrid is cataloged into two types: static power quality and
dynamic power quality. The static power quality is considered as the power sharing and
DC bus voltage quality in steady state of the system. The dynamic power quality is
regarded as the quality of supplying power under load changes. The transient current in
this case is compensated to improve the dynamic power quality in DC microgrid.

2.3.1 Power Sharing and Voltage Drop of Droop Controller
For a simple analysis, a DC microgrid including two DGs and two loads is considered, as
shown in Fig. 2.7(a). The droop controlled DG sources can be modeled with the same
voltage magnitude Vdc1 = Vdc2 = Vdc, and their virtual impedances rd1, rd2, rline1, rline2 and
rline3 are the line impedances, while rload1 and rload2 are the loads. The equivalent load
rload and the equivalent line impedances r′line1 and r′line2 are obtained from (1) by applying
the delta-star transformation.

r′line1 =rline1 +
rline2rload1

rline2 + rload1 + rload2

(2.6)

r′line2 =rline2 +
rline2rload2

rline2 + rload1 + rload2

(2.7)

r̄load =
rload1rload2

rline2 + rload1 + rload2

(2.8)

By using (2.6)(2.7) and (2.8), Fig. 2.7(a) is simplified similarly to Fig. 2.7(b), and the
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Figure 2.7: DC microgrid modeling with (a) a droop controller modeled as a DC source
and virtual impedance, (b) equivalent circuit of the line impedance.

ratio of the output power of the two DGs can be derived as follows:

P1

P2

=
(r̄load + r′line1)i2out1
(r̄load + r′line2)i2out2

=
Vdciout1 − rd1i

2
out1

Vdciout2 − rd2i2out2
(2.9)

From (2.6)(2.7)(2.8) and (2.9), if the load is changed, the equivalent line impedance and
the power sharing of DGs also change, which makes the load power sharing dispropor-
tional. However, if Vdc is adjusted properly, the power sharing can be achieved despite
the load change.
From Fig. 2.7(b), the voltage drop is calculated as:

Vload = Vdc − iout1rd1 − iout1r′line1 (2.10)

= Vdc − iout2rd2 − iout1r′line2 (2.11)

From (2.10) and (2.11), the voltage on the load is drop because of the line impedance and
the virtual impedance of the droop controllers.

2.3.2 Current Transient and Pulsed Load in DC Microgrid
In DC microgrid, there are various types of loads such as pulsed power loads, propulsion
load, dedicated high power loads [57]. Among them, the pulsed power loads such as
radars, sonars, and electromagnetic weapons are loads that draw large amount of power
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Figure 2.8: SC unit supporting in DC microgrid (a) .

in a short interval from the system. It makes the system operates under overload condition
and unstable. Because of the limited power density, the BESS cannot supply and support
the microgrid under the pulsed load condition, and also the recent SC control methods is
hard to supply DC current in short interval to support the BESS.
The droop control is generally used in DC microgrid to share the current between

DGs. Therefore, the output currents of DGs are quickly follow the load demand as droop
characteristic. However, the output power of the renewable resource cannot quickly change
follow the load demand. To compensate the mismatch between DGs and the load, the
SC is used to supply the spike current as shown in Fig. 2.8(a). In this case the SC
only can supply the spike current but not a DC current. Recent researches are focus on
coordinating the SC unit and DG in DC microgrid and power sharing between SC units
and DG units [36, 37, 47, 58–61]. Moreover, the SC voltage level or SOC maintaining of
SC also importance task to keep the SC unit can operate continuously.
For above control methods, as the SC cannot supply the DC current component, the

SC cannot support the system under pulsed load, which power demand is higher than
the DG rated power. As shown in Fig. 2.8(b), the SC unit must supply an amount of
DC current as DG meet its limitation of output power to compensate the load demand
power. For this problem, there is not a effective method can support the pulsed load and
operate in parallel at the same time.
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Accurate Power Sharing and Restored
DC Bus Voltage

This chapter introduces a new power distributed control method for a DC microgrid to
improve power sharing and DC bus voltage quality in steady state. This method was
developed to share the load power proportionally to the distributed power source ratings
and restore the DC bus voltage when the load changes. To achieve this effectively, a
shifted voltage technique was developed based on the power rating and the instantaneous
power of distributed generators. By adding the shifted voltage, the voltage drop caused by
the droop controller is effectively compensated such that the DC bus voltage is constantly
regulated regardless of the load change. To realize the method, all the required information
to determine the reference voltage is transmitted through low-bandwidth communication.
The controller design process is presented in detail along with a system stability analysis.
The effectiveness of the method was verified by simulation and experiments, which were
carried out using a 2.8-kW prototype of a DC microgrid.

3.1 Distributed Control Method for Proportional Load
Power Sharing and Bus Voltage Restoration

Fig. 3.1 shows the droop control characteristics of the proposed method in the frame of
the output voltage and output power per unit. Initially, the operation points of two DGs
are A1 and A2 for DG1 and DG2, respectively. In this study, both the power sharing and
the voltage restoring are achieved by adding two additional voltages called the shifted
voltage. The first term of the shifted voltage (∆Vd[i]) is added to each DG to achieve
the balanced power per unit (point B1). The second term of the shifted voltage (∆Vs) is
then added to restore the DC bus voltage (the load voltage at point B2). Because these
operations are processed simultaneously, the operating points A1 and A2 move directly to
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Figure 3.1: Droop characteristic after applying a distributed controller.

B2, as shown in Fig. 3.1. The proposed distributed control diagram is illustrated in Fig.
3.2, which contains three main parts: the droop controller, the distributed controller, and
the inner voltage and current controller. Moreover, communication is needed to share
information between the DGs for the distributed controller operation.

3.1.1 Droop Control

Figure 3.2: Control diagram of proposed distributed control method.

The droop controller determines the virtual voltage drop across the virtual impedance
for each DG. The virtual voltage drop is determined by the droop coefficient in Fig. 3.2.
To minimize the line voltage drop on the DC bus, the droop control coefficient for all DGs
is given by (3.1):

Kd[i] =
Vnom − Vmin

Prated[i]

(3.1)

where Kd[i] is the droop coefficient of the ith DG droop control, Prated[i] denotes the rated
power of ith DG, and Vnom and Vmin are the nominal and minimum voltages of the DC
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bus, respectively. The virtual voltage drop on the ith DG is represented by (3.2), where
and are the output power and output power per unit of the ith DG, respectively.

Vd[i] = Kd[i]P[i] = ppu[i] (Vnom − Vmin) (3.2)

From (3.2), the power per unit is proportional to the virtual voltage droop since Kd[i]

is constant. If we assume that the proposed control method works properly, the power
per unit of all the DGs are balanced, and the virtual voltage drop on all the DGs are the
same.

3.1.2 Distributed Controller
To obtain the proportional load power sharing for each DG, the first term of the shifted
voltage is added to the reference output voltage, which is illustrated in Fig. 3.2. In
order to determine the shifted voltage, the output power per unit of each DG is identified
through low-bandwidth communication. Then, the average power supply of all DGs is
obtained by (3.3).

p̄pu =

(
n∑

i=1

ppu[i]

)
/n, ppu[i] =

P[i]

Prated[i]

(3.3)

where ppu is the average power supply of all DGs. The first term of shifted voltage of the
droop control for each DG becomes as follows:

∆Vd[i] =

(
kdP +

kdI
s

)(
p̄pu − ppu[i]

)
(3.4)

where kdP and kdI are the gains of proportional–integral (PI) controller for the first term.
Due to the line voltage drop and the virtual voltage drop, the voltage at the load is

much lower than its nominal value as shown in Fig. 3.1. Therefore, the reference voltage
of the DG should be boosted to restore the DC bus voltage to the nominal value. In order
to regulate the DC bus voltage, the estimated voltage drop of the ith DG ∆Vs[i] in (3.5)
is calculated based on the level of all the DGs.

∆Vs[i] =

(
ksP +

ksI
s

)(
Vnom − Vout[i]

)
(3.5)

where ksP and ksI are the PI controller gains of the second shifted voltage for each DG.
∆Vs[i]is calculated locally in the ith DG, and this value is shared with other DGs to select
the second term . The largest voltage drop in (3.5) is selected as the second shifted voltage
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Figure 3.3: Control flowchart of proposed distributed controller.

term in order to compensate the voltage drop at the load effectively:

∆Vs = max
i=1..n

(
∆Vs[i]

)
= ∆Vs[m] (1 ≤ m ≤ n) (3.6)

where ∆Vs[m] is the voltage drop of the mth DG that is largest among the voltage drops
obtained from (3.5). Finally, the reference voltage of the ith DG becomes the following:

V ∗[i] = Vnom − Vd[i] + ∆Vd[i] + ∆Vs (i = 1..n) (3.7)

The output voltage reference in (3.7) is obtained from only a PI controllers in (3.5) and
a simple comparison to find maximum value in (3.6). Therefore, the calculation burden
of distributed controller is much reduced.
A flowchart of the data flow is shown in Fig. 3.3, where the control loop is executed

every 20ms after sending or receiving data to and from the other DGs, Tdis is the period
of sending or receiving data, and Ts is the sampling period of the DG controller. The
inner voltage and current controllers are much faster than the droop and distributed
controllers, so the output voltage and current of the DG reach the reference values before
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the next distributed control cycle. By substituting (3.5) and (3.6) into (3.7), the following
is obtained:

V ∗[i] = Vnom − Vd[i] + ∆Vd[i] +
(
ksP +

ksI
s

) (
Vnom − Vout[m]

)
(i = 1...n) (3.8)

Equation (3.8) shows that the reference voltages of the remaining DGs are calculated
with the second term from the mth DG in (3.6) and the first term in (3.4). At steady
state, ∆Vs[m] reaches a constant value when the output voltage of the mth DG is equal
to the nominal voltage, and ∆Vd[i] is controlled by a PI controller in (3.4) to adjust the
output power to the average value. In addition, the load voltage is calculated from (3.9):

Vload = Vout[m] − iout[m]r
′
line[m]

= Vnom − iout[m]r
′
line[m]

(3.9)

Because the equivalent line impedance r′line[m] is small in practical applications, the load
voltage can be kept at the almost nominal voltage in spite of the load current variation.

3.2 Implementation of Controller and Stability Analysis

3.2.1 Voltage and Current Control Loop

Figure 3.4: Control diagram of a single converter.

A DG converter in microgrid is implemented based on a Buck converter. As shown in
Fig. 3.4, a double loop controller is employed for each DG converter with the reference
voltage calculated from (3.8). To coordinate the inner control loop, the current controller
should have high bandwidth. The inner current control loop is derived as:

[
Gcc(s)

(
iL[i] − i∗L[i]

)
Vin − Vout[i]

] 1

Ls
= iL[i] (3.10)
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Next, the open loop and closed loop transfer functions of the current controller are ob-
tained as (3.11) and (3.12), respectively:

TCO = VinGcc(s)
1

Ls
(3.11)

TCC =
VinGcc(s)

VinGcc(s) + Ls
(3.12)

where the PI regulator of the current controller is expressed as:

Gcc = kPc[i] +
kIc[i]
s

(3.13)

The cut-off frequency fcc of the current control loop is chosen as 1/20 of the switching
frequency fs. The phase margin of the current loop should be greater than π/4, and the
PI controller parameters and are designed based on (3.14) and (3.15).

TCO (jωcc) =

∣∣∣∣Vin(kPc[i] +
kIc[i]
jωcc

)
1

jωccL

∣∣∣∣ = 1 (3.14)

∠TCO (jωcc) ≥ −
3

4
π, (3.15)

where ωcc = 2πfcc.kPc[i] and kIc[i] are then obtained from (19):{
kPc[i] = ωccL/Vin
kIc[i]
kPc[i]

= λcωcc

, (3.16)

where λc is a value between 0.1 and 1 to ensure that the phase margin satisfies (3.15),
and it is chosen as 0.2 to have a good damping ratio of the closed-loop TCC .
The voltage control loop is expressed as:[(

V ∗[i] − Vout[i]
)
Gvc(s)TCC(s)

1

D
− Iout[i]

]
1

Cs
= Vout[i]. (3.17)

The open loop and closed loop transfer functions of the voltage controller are given in
(3.18) and (3.19), respectively:

TV O = Gvc(s)TCC(s)
1

DCs
(3.18)

TV C =
Gvc(s)TCC(s)

Gvc(s)TCC(s) +DCs
, (3.19)
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Figure 3.5: Bode diagram of closed voltage and current control loop.

where the PI regulator to control the output voltage Gvc is expressed as:

Gvc = kPv[i] +
kIv[i]

s
(3.20)

The cut-off frequency fcc of the current control loop is much higher than that of the
voltage control loop (fvc), so the current closed loop gain is regarded as unity in the
frequency range in which the outer voltage control loop is designed. Next, using a similar
procedure to that used for the current loop design, the parameters and of the PI regulator
of the voltage controller are obtained as follows:

kpv[i] = DCωvc

kIv[i]

kPv[i]

= λvωvc

(3.21)

where ωvc = 2πfvc, and λv is a value between 0.1 and 1 to maintain an ideal phase margin
that is chosen as 0.2 to have a good damping ratio of the closed loop TV C . With the
parameters in table 3.1, the Bode diagrams for the current and voltage closed loops are
shown in Fig. 3.5.

3.2.2 Droop and Distributed Controller
Fig. 3.6 shows the simplified control diagram of the droop controller using parameters
calculated from (3.1). In Fig. 3.6, V ∗dis[i] is the reference voltage obtained after the
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Table 3.1: DC Microgrid Parameters Used in Simulation.
Parameters Symbol Value

DC Microgrid Parameters
Bus Voltage Vnom 200V

VMIN 190V
Rated Powers Prated[1],[2],[3] 0.7, 1.5, 1.5 kW

Line Impedances rline 0.1Ω
Load 1, 2, 3 22, 66, 132Ω

DC-DC Converter Parameters
Output Capacitor C 2200µF

Inductor L 0.5mH
Input Voltage Vin 3300V

Figure 3.6: Simplified control diagram of droop control.

distributed controller, as shown in Fig. 3.2. The output voltage of the ith DG is described
as:

Vout[i] =
(
V ∗dis[i] −Kd[i]Vout[i]Iout[i]

)
TV C

= V ∗dis[i]TV C −Kd[i]Vout[i]TV CIout[i]

= Vnom − Zout[i]Iout[i]

(3.22)

where Zout[i] is the output impedance of the ith DG:

Zout[i] =
Vnom (1− TV C)−

(
∆Vd[i] + ∆Vs

)
TV C

Iout[i]
+Kd[i]Vout[i]TV C (3.23)

The negative sign in (3.23) shows that the distributed controller helps to reduce the output
impedance of DG converter.
The cut-off frequency of the distributed controller fdis is much lower than that of the

inner loop controllers. Thus, the inner control loop gain Gv(s) can be regarded as unity
when the distributed control loop is analyzed. Hence, the distributed control diagram can
be simplified as shown in Fig. 3.7. From Fig. 3.7(a), the transfer function is expressed as
follows for the open control loop of the first term for equalizing the output power of each
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Figure 3.7: Simplified control diagram of distributed controller: (a) first term, (b) second
term.

Figure 3.8: Output and input impedance model of the system.

DG unit:
TOD1 =

(
kdP +

kdI
s

)
Gv (s) Vout

rline[i]Prated[i]

≈
(
kdP +

kdI
s

)
Vout

rline[i]Prated[i]

(3.24)

The PI parameters of the first term are selected as kdP = 0.1 and kdI = 31.0 to make the
open loop cut-off frequency 5 Hz.
From Fig. 3.7(b), the open loop transfer function of the second term for the mth DG is

expressed as:

TOD2 =

(
ksP +

ksI
s

)
(3.25)

The open-loop cut-off frequency is also selected as 5Hz, and the PI parameters of the
second term become ksP = 0.1 and ksI = 31.0 from (3.25).
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3.2.3 Stability Analysis
A DC microgrid with n DG units as shown in Fig. 3.8 is considered for the system stability
analysis under the constant power load (CPL) by means of the Middlebrook criterion
in [62]. In the Middlebrook criterion, the ratio between the source output impedance
and the load input impedance is defined as the minor loop gain TMLG, and it is used to
evaluate the system stability. To guarantee the system stability, TMLG should satisfy the
following condition:

|TMLG| =
∣∣∣∣Zo

Zi

∣∣∣∣ =
1

GM
< 1 , (3.26)

where Zo is the source output impedance, Zi is the load input impedance, and GM is the
gain margin. From Fig. 3.8, the output impedance Zo is calculated as:

Zo (s) = Zout[1] ‖ Zout[2] ‖ .. ‖ Zout[n], (3.27)

where Zout[i] is defined in (3.23). A CPL can be modeled as a negative resistance ZCPL

parallel with a constant current source ICPL as follows [63]:

Zi (s) = ZCPL (s) = − V 2
out

PCPL

ICPL = 2
PCPL

Vout

(3.28)

where Vout is DC bus voltage, and PCPL is the power dissipated in CPL.
To simplify the stability analysis, we assume that all DGs have the same configuration

and that their output impedances are the same. Then, from (3.23) and (3.27), the output
impedance Zo becomes (3.29) by assuming that TV C = 1:

Zo (s) =

(
−∆Vd + ∆Vs

Iout
+KdVout

)
1

n
(3.29)

After substituting (3.28) and (3.29) into (3.26), the minor loop gain becomes

|TMLG| =
∣∣∣∣KdPCPL

nVout
− PCPL∆V

nV 2
outIout

∣∣∣∣ < 1 (3.30)

where ∆V = ∆Vd + ∆Vs. From Fig. 3.8, the load power PCPL is given as follows:

PCPL =
(Vnom − Vout)

Zo

Vout (3.31)

Substituting (3.29) and (3.31) into (3.30), the minor loop gain |TMLG| < 1 when
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Figure 3.9: Maximum allowable power of CPL with the change of α.

Figure 3.10: DC microgrid used in the simulation.

Vout > 0.5Vnom. So, the maximum allowable load power Pmax to keep the system sta-
ble is determined when Vout = 0.5Vnom:

Pmax =
nPrated(

2Vnom(Vnom−Vmin)
V 2
nom

− 4∆V Prated

V 2
nomIout

) (3.32)

Fig. 3.9 shows the maximum allowable of CLP with the DC microgrid parameters in
table 3.1 and α = ∆V/Iout. From Fig. 3.9, it is clear that the maximum allowable power
of CPL is much higher than the system rated power. Therefore, the DC microgrid with
the rated load power is always stable with the proposed method. When the distributed
controller regulates the output impedance in (3.29) to be smaller, the minor loop gain
TMLG in (3.26) also becomes smaller. Therefore, the system stable margin is increased.
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Figure 3.11: Performance of proposed method. (a) Power per unit. (b) First term of
shifted voltage. (c) Output voltage of DGs. (d) Second term of shifted
voltage.

3.3 Simulation Results
To evaluate the performance of the proposed method, a DC microgrid with three sources
was simulated using PSIM 9.0.2, as shown in Fig. 3.10. The parameters used for the
simulation are listed in Table 3.1. Each source is composed of a DC-DC buck converter
with an inner voltage–current controller, as shown in Fig. 3.4.
Fig. 3.11 shows the performance of the proposed control method with a constant load

(only load 1 is connected). The proposed control method is applied at t = 1.5s. Before
this time, the output powers per unit of DG1, DG2, and DG3 are 0.65, 0.49, and 0.46,
respectively. When the proposed scheme starts to operate at t = 1.5s, the output power
of each DG reaches 0.54 for each unit, as shown in Fig. 12(a). This occurs by adjusting
the first term, ∆Vd[i], which is plotted in Fig. 3.11(b). Fig. 3.11(c) shows that the
decreased DC bus voltage is restored to the nominal value by adding the second term in
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Figure 3.12: Dynamic responses for load changes with proposed method. (a) Output
currents of DGs. (b) Power per units of DGs. (c) Output voltages of DGs
and load voltage.

Fig. 3.11(d) to every DG’s reference voltage. In this case, DG1 with the lowest output
voltage is regulated to reach the nominal value of 200V , so the voltage drop at the loads
is minimized.
Fig. 3.12 shows the dynamic response for the load changes with the sequence described

in Table 3.2. After a short transient time, each output current of a DG in Fig. 3.12(a)
becomes proportional to its rated power, the output powers per unit for all DGs become
exactly the same, as shown in Fig. 3.12(b), and the lowest load voltage is restored to the
nominal value of 200V , as shown in Fig. 3.12(c).
Fig. 3.13 shows the dynamic performance of the proposed method from when the rated

power of a DG changes under the same load conditions. Initially, all DGs operate with
the rated powers given in Table I. At t = 5s, the rated power of DG1 changes from 0.7kW

to 1.5kW , and both DG2 and DG3 change from 1.5kW to 0.7kW . Fig. 3.13(a) shows
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Table 3.2: Load change sequences.
Time (s) Load connected
0 to 3.5 Load 1
3.5 to 5 Load 1+2
5 to 6.5 Load 1
6.5 to 8 Load 1+2+3

Figure 3.13: Rated power change response of proposed method. (a) Power per unit. (b)
First term of shifted voltage. (c) Output voltage of DGs. (d) Second term
of shifted voltage.
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Figure 3.14: DC microgrid used in experiment.

that the powers per unit of all DGs are increased from 72% to 87% by controlling the
shifted voltage ∆Vd[i] plotted in Fig. 3.13(b) because of the reduced total rated power.
As shown in Fig. 3.13(c), the load voltage is effectively regulated within 1% tolerance of
the nominal voltage of 200V by adjusting the second term plotted in Fig. 3.13(d).

3.4 Experimental Results
For simple experimental verification, the DC microgrid with two DGs shown in Fig. 3.14
was used instead of the three DGs used in the simulation because DG2 and DG3 are
located close together and their performance is almost the same. The parameters used in
the experiment are shown in Table 3.1. DGs are controlled by two DSP TMS320F28335
microcontrollers, and a CAN interface is implemented with the built-in microcontroller
CAN module. To emulate the delay time, a low frequency of 50Hz (20ms) is considered
for sending and receiving data. Each DG shares its power per unit information in (3.3)
and the second term of the shifted voltage in (3.6).
To investigate the performance of the proposed method, only load 1 is connected to

the DC bus, and two DGs are connected with the rated power given in Table 3.1. In
Fig. 3.15, after a short transient time of almost 500ms, each DG shares the load power
proportionally to its power rating (in this case, the power per units are the same), and
the lowest output voltage is regulated to the nominal value of 200V. Fig. 3.16 shows the
first terms of the shifted voltage for the droop control (∆Vd[1],∆Vd[2]), the second term
(∆Vs), and the lowest output voltage (VDG1). In Fig. 3.16, the load voltage is constantly
regulated at 200V with a small tolerance of 1V .
Fig. 3.17 shows the dynamic performance of the proposed method from when the load

was sequentially connected to the DC bus with an interval of 2s. From Fig. 3.17, the
lowest output voltage of DG1 is regulated to the nominal value of 200V , while the load
power is proportionally shared. Fig. 3.18 shows the shifted voltage terms during the
load changes. The behavior of the experimental results exactly corresponds to that of
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Figure 3.15: Dynamic performance of proposed method - DG outputs.

Figure 3.16: Dynamic performance of proposed method - DG shifted voltage and load 1
voltage.
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Figure 3.17: Performance of proposed method in case of load change - DG outputs.

Figure 3.18: Performance of proposed method in case of load change - DG shifted voltage
terms and load 1 voltage.
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the simulation results. It is also clear that the proposed control method can accurately
achieve proportional load power sharing and DC bus voltage restoration.

3.5 Summary
In this chapter, a new voltage distributed control method was developed by introducing
a novel voltage shift technique. The shifted voltages were obtained by considering the
voltage drops throughout the distribution system to generate the DG’s output reference
voltage. By using the proposed shifted voltage technique, the voltage drop caused by
the droop controller was effectively compensated to restore the DC bus voltage as well
as to achieve accurate proportional load power sharing. Furthermore, the system cost is
reduced because the proposed control scheme can be realized with a low-bandwidth DCL,
which is used to share all information between DGs.
This chapter also offered design guidelines to implement a reliable DC microgrid system

with high performance, and good power quality, as well as a system stability analysis. The
effectiveness of the proposed control method was verified by simulation and an experiment
with a 2.8kW prototype. The simulation and experimental results verify that the DC bus
voltage is restored to its nominal voltage and that proportional load power sharing is
achieved regardless of the load variation.
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Chapter 4

Dynamic Power Sharing for Transient
Current

In previous chapter, the voltage deviation and power sharing problems in steady state
are solved. In this chapter, the problem of transient current compensation is taken into
account as dynamic power quality problem. A supercapacitor is utilized to supply or
absorb the spike current within DC microgrid to improve the dynamic power quality. The
local controller is controlled to share power between DGs and SC so that the SC handles
the high frequency current while the DG handles the low frequency current. A typical
DC microgrid with SC units is connected to common DC bus via a DC-DC converter is
shown in Fig. 4.1.
In this chapter, an adaptive virtual impedance control method is proposed to control

the SC converter to compensate the transient current in DC microgrid under load change
condition. However, this control method cannot support the DGs under pulsed load
condition. To overcome this condition, a droop based control method for SC is also
proposed. By supplying the short term mismatch power between source and load, the

Figure 4.1: Typical configuration of a DC microgrid including SC units.
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Figure 4.2: Equivalent circuit of DC microgrid with VCM.

droop based control method can compensate the pulsed load current to improve the
dynamic power quality in DC microgrid.

4.1 Adaptive Virtual Impedance Control Method for
Supercapacitor

This section presents a new control method for Supercapacitor (SC) to compensate the
transient for the distributed generation in DC microgrid. The SC unit converter is con-
trolled so that it is modeled as a constant voltage source in series with a capacitor in
parallel with a resistor. The value of the resistor is adjusted according to the level of
the SC voltage; it becomes negative to charge the SC when SC voltage is lower its nom-
inal value; and become positive to discharge the SC when the SC voltage is higher its
nominal value. The power sharing between SC units is ensure by the meaning of virtual
impedance control method. Simulation result is carried out to show the effectiveness of
proposed control method.

4.1.1 System Configuration and Conventional Virtual Capacitance
Control Method

A typical DC microgrid including the SC units is shown in Fig. 4.1, where the sources
and loads are connected to a common DC bus. The SC units are used to compensate
the transient current for DG units. For SC units in microgrid, virtual capacitance control
method is generally used to compensate the transient current for DGs. The DC microgrid
controlled by conventional droop controller and VCM can be model as in Fig. 4.2.
As described in chapter 4.2, the relationship between output voltage and current of DG

can be expressed as
vDG = Vnom − rdiDG, (4.1)
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Figure 4.3: Proposed control method (a) Equivalent circuit, (b) Virtual resistance lookup
curve.

and for the SC unit
vSC = Vnom −

1

Cvs
iSC . (4.2)

As the load variation and power losses on the converter, the SC voltage will reduce by
the time of SC unit operating. To recover the SC voltage, an additional control loop is
added and the operation of SC unit is interrupted when this control loop is enable.

4.1.2 Proposed Adaptive Virtual Impedance Control Method
4.1.2.1 Proposed Control Method

As shown in Fig. 4.3(a), the proposed adaptive virtual impedance control method (AVICM)
is modeled as a constant voltage source in series with a capacitor and resistor in parallel.
The resistor Rv value is depend on the SC voltage level as shown in Fig. 4.3(b). When
the SC voltage Vsc is higher than its nominal value Vsc0, the value of Rv becomes positive
to discharge the SC. When SC voltage is lower than its nominal value, the value of Rv

becomes negative to charge the SC. The value of Rv is calculated as

1

Rv

=
1

Rvmin

.
Vsc − Vsc0

Vscmax − Vsc0
(4.3)

where Rvmin
is minimum value of Rv, vscmax and vscmin

are the maximum and minimum
value of SC voltage, the nominal voltage of SC Vsc0 = (Vscmin

− Vscmax)/2. The value
of Rvmin

decides the speed of SC voltage recovering. The output voltage of the SC unit
converter is expressed as

vSC = Vnom − iSC
1

Cvs+ 1/Rv

. (4.4)

When the SC voltage reaches its nominal value, the value of Rv becomes 1/Rv = 0 or
Rv =∞, sot that the virtual resistor is neglected in this case. The total value of virtual
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Figure 4.4: Bode diagram of virtual impedance of proposed method.

Figure 4.5: Control diagram of proposed method.

impedance is plotted as in Fig. 4.4 with the value of Cv = 2F , and Rv = ±0.5 → ∞.
It shows that the virtual impedance becomes Rv at low frequency range and 0 at high
frequency range. As a result, the only high frequency component is absorbed by the SC
unit while the low frequency component is charged or discharged to the SC by the value
of virtual resistor Rv to recover its SC voltage .

4.1.2.2 Controller Design

The control diagram is shown in Fig. 4.5, which consists of three control loops: inner
current loop, inner voltage loop and outer SC voltage control loop. The inner current
and voltage control loops design can be referred to chapter 4.2 - section 3. For the outer
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adaptive virtual impedance, the value of the Cv and Rvmin
must be decided. The value of

the Cv decides the cut-off frequency ωc of the sharing current between DG and SC units.
Relating to section 4.2.1, the cut-off frequency ωc is calculated as

ωc =
1

rdCv

(4.5)

where rd is equivalent droop coefficient of all DG. Therefore, by deciding the cut-off
frequency ωc, the value of virtual capacitance Cv can be calculated as

Cv =
1

rdωc

(4.6)

The minimum value of the Rvmin
decides the maximum charging or discharging current

of SC unit. It is calculated based on the rated current of the SC converter as

MIN(Rvmin
) =

Vnom − Vmin

Iscrated
(4.7)

where Iscrated is rated current of SC converter. Therefore, the value of Rvmin
cannot be

smaller than the value in (4.7). More larger value of Rvmin
, the slower recovery of SC

voltage be.

4.1.3 Simulation Results

Table 4.1: Parameters used in simulation
Parameters Symbol Value

DC Microgrid Parameters
Bus voltage Vbus 45− 48V
Rated current IDG 8A
Normal load 12Ω
Pulsed load 10Ω

SC Converter
SC Csc, Rsc 2F, 4F, 0.01Ω

Output capacitor Co 4400µF
Inductor L 0.3mH

Output line impedance Rline 0.01Ω
Switching frequency fs 20kHz

A DC Microgrid as shown in Fig. 4.1 with two DG and two SC units is simulated by
PSIM to verify the performance of proposed method. The parameters of DC microgrid,
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Figure 4.6: Simulation result - two SC units have same parameters.

DC-DC converters, and controllers are shown in table 4.1. A load of 10Ω is connected to
DC at the moment of 10s to test the performance of the proposed method.
To verify the performance of proposed control method, two SC units are controlled and

configured with same parameters as Cv1 = Cv2 = 1, Rv1min = Rv2min = 0.5, the initial
voltage of two SC units is 24V and they have same capacity of 4F . The simulation result
is shown in Fig. 4.6. Sharing current between DGs and SC units is shown in Fig. 4.6(a),
it shows that the output currents of two SC units are the same. The SC voltage is reduced
when the load is connected and then recovered to 24V as in Fig. 4.6(b). The value of
1/Rv1 and 1/Rv2 are adjusted according to the SC voltage as shown in Fig. 4.6(c). It
becomes zero when the SC voltage reach its nominal value at 24V.
In the condition of different capacity of the SC as Csc1 = 2F,Csc2 = 4F , the per-

formance of proposed method is verified as: case I: they have same value of mini-
mum resistance as Rv1min = Rv2min = 0.5; case II: the value of minimum resistance
as Rv1min = 1, Rv2min = 0.5. Fig. 4.7 shows the simulation results of case I. The current
sharing becomes unbalanced between SC units as shown in Fig. 4.7(a). The SC voltage
restoration of SC1 have a high overshoot as shown in Fig. 4.7(b). It is the result of the
different of the virtual resistance as in Fig. 4.7(c). In case II, when the minimum virtual
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Figure 4.7: Simulation result - two SC units have different SC capacity and Rv1min =
Rv2min = 0.5.

resistance is changed as Rv1min = 1, Rv2min = 0.5, the sharing current between SC is
corrected as in Fig. 4.8(a) as the value of virtual resistance is identical in Fig. 4.7(c).
When the SC units have different initial SC voltage, the performance of proposed

method is shown in Fig. 4.9. In the initial time, the SC2 unit has lower SC voltage,
it operates in charging mode to recover its SC voltage with higher current as in Fig.
4.9(a). Finally, both SC units have same SC voltage and output current, which shows the
effectiveness of proposed method in SC voltage restoration.
A final test of proposed method when the load is continuously connect and disconnect

to the DC bus is carried out. The simulation results are shown in Fig. 4.10. Even though
two SC units have different initial SC voltage, after a period of operating, the SC voltages
of two units are recovered to nominal value and share the same amount of current in the
end.
The simulation results show that the proposed method can compensate the output

current of the DG at the same time with its SC voltage restoration. The proposed method
also has a superior performance under different conditions such as different SC capacity,
unbalance SC voltage, and continuously load changes.
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Figure 4.8: Simulation result - two SC units have different SC capacity and Rv1min =
1, Rv2min = 0.5.

4.1.4 Conclusion
This section proposed an adaptive virtual impedance control method for SC unit in DC
microgrid to compensate the transient current of the loads. More over, by actively ad-
justing the virtual impedance according to the SC voltage level, the proposed method
smoothly restores the SC voltage at the same time with compensating the transient cur-
rent. Based in virtual capacitance method, the SC units can operate in parallel to sharing
the pulsed current; by recovering the SC voltage, the SC units in DC microgrid always
have same SC voltage level to maximize the availability of the system. The proposed
control method effectively operates under various condition such as different SC capacity,
unbalance SC voltage, and continuously load changes. The effectiveness of the proposed
method is verified by simulation results.
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Figure 4.9: Simulation result - two SC units have different initial SC voltage.
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Figure 4.10: Simulation result - under continuously load changed.
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Figure 4.11: Typical configuration of a DC microgrid.

Figure 4.12: DC microgrid modeling when VCM control method is used for SC unit.

4.2 Compensate the Pulsed Load Current by Using
Supercapacitor

In recent chapters, the pulsed load is not considered and its effect to the power quality in
DC microgrid is discussed in Chapter 2. This section presents a new control method for
Super-capacitor (SC) to compensate the transient load current and support the system
under the pulsed load. Moreover, the cooperation of the multiple SC units in DC microgrid
is also ensured by proportionally sharing the supporting current between the SC units.
The current sharing between the SC units is achieved by means of the droop control
concept which is innovated to adapt in SC controller. The conventional droop control is
modified so that it can adaptively change its operation mode and parameters in order to
compensate the load transient current and regulate the state of charge of the SC. The
effectiveness of the proposed method is investigated and evaluated by an experimental
DC microgrid prototype. The experimental results prove that the proposed method can
achieve high performance and seamless control.
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4.2.1 System Configuration and Conventional Control Method
A typical DC microgrid including the SC units is shown in Fig. 4.11, where the sources
and loads are connected to a common DC bus. The SC units are used to compensate the
mismatch current between the DGs and the loads to enhance the DC bus voltage and
power supply quality. In DC microgrid, the droop control is commonly used for the load
sharing among the DGs. The relationship between the output voltage and output current
of a DG is expressed as:

vDG = Vnom − iDGrd (4.8)

where vDG and iDG are the output voltage and the current of DG, and rd is the droop
coefficient which is regarded as the virtual resistance of DG, respectively. By replacing
the virtual resistance by virtual capacitance, the virtual capacitance method (VCM) is
used for SC to compensate the transient current of the loads. As shown in Fig. 4.12,
the conventional VCM is modeled as a voltage source connected in series with a virtual
capacitor. The relationship between the output voltage and the current of SC unit is
expressed as

vSC = Vnom −
1

Cvs
iSC , (4.9)

where vSC and iSC are the output voltage and current of SC unit, and Cv is the virtual
capacitance of VCM. As the droop coefficient is much higher than the line impedance, the
line impedance is neglected in these following calculations. From Fig. 4.12, the output
voltages and currents are expressed as

vDG = Vnom − rdiDG

vSC = Vnom − 1
Cvs

iSC

iLoad = iDG + iSC

. (4.10)

When the SC is used to compensate the transient loads current, the sharing currents
between DGs current and SC current are obtained in (4.11) from (4.10):iDG = G1(s)iLoad = 1

srdCv+1
iLoad

iSC = G2(s)iLoad = srdCv

srdCv+1
iLoad

. (4.11)

From (4.11), we can see that the loads current is shared between SC and DG by a low
pass (LP) filter and a high pass (HP) filter. The low frequency component is handled by
DG while the high frequency component is handled by SC. The cut-off frequency of LP
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and HP filter is calculated as
ωc =

1

rdCv

. (4.12)

From (4.12), the current rate change, which is affected by the cut-off frequency of LP and
HP filter, depends on the droop coefficient. On other hand, the current rate change is
secured by the characteristic of the DG source (such as battery, fuel cell. . . ). However,
the droop coefficient is chosen by the rated current of DG, and it can be changed by
the system reconfiguration. Thus, the cut-off frequency is changed, and it affects the
performance of the system.
Moreover, because the output current of the SC converter only contains the high fre-

quency component of the load current from (4.11), the SC converter cannot supply a DC
current to support the microgrid when a pulsed load is connected to the DC bus. As a
result, the DC bus voltage is highly dropped because the DG converters operate under
the overload condition.
In practical applications, the losses of DC-DC converters and the random connection

of the loads makes the SC units operate with unbalanced power flow from the charge and
discharge modes. Therefore, the SoC or SC voltage level of SC unit is not regulated after
an interval of operation.

4.2.2 Proposed Droop Based Controller for Supercapacitor Unit
As shown in Fig. 4.13, the SC converter in our proposed method is modeled as a variable
voltage source ṼSC0connected in series with a resistor rdSC

as

vSC = ṼSC0 − rdSC
iSC . (4.13)

The SC converter controls to compensate the load transient current and the SC state of
charge (SoC) simultaneously; the objective of the proposed method is compensating the
load transient current as well as regulating the SoC of SC. The droop coefficient of SC
converter is chosen to be very small compared with the droop coefficient of DG converter.
From Fig. 4.13(a), the output current of DG and SC are given as follows:iDG = il

rdSC

rd+rdSC

+
Vnom−ṼSC0

rd+rdSC

iSC = il
rd

rd+rdSC

− Vnom−ṼSC0

rd+rdSC

(4.14)

where il, iDG and iSC are the load current, DG and SC output currents, respectively. From
(4.14), as rdSC

is very small compared with rd, the high frequency component of il much
reduces its effect on the DG current iDG because rdSC

/(rd + rdSC
) is neglectable. Hence,
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Figure 4.13: Proposed control method (a) DC microgrid equivalent circuit and (b) droop
curve.

the output current of DG is dependent on the variable voltage source ṼSC0 . On the other
hand, the output current of the SC converter has only high frequency component of the
load current il as the ratio rd/(rd +rdSC

) is approximated as unity. Therefore, by properly
controlling the variable voltage ṼSC0 , the load current can be shared between DG and SC
based on the frequency range.
The SoC of SC is indicated by the SC voltage level. So, by regulating the SC voltage vSC ,

the SoC of SC is also guaranteed at nominal level. In this section, the nominal operation
point of SoC is 70% which is regarded as the SC voltage level at v∗SC . For illustrating the
operation of the proposed method, the droop curves of DG and SC converter are shown
in Fig. 4.13 (b). Initial, the operation point of DG is at point A and the SC is at point
B. If the SoC of the SC is higher than rated level, the value of ṼSC is adjusted slowly
so that the operation point of SC is changed to B2, where the SC operates at discharge
mode. In vice versus, if the SoC of SC is lower than rated level, the operation point of SC
is slowly changed to B1 where the SC operates in charge mode. Therefore, the SoC of SC
can be automatically restored. Moreover, by using droop control, multiple SC converter
can operate normally.
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Figure 4.14: (a) Bidirectional Buck-Boost Converter, (b) State 1 – Q1 ON and Q2 OFF,
and (c) State 2 – Q1 OFF and Q2 ON.

4.2.3 Small Signal Modeling and Controller Design
4.2.3.1 Converter Modeling

A bidirectional buck-boost converter (BBBC) is used to connect the SC to the DC bus
as shown in Fig. 4.14(a). In a BBBC, switches Q1 and Q2 are complimentary to each
other and there are only two sub-intervals of power state: State 1 (Q1 ON and Q2 OFF)
and State 2 (Q1 OFF and Q2 ON) as shown in Fig. 4.14(b) and (c). From Fig. 4.14(b)
of the state 1 when Q1 is ON and Q2 is OFF, the power state equations in state 1 can
be expressed as

dvo
dt

= − 1

Co

Io = − 1

CoRline

(vCo − Vbus), (4.15)

diL
dt

=
vsc
L
− Rsc

L
iL, (4.16)

dvsc
dt

= − iL
Csc

(4.17)
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where vCo , vsc and iL are output voltage, SC voltage and inductor current of the converter.
The state equations in (4.15) (4.16) and (4.17) can be rewritten as (4.18).

Ẋ =

 v̇o

v̇sc

i̇L

 =

 −
1

Coline
0 0

0 0 − 1
Csc

0 1
L
−Rsc

L


 vo

vsc

iL

+


1

CoRline

0

0

 [Vbus] . (4.18)

In state 2 as in Fig. 4.14(c), when Q1 is OFF and Q2 is ON, the power state equations
are obtained as

dvCo

dt
=

1

Co

iL −
1

CoRline

(vCo − Vbus) , (4.19)

diL
dt

= − 1

L
vCo +

vsc
L
− Rsc

L
iL, (4.20)

dvsc
dt

= − iL
Csc

. (4.21)

And they can be rewritten as (12).

Ẋ =

 v̇Co

v̇SC

i̇L

 =

−
1

CoRline
0 1

Co

0 0 − 1
CSC

− 1
L

1
L
−RSC

L


vCo

vSC

iL

+


1

CoRline

0

0

 [Vbus] . (4.22)

By using averaged large signal model, the state of the converter can be expressed as

Ẋ =

 v̇Co

v̇SC

i̇L

 =

−
1

CoRline
0 1−D

Co

0 0 − 1
CSC

−1−D
L

1
L
−RSC

L


vCo

vSC

iL

+


1

CoRline

0

0

 [Vbus] . (4.23)

where D is duty cycle of the converter. For constructing small signal model, the delta
terms are aggregated in (4.23) and the result is obtained as

X̂ (s)

d̂ (s)
= (sI − A)−1 ((A1 − A2) X̄ + (B1 −B2) Ūi

)
, (4.24)

where X̄ is averaged value of X, Ūi is averaged value of Ui, and

A =

−
1

CoRline
0 1−D

Co

0 0 − 1
CSC

−1−D
L

1
L
−RSC

L

 , B =


1

CoRline

0

0

 (4.25)
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Figure 4.15: Control diagram of proposed method.

A1 =

−
1

CoRline
0 0

0 0 − 1
CSC

0 1
L
−RSC

L

 , A2 =

−
1

CoRline
0 1

Co

0 0 − 1
CSC

− 1
L

1
L
−RSC

L

 (4.26)

B1 = B2 =


1

CoRline

0

0

 . (4.27)

Note that for the SC application in DC microgrid, the Io remains zero in steady state, the
SC voltage vsc should be keep in nominal value Vsc0. Then, the duty to inductor current
Gid (s) and duty to output voltage Gvd (s) are obtained a

Gid (s) =
VbusCscs (CoRlines+ 1)

CoCscLRlines
3 + (CoCscRlineRsc + CscL) s2

+ (CoRline + CscRline + CscRsc + CscD
2Rline − 2CscDRline) s+ 1

, (4.28)

Gvd (s) =
VbusCscRline (1−D) s

CoCscLRlines
3 + (CoCscRlineRsc + CscL) s2

+ (CoRline + CscRline + CscRsc + CscD
2Rline − 2CscDRline) s+ 1

, (4.29)

Gvsc (s) = − Vbus (CoRlines + 1)

CoCscLRlines
3 + (CoCscRlineRsc + CscL) s2

+ (CoRline + CscRline + CscRsc + CscD
2Rline − 2CscDRline) s+ 1

. (4.30)

4.2.3.2 Inner Controller Design

The calculated of the BBBC model is used to design the proposed controller in Fig. 4.15.
There are four control loops: inner current loop, inner voltage loop, droop control, and
SC voltage control loop.

Inner inductor current control loop
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Figure 4.16: Bode diagram of the inner current control loop.

The inner inductor current loop can be expressed as

(i∗L − iL)

(
kPc +

kIc
s

)
Gid (s) = iL, (4.31)

where i∗L and iL are reference and actual inductor current, kPc and kIc are PI gains of
current controller. The cut-off frequency fcc of the current loop is smaller than 1/10 of
switching frequency fs. with infinity of gain margin and 75o of phase margin. By using
SISO toolbox, the gains of the PI controller are selected as kPc = 0.0676 and kIc = 15.031

and the bode diagram of inner current loop is plotted in Fig. 4.16.
Inner output voltage control loop
From (4.28) and (4.29), the transfer function of voltage over inductor current Gvi(s)

can be obtained as:
Gvi (s) = Gvd(s)/Gid(s) =

Rline (1−D)

RlineCos+ 1
(4.32)

From Fig. 4.15, the inner output voltage control loop can be expressed as

(v∗o − vo)
(
kPv +

kIv
s

)
TCCGvi = vo, (4.33)

where v∗o and vo are reference and actual output voltage, kPv and kIv are PI gains of
output voltage controller, TCC is gain of closed inner inductor current control loop. To
design the voltage loop controller, the gain of TCC is considered as unity as its bandwidth
is much higher than the voltage control loop. By using SISO toolbox, the gains of the PI
controller are selected as kPc = 20.216 and kIc = 26.955 and the bode diagram of inner
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Figure 4.17: Bode diagram of the inner voltage control loop.

current loop is plotted in Fig. 4.17.
Outer SC voltage control loop
The outer SC voltage control loop is used to restore the SC voltage. The control loop

can be described as(
(V ∗sc − vsc)

(
kPsc +

kIsc
s

)
− ioutrdsc

)
TV CGvv = vsc (4.34)

where kPsc and kIsc are PI gains of the SC voltage controller, TV C is closed loop gain of
voltage control loop, and Gvv is the output voltage to SC voltage transfer function. The
Gvv can be obtained as

Gvv (s) =
Gvsc (s)

Gvd (s)
= − CoRlines+ 1

CscRline (1−D) s
(4.35)

The gain of TV C can be seem as unity when design the SC voltage loop. The gains of
PI controller can be obtained by using SISO toolbox, kPsc = 7.912 and kIsc = 0.08157

for cut-off frequency at 2.5Hz and 90o of phase margin. The bode diagram of SC voltage
control loop is shown in Fig. 4.18.

4.2.4 Simulation Results
A DCMicrogrid as shown in Fig. 4.11 with one DG and two SC units is simulated by PSIM
to verify the performance of proposed method. The parameters of DC microgrid, DC-DC
converters, and controllers are shown in table 4.2. A pulsed load of 8Ω is connected to
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Figure 4.18: Bode diagram of the SC voltage control loop.

Table 4.2: Parameters used in simulation
Parameters Symbol Value

DC Microgrid Parameters
Bus voltage Vbus 45− 48V
Rated current IDG 8A
Normal load 12Ω
Pulsed load 8Ω

SC Converter
SC Csc, Rsc 4F, 0.01Ω

Output capacitor Co 4400µF
Inductor L 0.3mH

Output line impedance Rline 0.01Ω
Switching frequency fs 20kHz
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Figure 4.19: Simulation result of conventional VC method under pulsed load.

DC bus in short interval of 0.6s to verify the performance of proposed method.
To compare with conventional virtual capacitor method, one SC converter is controlled

by both proposed method and conventional VC method. Fig. 4.19 and Fig. 4.20 show
the simulation results of conventional VC and proposed method under pulsed load. It
shows that proposed method has same performance with conventional VC method at the
transient moment to cut the peak current for the DG. However, when the DG cannot
supply the peak current for the pulsed load as in Fig. 4.19(a) because it cannot supply
the DC current to support mismatch current of pulsed load as Fig. 4.19(b), the DC
bus voltage in Fig. 4.19(c) is significantly dropped. Moreover, the DG output current
is greater than 8A, which means that DG operated in overload condition in this case.
By applying proposed method, the output current of DG is limited at 8A as shown in
Fig. 4.20(a), the mismatched current is supplied by SC converter as in Fig. 4.20(b). As
a result, the DC bus is regulated and kept within 45-48V. Moreover, the SC voltage is
controlled to recover to its nominal value as shown in Fig. 4.20(d).
For evaluating parallel operation of proposed method, two SC converter is activated.

Fig. 4.21 shows the performance of proposed method when the cut-off frequency of SC
voltage control loop is 2.5Hz in (a) and 6.62Hz in (b). It shows that the settling time and
recovery speed of SC voltage in Fig. 4.21(a) are slower than in Fig. 4.21(b). With same
droop coefficient, the current sharing between two SC converters are exactly same. With
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Figure 4.20: Simulation result of proposed method under pulsed load.

different droop coefficient as rdsc1 = 2rdsc2 = 0.1, the output current of SC2 is higher than
SC1. However, as they have same gains of SC voltage control loop, the recovery speed of
SC voltages of two SCs are the same as shown in Fig. 4.21(c).

4.2.5 Experimental Results
For experimental verification, a DC microgrid as shown in Fig. 4.11 is implemented with
one DG and two SC converters. The parameters as same as in simulation are used except
the SC capacity, the SC capacity of experiment is 28F as it is available in laboratory. DG
and SC converter are controlled by TMS320F28379D DSPs with sampling frequency at
10kHz.
Fig. 4.22 shows the performance of proposed method with different gains of SC voltage

control loop. As the capacity of the SC is 28F in experiment, the gains of SC voltage
control loop are calculated again as kPsc = 3, kIsc = 7.5 for fvsc = 1Hz in Fig. 4.22(a)
and as kPsc = 1.5, kIsc = 3.75 for fvsc = 0.5Hz in Fig. 4.22(b). It shows that the settling
and SC voltage recovery time if SC converter in Fig. 4.22(a) is faster than in Fig. 4.22(b).
Moreover, the sharing current between SC converters is ensured by droop controller with
same droop coefficient.
To evaluate the proposed method with different current sharing ratio, the rdsc1 = 0.2
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Figure 4.21: Proposed method with different SC voltage loop gains.
(a) rdsc1 = rdsc2 = 0.05, kPsc = −7.912, kIsc = −0.081568
(b) rdsc1 = rdsc2 = 0.05, kPsc = −21.0978, kIsc = −1.1721

(c) rdsc1 = 0.1, rdsc2 = 0.05, kPsc = −21.0978, kIsc = −1.1721
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Figure 4.22: Experimental results – different SC voltage gains.
(a) kPsc = 3, kIsc = 7.5 for fvsc = 1Hz

(b) kPsc = 1.5, kIsc = 3.75 for fvsc = 0.5Hz
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Figure 4.23: Experimental results – different SC droop coefficients.

is twice as rdsc2 = 0.1, the performance is shown in Fig. 4.23. It shows that the output
current of SC1 is half of SC2 when the settling time is same as the gains of SC voltage
control loops are identical.
The operation of the proposed method with difference of initial SC voltage values is

tested and the result is shown in Fig. 4.24. In state 1, both SC1 and SC2 are charged
to restore their SC voltage level. When the SC2 is fully restored, the proposed method
changes to state 2; the current of SC2 reduces to zero, while SC1 increases its charging
current. In state 3 when a pulsed load is connected, both SC1 and SC2 are controlled to
support the DC microgrid with a same sharing ratio; at the moment that pulsed load is
disconnected, both SC1 and SC2 automatically change their mode to regulate their SC
voltages in state 4. When both SCs are fully charged, it changes to state 5; SC1 and SC2
reach their steady state with zero output current. So, the SC voltage of SC1 and SC2 are
balanced even the initial values are different.
The experimental results show that the proposed method can effectively compensate

the load current variation due to the normal load as well as the pulsed load, and also the
SoC of SC is automatically regulated.

4.2.6 Conclusion
This section presented a droop based control method for the SC converter to compensate
the transient normal load current as well as the pulsed load current together with the
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Figure 4.24: Experimental results – different SC initial voltages.

automatic SC voltage restoration. By actively adjusting the nominal voltage of the droop
controller, the proposed method supplies the spike current to compensate the transient
load current and support the system under the pulsed load condition. Moreover, the SoC
of the SC units are automatically regulated to be balanced. By using the droop control
concept, the parallel operation of multi SC units is guaranteed, and the power sharing
ratio is manipulated by the droop coefficient. The performance and effectiveness of the
proposed control method are verified by simulation and experimental results.

4.3 Summary
This chapter presented two control methods to compensate the transient current in DC
microgrid by using SC. The adaptive virtual impedance control method for the SC is firstly
presented. By adjusting the virtual impedance according to the SC voltage level, the
proposed AVCM can compensates the transient current while regulating the SC voltage
level. However, AVCM only support the sources under normal load changes but not the
pulsed load, which has very high peak current in short term. To overcome this problem,
the droop based control method for SC is proposed. By adjusting the droop controller
parameters, the SC converter can actively compensate the transient current as well as
support the source under pulsed load condition. Moreover, the SC voltage level also
regulated to its nominal voltage regardless to the operation condition. The effectiveness
of the proposed control methods are verified by simulation and experimental results.
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Chapter 5

Hybrid Energy Storage System for
Power Quality Improvement

In previous chapters, the power quality is improved by several control methods for DGs
and Supercapacitor units. The static power quality is improved with a secondary con-
troller. For further power quality improvement in DC Microgrid, the battery energy
storage system (BESS) is used to supply the mismatch power between sources and loads.
An ideal BESS has very high energy and power densities, which has not been achieved
yet. Fortunately, the combination of a battery and supercapacitor could provide high
energy and power densities in a hybrid energy storage system (HESS) [64].
Many HESS configurations have been studied for DC microgrids and are classified into

three types, as shown in Fig. 5.1:

1. A battery and supercapacitor are connected in parallel to the DC bus through a DC-
DC converter, which is the simplest configuration, as shown in Fig. 5.1(a) [27, 65].
It has advantages such as low cost and easy control, but the current sharing between
the battery and supercapacitor is not controllable.

2. A battery and supercapacitor are connected to a multi-input topology converter, as
shown in Fig. 5.1(b) [27, 66–68]. In this method, the line impedance between the
battery and supercapacitor is neglected, which reduces the system losses. However,
the control scheme of this method is hard to adapt to a DC microgrid because it
needs an additional control method to cooperate with other units in the microgrid.

3. A battery and supercapacitor are connected to the DC bus through DC-DC con-
verter, as shown in Fig. 5.1(c) [59, 69]. In this configuration, the control options
are increased, but a complicated controller is needed to coordinate the operation of
the supercapacitor and battery. Moreover, the line resistance between the superca-
pacitor and battery causes a spike in the battery current when the load changes.
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Figure 5.1: Typical HESS configurations.

To integrate a HESS into DC microgrid, a dedicated control method should be used.
Recently, several coordinating methods have been adapted to integrate a battery and a
supercapacitor into a system based on a high-pass filter or virtual impedance methods.
Two main objectives are considered: the battery current compensation and the superca-
pacitor’s state of charge (SoC) regulation.
This chapter presents a new configuration of a hybrid energy storage system (HESS)

called a battery-inductor-supercapacitor HESS (BLSC-HESS). It splits power between a
battery and supercapacitor and can operate in parallel in a DC microgrid. The power
sharing is achieved between the battery and the supercapacitor by combining an internal
battery resistor and output LSC filter, which consists of a supercapacitor and an inductor.
The battery current is smoothened to supply and receive only the low-frequency current
component under any disturbances and load conditions through cooperation with the
supercapacitor. Complete guidelines to design the parameters of the BLSC-HESS are
also presented. Simulation and experimental results prove that the proposed BLSC-HESS
configuration achieves high stability performance and lower cost, and it is easily applied
to a DC microgrid.

5.1 System Description
A typical DC microgrid including a HESS is shown in Fig. 5.2. The sources and loads
are connected to a common DC bus. The HESS units are used to compensate the current
mismatch between the RES and the load to operate the microgrid system effectively.
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Figure 5.2: Typical configuration of DC microgrid with HESS.

Figure 5.3: Battery and SC models (a) impedance-based model (b) simple model and (c)
SC model.

5.1.1 Cooperation in a DC Microgrid
To integrate various sources in a DC microgrid, a cooperating controller such as master-
slave or droop controller is normally required. In general, droop control is more popular
for DC microgrids because of its advantage of decentralization without a communication
interface. The current sharing in droop control is based on the virtual resistance or the
droop coefficient, and the higher droop coefficient is, the lower the shared current is. In
a DC microgrid, at least one RES unit is operated with the droop control to regulate the
DC bus voltage. In this study, the DC microgrid is controlled by droop control to share
power between the sources.
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Figure 5.4: Proposed HESS Configuration.

5.1.2 Battery and Supercapacitor Models
Fig. 5.3shows the battery and supercapacitor models, which are used as equivalent models
to evaluate the performance of the HESS.There are many models of battery such as simple
battery model [70,71], Thevenin based electrical model [72], Impedance-based model [73],
and Dual Polarization (DP) model [74]. Fig. 5.3(a) is the impedance-based model, which
is widely used in battery design, SoC estimation or real-time battery simulation [75].In this
chapter, because the battery is used only for charging or discharging in HESS application,
the model in Fig. 5.3(b) is used to analyze the battery which operates at low frequency
[76]. In Fig. 5.3(b), the battery is regarded as a voltage source Vbat with a series resistor
Rb at a specific SoC:: {

Vbat = VOC(SoC)

Rb = Rs

(5.1)

where VOC(SoC) is the open circuit voltage of the battery at specific SoC, and Rs is
internal equivalent resistance.
The supercapacitor has much higher power density and lower internal resistance and

can be modeled as shown in Fig. 5.3(b) [65]. The values of Csc and Rsc are provided in
the datasheet by the manufacturer.

5.2 Proposed BLSC-HESS Configuration
The proposed BLSC-HESS configuration is shown in Fig. 5.4. The BLSC-HESS is con-
structed by inserting an inductor between the battery and the supercapacitor, which are
connected to a common DC bus through a DC-DC converter. As shown in Fig. 5.4, the
construction of the inductor and supercapacitor is regarded as a low pass filter for the
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battery. The output current of the BLSC-HESS is decoupled into two parts: the battery
current and the supercapacitor current based on the frequency domain. The low-frequency
current is handled by the battery, while the high-frequency current is handled by the su-
percapacitor. The BLSC-HESS parameters were investigated to analyse the performance
of this low pass filter.

5.2.1 BLSC-HESS Parameters
To design the parameters of the BLSC-HESS properly, there are two main points to
consider: the current coupling frequency between the battery and the supercapacitor, and
the voltage level of the supercapacitor. The currents on the BLSC-HESS can be analyzed
by using the transfer function GiBLSC

(s) of the ratio between the battery current and the
supercapacitor current. The supercapacitor voltage level can be calculated by using the
transfer function GvBLSC

(s) of the supercapacitor voltage level over the battery voltage
level. The battery Vbat is assumed to be constant in this analysis as it changes very slow.
From Fig. 5.4, we can obtain the battery current ib and the supercapacitor current isc

as: {
ib = (Vbat − vsc)/(Rb + ZL1)

isc = vsc/(Rsc + ZCsc)
, (5.2)

whereZL1 and ZCscare the impedance of L1 and Csc, respectively. In the frequency domain
of small signal modeling, equation (5.2) is rewritten as in (5.3) as small signal disturbance
of Vbat is zero: {

ib = vsc(s)/(Rb + L1s)

isc = vsc(s)/(Rsc + 1/(Cscs))
. (5.3)

The total current of the HESS is the sum of the battery current and the supercapacitor
current:

i = ib − isc. (5.4)

Then, GiBLSC
(s), can be obtained as

GiBLSC
(s) =

ib
i

=
1 +RscCscs

1 + (Rsc +Rb)Cscs+ L1Cscs2
. (5.5)
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From (5.5), GiBLSC
(s) has one zero and two poles when L1 is greater than zero

z1 = − 1

RscCsc

p1 = −
(Rsc +Rb)Csc −

√
(Rsc +Rb)2C2

sc − 4L1Csc

2L1Csc

p2 = −
(Rsc +Rb)Csc +

√
(Rsc +Rb)2C2

sc − 4L1Csc

2L1Csc

. (5.6)

In the case of a conventional battery and supercapacitor connection, L1 is zero and
GiBLSC

(s) becomes:

GiBSC
(s) = GiBLSC

(s)|L1=0 =
ib
i

=
1 +RscCscs

1 + (Rsc +Rb)Cscs
(5.7)

From (5.7), GiBSC
(s) has one zero and one pole:

z1 = − 1

RscCsc

p1 = − 1

(Rsc +Rb)Csc

(5.8)

As one pole is missing, the conventional configuration has a weak point in that the gain
of GiBSC

(s) at high frequency is high due to its zero. To analyse the effects of the BLSC-
HESS parameters, each parameter was swept, and the Bode diagram of the BLSC-HESS
was shown to examine the performance.

5.2.2 Supercapacitor Csc

Fig. 5 shows the Bode diagram of GiBLSC
(s) andGiBSC

(s) when the value of Csc changes
from 10 to 30F . The remaining parameters are L1 = 0.5mH,Rsc = 15mΩ, and Rb = 0.1Ω.
As shown in Fig. 5.5, the cut-off frequency of GiBLSC

(s) decreases when Csc increases.
Theoretically, the decoupling frequency of GiBLSC

(s) is determined by the first pole p1 in
(5.6) as follows:

fc = − p1

2π
=

(Rsc +Rb)Csc −
√

(Rsc +Rb)
2C2

sc − 4L1Csc

4πL1Csc

. (5.9)

L1is very small compared with Csc, so the value of the first pole p1 is almost the same
as p10 in (5.8) because the cut-off frequencies of GiBLSC

(s) and GiBSC
(s) are the same, as
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Figure 5.5: Bode diagram of GiBLSC
(s) (solid lines) and GiBSC

(s) (dotted line) according
to Csc with L1 = 0.5 mH,RSC = 15 mΩ, and Rb = 0.1 Ω.

shown in Fig. 5.5. Finally, the decoupling frequency fc can be rewritten as:

fc ≈ −
p10

2π
=

1

2π(Rsc +Rb)Csc

. (5.10)

The capacitance of supercapacitor does not affect the gain of GiBLSC
(s) at high fre-

quency, as shown in Fig. 5.5. Therefore, increasing the capacitance of the supercapacitor
will not help to reduce the high-frequency current component on the battery side.

5.2.3 The Battery’s Internal Resistance Rb

The battery’s internal resistance is predefined, and its effect was analyzed to examine the
performance of the BLSC-HESS in different systems. The Bode diagrams of GiBLSC

(s)

and GiBSC
(s) are shown in Fig. 5.6 with Rb changing from 0.1 to 0.5 Ω.The remaining

parameters are L1 = 0.5 mH,RSC = 15 mΩ, and Csc = 28 F .
With the conventional configuration, a battery with high internal resistance can reduce

the effect of the high-frequency current component on the battery side because the gain
ofGiBSC

(s) is very small, as shown in Fig. 5.6. However, when increasing the battery
capacity by increasing the number of parallel battery cells, the internal resistance becomes
smaller. Therefore, the gain of GiBSC

(s) becomes higher, which means that the high-
frequency current can flow to the battery side.
As the value of Rb is much larger than Rsc, its effect on the performance of BLSC-HESS
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Figure 5.6: Bode diagram of GiBLSC
(s) (solid lines) and GiBSC

(s) (dotted line) according
to Rb while L1 = 0.5 mH,RSC = 15 mΩ, and Csc = 28 F .

is dominant compare with Rsc. The internal resistor of battery Rb acts as a damping
resistor the LSC circuit, and stabilizes the source.

5.2.4 Inductance L1

To evaluate the effect of the inserted inductor, the Bode diagrams of GiBLSC
(s) and

GiBSC
(s) are shown in Fig. 5.7 for when L1 changes from 0.5 to2.5 mH. The remaining

parameters are Rb = 0.1 Ω, RSC = 15 mΩ and Csc = 28 F . The gain of GiBSC
(s)

becomes constant at high frequency and is higher than−20 dB when the internal battery
resistance is small (Rb = 0.1). As a result, currents with high frequency such as ripple
current, harmonic current, or switching current can flow from the supercapacitor to the
battery, which greatly reduces the battery lifetime. On the other hand, the performance
of the BLSC-HESS is the same as that of the conventional configuration in the low-
frequency range. However, in a general DC microgrid, harmonic current can appear due
to the various types of loads. With a load such as variable motor driver, the harmonic is
double the fundamental frequency (100 Hz or 120 Hz). As shown in Fig. 5.7, the gain of
GiBSC

(s) is constant and higher than −20 dB when the frequency is greater than 1 Hz.
However, the gain of GiBLSC

(s) becomes significantly smaller compared with GiBSC
(s)

because of the inserted inductor L1. Therefore, to effectively reduce the high-frequency
current component on the battery side, the value of L1 is calculated so that the gain of
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Figure 5.7: Bode diagram of GiBLSC
(s) (solid lines) and GiBSC

(s) (dotted line) according
to L1 with Rb = 0.1 Ω,RSC = 15 mΩ, and Csc = 28 F

GiBLSC
(s) at 100 Hz is less than −20 dB.

GiBLSC
(s)|f=100Hz < −20 dB (5.11)

5.2.5 SC Voltage
To analyze the supercapacitor voltage variation, the transfer function of the supercapac-
itor voltage over the battery voltage is obtained from Fig. 5.4:

Gvsc (s) =
vsc
Vbat

=
Rc + 1

Cscs

Rc + 1
Cscs

+ L1s
. (5.12)

From (5.12), Gvsc (s) becomes unity as L1s becomes very small because it is hard for
battery voltage to change quickly. As a result, the output voltage of the supercapacitor
is equal to the battery output voltage in steady state. By choosing the rated voltage of
the supercapacitor to be higher than the operation voltage of the battery, the task of
controlling the supercapacitor voltage can be neglected in the BLSC-HESS.

5.2.6 Settling Time
The settling time of BLSC-HESS is defined as the time required for the response of the
BLSC-HESS to reach and stay within a range of 10 of its final output current in this
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Figure 5.8: Ratio between settling time and Csc(Rbat +Rsc).

study. To evaluate the settling time, a unit step ofR (s) = 1/s was used as the input of
the GiBLSC

(s), and the output becomes the following:

F (s) = R (s)GLCS (s) =
1

s
× 1 +RscCscs

1 + (Rsc +Rb)Cscs+ L1Cscs2
. (5.13)

Using the MATLAB symbolic toolbox, the output signal is expressed in the time domain
as follows:

F (t) = 1− exp

(
−t(Rb +Rsc)

2L1

)
. (5.14)

Because of the complicated Fsub (t), a statistical method was used to estimate the
settling time. The decoupling frequency is decided by the first pole p1, so the settling
time ts was calculated by MATLAB and compared with the value of the first pole to find
out the relationship between them. The parameters of the BLSC-HESS were swept to
evaluate the ratio ts/ ((Rsc +Rb)Csc). The parameter ranges are from 0.1 to 0.54 Ω for
Rb, from 10 to 40 F for Csc, and from 0.1 to 1.5 mH for L1. The calculated ratio of
ts/ ((Rsc +Rb)Csc) is plotted in Fig. 5.8, where the ratio is approximately constant at
2.25. Therefore, the settling time can be estimated as:

ts ≈ 2.25Csc(Rb +Rsc). (5.15)

Finally, design guidelines for the BLSC-HESS are briefly summarized:
Step 1: Select the settling time ts in (5.15) or in (5.16), which is calculated based on
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Figure 5.9: Control diagram of BLSC-HESS.

the decoupling frequency fc of the BLSC-HESS.

ts =
2.25

2π

1

fc
(5.16)

Step 2: Calculate the capacitance of the supercapacitor:

Csc =
ts

2.25 (Rsc +Rb)
. (5.17)

Step 3: Calculate the value of the inductor, which helps to reduce the ripple current
on the battery side by reducing the gain of GiBLSC

(s) at high frequency. As described
in (5.11), the value of the inductor is chosen so that the gain of GiBLSC

(s) at 100 Hz is
smaller than −20 dB.

5.2.7 HESS Control Scheme
The BLSC-HESS is controlled easily without any concern about the SoC of the superca-
pacitor or its voltage restoration. Fig. 5.9 shows the HESS control diagram. From Fig.
5.9, the droop controller is described as:

v∗out = Vnom − rdiout, (5.18)

where Vnom is the nominal DC bus voltage,V ∗out and iout are reference output voltage
and output current of the HESS, respectively, and rd is the droop coefficient or virtual
impedance.
The droop coefficient is calculated based on the HESS’s rated current as:

rd =
Vnom − Vmin

irated
, (5.19)

where Vmin is the minimum allowable voltage of the DC bus, and irated is the rated current
of the HESS converter. The HESS’s output voltage is regulated by the inductor current,
and the inductor current reference i∗L is obtained from the PI controller of the voltage
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Table 5.1: Comparison between HESS Configurations
Configuration Volume Cost High frequency compensation performance Efficiency

5.1(a) + + + + - + +
5.1(b) - - + + + +
5.1(c) - - - - + + + +

Proposed + + + + + +
Note: - Negative point + Positive point

control loop

i∗L =

(
kPv +

kIv
s

)
(v∗out − vout) , (5.20)

where kPv andkIv are the PI gains of the voltage control loop. Another PI controller is
then used to control the inductor current:

d =

(
kPi +

kIi
s

)
(i∗L − iL) , (5.21)

where kPi and kIi are the PI gains of the current control loop. The cut-off frequency of the
current loop is selected to be 1/10 of the switching frequency of the HESS converter, and
that of the voltage control loop is chosen as 1/10 of the current loop’s cut-off frequency.

5.2.8 HESS Size and Efficiency Discussion
The proposed configuration uses only one additional inductor instead of DC-DC converter.
Even though its volume becomes slightly larger compared with the configuration in Fig.
5.1(a), it is much smaller than the configuration in Fig. 5.1(b) or Fig. 5.1(c); the inductor
volume is much smaller with cheaper price compared with DC-DC converter because
small inductance is enough to decouple the high frequency current between battery and
SC. Because the cut-off decoupling frequency is depended on the hardware parameters,
it needs to be changed when the battery or inductor is replaced. Some HESS topologies
are compared in Table 5.1. From Table 5.1, we can say that the proposed configuration
has superior performance from price and volume.

5.3 Simulation Results
The DC microgrid shown in Fig. 5.2 was modeled using PSIM simulation software to
evaluate the proposed BLSC-HESS with the parameters in table 5.2. The nominal DC
bus voltage in the microgrid is 48 V with a load of 20 Ω, and two distributed generation
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Table 5.2: Parameters used in simulation and experiment.
Parameter Symbol Value

DC Microgrid
DC Bus voltage Vnom − Vmin 45− 48 V

Droop coefficient of HESS rd 0.3
DGs output current 0− 8 A

Load 20 Ω
BLSC-HESS Converter

Inductor L2 0.5 mH
Output Capacitor C 2200 µF
Switching frequency fs 20 kHz

Battery open circuit voltage VOC 24 V
SC nominal voltage 24 V

sources are controlled as a current source to imitate renewable energy sources. The BLSC-
HESS is connected to the DC bus through a bidirectional converter, as shown in Fig. 5.4.
To evaluate the effectiveness of the BLSC-HESS, three case studies were investigated.

Case I shows the normal operation, case II shows the effect of the BLSC-HESS parameters
on the settling time, and case III evaluates the cooperation of two BLSC-HESSs.
Case I: Only one BLSC-HESS is activated, and the parameters of BLSC-HESS are

L1 = 0.47 mH,Csc = 4 F,Rsc = 25 mΩ, and Rb = 0.1 Ω. In Fig. 5.10, when the
distributed generation current suddenly increases from 0 to 5A, the BLSC-HESS changes
from charge to discharge mode to balance the system power flow according to the change
of the injected current from the distributed generation. As shown in Fig. 5.10(a), even
though the HESS changes from charge to discharge mode, the battery output current
iBAT1 changes smoothly thanks to the pulse current iSC1 supplied by SC1.
Fig. 5.10(b) shows the output current iHESS1 of the HESS1 converter to regulate the

output voltage, which is calculated by the droop equation in (18). Therefore, the DC bus
voltage vbus is regulated very well, as shown in Fig. 5.10(c). Moreover, the battery and
supercapacitor voltages are always the same, as shown in Fig. 5.10(d), which confirms
the relationship in (5.12) with normal battery voltage variation. Fig. 5.10 shows that the
BLSC-HESS effectively decouples the current for the battery and supercapacitor under
load variation.
Case II: Fig. 5.11 shows the output currentsiBAT1 and iSC1 of the battery and superca-

pacitor when changing the parameters. For the same parameters used in the case I, the
output current is shown in Fig. 5.11(a) for performance comparison, and the settling time
is 1 s which is calculated from (5.15). When the supercapacitor capacitance is doubled to
8 F , the settling time becomes 2 s. Fig. 5.11(b) shows that the battery current response
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Figure 5.10: Case I: Performance simulation result of a single HESS.
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Figure 5.11: Case II: Impacts of SC capacity Csc and battery internal resistance Rb on
simulation results.

becomes slower due to the decreased decoupling frequency fc of GiBLSC
(s) with the in-

creased capacitance. In Fig. 5.11(c), the internal resistance of the battery is increased
to Rb = 0.2 Ω, while Csc is kept at 4 F . The settling time of the BLSC-HESS is same
(2 s) as in Fig. 5.11(b). Case II proves the theoretical analysis to find the settling time
in (5.15).
To investigate the effect of the inductance in the BLSC-HESS, the inductance L1 was

changed from 0 mH in Fig. 5.12(a) to 0.12 mH in Fig. 5.12(b) and 0.47 mH in Fig.
5.12(c). The other parameters were kept the same (Csc = 4 F,Rb = 0.1 Ω). To simulate
the high-frequency fluctuation in the system, a high-frequency currentiDG1 of 100 Hz was
injected into the DC bus, which caused the ripple in the output current iHESS1 of the
HESS1 converter. With the conventional configuration (L1 = 0 mH), the gain of GiBSC

(s)

at 100 Hz is higher than −20 dB, as shown in Fig. 5.7. The battery current iBAT1 has
high fluctuation, as shown in Fig. 5.12a. When L1 = 0.12 mH, the gain of GiBLSC

(s)

at 100 Hz is reduced, which results in lower current fluctuation in Fig. 5.12b. With a
much higher inductance of L1 = 0.47 mH in Fig. 5.12c, the battery current fluctuation
is reduced as the gain of GiBLSC

(s) is around −28 dB.
Case III: To evaluate the proposed BLSC-HESS configuration in parallel operation, two

BLSC-HESSs and two distributed generators were used. Two distributed generators inject
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Figure 5.12: Case II: Impact of the inductance L1 on simulation results. (a) Without L1,
(b) L1 = 0.12 mH, (c) L1 = 0.47 mH.
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Figure 5.13: Case III: Simulation result of cooperation of two HESSs in the system.
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a total current of 10 A into the DC bus, which is connected to a load of 10 Ω. The power
sharing between HESSs is ensured by the droop controller. Good power sharing is achieved
with the same battery output currents iBAT1 and iBAT2, as shown in Fig. 5.13. Moreover,
the current sharing between the battery and supercapacitor in two HESSs shows good
performance with the same settling time ts. As a result, the proposed HESS configuration
effectively operates in parallel when using the conventional droop control. The simulation
results show that the proposed BLSC-HESS configuration is applicable with advantages
of lower cost and a simple control scheme. It can operate with the conventional droop
control method or any advanced coordinating methods in a DC microgrid.

5.4 Experimental Results
To validate the proposed BLSC-HESS configuration, the DC microgrid in Fig. 5.2 with
two HESSs and one distributed generator was implemented in the laboratory. The two
BLSC-HESS converters in Fig. 5.4 were controlled by a TMS320F28379D DSP controller
board, and another DSP control board was used for the distributed generator’s converters.
The parameters of the DC microgrid are the same as those used in the simulation. The
distributed generation converter is controlled to inject a current of 4.5 A into a DC bus
that is connected to a load of 8 Ω. The internal resistance of the battery is 0.3 Ω, and it
can be changed by adding a serial resistor to the battery. Three case studies were carried
out to evaluate the characteristics of the proposed HESS configuration.
Case I: Only one BLSC-HESS is activated, and the parameters of the BLSC-HESS

are L1 = 0.47 mH and Csc = 28 F . When the load is connected to the DC bus, the
HESS changes mode from charge to discharge mode. As shown in Fig. 5.14(a), the
battery current iBAT1 smoothly changes from charge to discharge mode thanks to the
pulsed supercapacitor current iSC1. Figs. 5.14(b) and (c) show the waveforms of the
HESS converter output current iHESS1 and DC bus voltage vbus, which are regulated by
the droop controller. In Fig. 5.14(d), the supercapacitor voltage is equal to the battery
voltage in charge and discharge mode, so it is always kept in a safe operation range.
Case II: With the same setup conditions as case I, only the parameters of the BLSC-

HESS are changed to evaluate its performance. The internal battery resistance normally
changes when the battery parameters change, but in our experiment, it is changed by
adding an external serial resistor. Fig. 5.15 shows the impacts of the supercapacitor Csc

and battery internal resistance Rb. Fig. 5.15(a) shows the supercapacitor and battery
currents of case I, for which the settling time is 20 s. When the internal battery resistance
is changed by adding an external resistance of 0.1 Ω, the settling time becomes longer in
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Figure 5.14: Case I: Experimental results with single HESS in system.
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Figure 5.15: Case II: Impacts of SC capacity Csc and battery internal resistance Rb on
experimental results.
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Figure 5.16: Case II: Impact of the inductance L1 on experimental results. (a) Without
L1, (b) L1 = 0.47 mH, (c) L1 = 1.12 mH.

Fig. 5.15(b) than in Fig. 5.15(a). The settling time is increased from 20 s to 25 s as the
internal resistance is increased from 0.3 Ω to 0.4 Ω, which coincides with the calculation
in (16). When the supercapacitor Csc is increased from 28 F to 56 F , the settling time is
increased from 20 s to 40 s, as shown in Fig. 5.15(c).
Under an unbalanced AC load of the inverter in a DC microgrid, harmonic and high-

frequency current is generated on the DC bus. To evaluate the effectiveness of the BLSC-
HESS configuration in a high frequency range, a harmonic current iDG1 of 100 Hz was
injected into DC microgrid through the distributed generation converter. As a result,
the output current iHESS1 fluctuated to regulate the DC bus. In Fig. 5.16, all three
tested cases have the same amount of injection current. The inductance L1 was increased
to investigate the effect on the BLSC-HESS. Fig. 5.16(a) shows the output currents of
the supercapacitor and battery without inductor L1. The supercapacitor cannot help
to reduce the fluctuation in the output current iBAT1 of the battery. By adding an
inductance of 0.47 µH, the fluctuation of the battery current iBAT1 is reduced, as shown
in Fig. 5.16(b). In Fig. 5.16(c), the fluctuation of the battery current iBAT1 is much
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Figure 5.17: Case III: Experimental result of cooperation of two HESSs in the system.

smaller when the inductance is increased to 1.12 mH. The results in Fig. 5.16 show that
the battery current is smoothed by inserting the inductor.
Case III: HESS1 and HESS2 were used to observe the performance of the BLSC-HESS

in parallel operation. Two HESSs are controlled by droop control to share the load power
and regulate the DC bus voltage. The output currents of the battery and supercapacitor
of the BLSC-HESSs are shown in Figs. 5.17(a) and (b) for HESS1 and HESS2. Be-
cause both HESSs have similar system parameters, the output currents of their batteries
(iBAT1, iBAT2) and supercapacitors (iSC1, iSC2) are almost the same. Good sharing per-
formance is shown by the matching of the HESS output currents iHESS1 and iHESS2 in
Fig. 5.17(c). A stable DC bus voltage vbus under load variation is shown in Fig. 5.17(d).
The experimental results show the effectiveness of the BLSC-HESS in smoothing the

battery current with both low and high frequency currents. The results also prove the the-
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oretical analysis and design guidelines. The simplicity of the configuration and controller
make it easy to apply and practical.

5.5 Summary
This chapter presented a simple BLSC-HESS configuration with reduced control com-
plexity and cost. By inserting an inductor between the battery and supercapacitor, the
demand current is effectively decoupled into low and high frequency current components.
Therefore, the battery only handles the low-frequency current, while the supercapacitor
handles the high-frequency current. The battery life is extended thanks to the reduced
magnitude fluctuation of the battery current, and the lifetime of the supercapacitor is also
increased because its voltage is ensured to be within a safe operating range. The proposed
BLSC-HESS configuration is easily controlled by a conventional droop controller, so it can
be directly applied to a DC microgrid with extendable capabilities and is easily adaptable
to new or old systems. This study also offered a design process for the proposed BLSC-
HESS, and the performance and effectiveness of the system were verified by a simulation
and experimental results.
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Chapter 6

Conclusions and Future Works

6.1 Conclusions
This thesis introduces power quality problems in DC microgrid by analyzing the effect
of droop control, line impedance and load variation. It also proposed advanced control
methods and configuration of the system to improve the power management and quality.
The performance of proposed control method and configuration is validated under various
load conditions and system parameters. From the achieved results by the proposed control
methods and configuration, the main conclusions of this thesis are summarized as below:

• First, the DC bus voltage deviation, unbalanced power sharing, transient current,
and pulsed load problems are investigated; and recent researches to overcomes these
problems are also reviewed. However, these recent researches still have some limi-
tations in controlling and cost. Therefore, this thesis develops new control methods
to improve power quality in DC microgrid such as better DC bus voltage regula-
tion, balanced power sharing between DGs in microgrid, compensate the transient
current for DGs and support the system under pulsed load.

• Distributed control is a suitable control architecture to overcome the voltage devi-
ation and unbalanced power sharing problem in DC microgrid. Moreover, it only
requires a low bandwidth communication interface to interact with other units in
the system. A novel distributed control method is proposed based on voltage shift
technique, it helps to compensate the voltage drop caused by droop control and
achieve accurate proportional load power sharing. The design guideline and stabil-
ity analysis is carried out to implement a reliable performance DC microgrid.

• The SC unit with a DC-DC converter is more flexible in controlling the sharing
current between SC units and DG units. The previous control methods need addi-
tional control loop to restore the SC voltage in order to keep SC unit can operate
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continuously. This thesis proposed an adaptive virtual impedance control method
to seamlessly restore the SC voltage without an additional control loop. By actively
adjusting the virtual impedance according to the SC voltage level, the proposed
method smoothly restores the SC voltage at the same time with compensating the
transient current. Based in virtual capacitance method, the SC units can operate in
parallel to sharing the pulsed current; by recovering the SC voltage, the SC units in
DC microgrid will always have same SC voltage level to maximize the availability
of the system.

• By considering the pulsed load condition in the DC microgrid, this thesis proposed
a droop based control method for the SC converter to compensate the transient
normal load current as well as the pulsed load current together with the automatic
SoC restoration. By using the droop control concept, the parallel operation of multi
SC units is guaranteed, and the power sharing ratio is manipulated by the droop
coefficient. A small signal model of SC converter is carried out in this thesis to
properly design the SC controller for the proposed method. Moreover, the compari-
son with conventional virtual capacitance method shows the advantage of proposed
control method under pulsed load condition.

• Compensating the transient current is importance when the DGs cannot quickly
response to the load demand. An additional SC unit is integrated into DC microgrid
to compensate the transient current in the system. This thesis presented a low-cost
and compact configuration of HESS to compensate the transient current for the
battery in a DC microgrid, it is called a battery-inductor-supercapacitor HESS
(BLSC-HESS). It splits power between a battery and SC based on the frequency:
the low frequency current is supplied by battery , while the high frequency current
is supplied by the SC. A complete guidelines to design the parameters of the BLSC-
HESS are also presented.

Finally, all the proposed control methods and configuration are verified by simulation
and experimental results. The simulations are implemented by using PSIM software, and
they all verified by using a DC microgrid prototype in laboratory, which is controlled by
DSP from Texas Instruments. The parameters of experiments are provided in Appendix
A together with experimental setup.
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6.2 Future works
The power quality problems in DC microgrid can be extended from study in this thesis,
there are some possible problems that need to be consider in the future research. They
can be suggested as:

• The fault protection in DC microgrid such as: short circuit protection, overload
protection, fault override capability of DC-DC converter.

• Investigate the causes of circulating current between DGs in MC microgrid and
solution to neglect the circulating current.

• Develop the Bipolar DC Distribution System and its related topics such as: bipolar
dc-dc converter, voltage balancer, and power sharing.
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Appendix A - Experimental Setup

Experimental setup of 2.7kW DC microgrid test-bed

Parameters Value

Microcontroller TMS320F28335
Input/output voltage 300/200V

Input/output capacitor 2200µF

Inductor 0.5mH

Switching frequency 20kHz

Sampling frequency 10kHz

Rated current 10A

Loads 10, 30Ω

98
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DC-DC converter for SC units - DSP control board.

DC-DC converter for SC units - Converter board.
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Appendix A - Experimental Setup

Parameters Value

Microcontroller TMS320F28379D
Input/output voltage 24/48V

Input/output capacitor 2200µF

Inductor 0.5mH

Switching frequency 20kHz

Sampling frequency 10kHz

Rated current 10A

Loads 5, 10Ω
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