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ABSTRACT This paper proposes a hierarchical control approach for SuperCapacitor (SC) energy storage
and microsources in islanded DC microgrids. It takes into account microsources’ dynamic and steady-
state limitations. The proposed approach relies on an architecture presented for the SC’s and microsources’
interfaces with the DC bus. In the proposed architecture, DC microsources interface with the DC bus through
buck converters. Moreover, the SC interfaces with the DC bus through the bi-directional buck converter.
The instantaneous loads currents are measured and employed in the secondary control to calculate the
reference currents for buck converters. In the primary control, we run buck converters as current sources.
Moreover, the bi-directional buck converter is run to regulate the DC bus voltage. The proposed approach
is generic; meaning that it can be employed for any islanded DC microgrid. Without loss of generality,
to prove its effectiveness, we utilized it for a Low Voltage DC (LVDC) microgrid in this paper. Analysis,
design, simulations, and experimental verifications are presented for the LVDC microgrid. The experimental
results confirm that, by employing the proposed approach, the DC bus voltage deviations from its reference
voltage is 5% and it restores in less than 1 sec.

INDEX TERMS Islanded DC microgrids, hierarchical control, SC energy storage, microsources’ dynamic
and steady-state limitations.

1. INTRODUCTION TABLE 1. Nomenclature.
Nowadays, microgrids are known as effective solutions for —
K K o A Symbol Description
integrating Distributed Energy Resources (DER) with Energy c DC bus capacitor
. o pe b
Storage Devices (ESD) and loads. They are classified as v ":/ s vol | and ref |
, DC 1 t

AC or DC, renewable-based or non-renewable-based, and bus: ¥ Ref 1S voliage actual and relerence values
grid-interactive or islanded ones [1], [2]. DC microgrids is Source and load converters” currents
have several advantages over AC microgrids. In fact, in DC i Current absorbed from or mlerfted to DC bus from SC’s

. . . . converter
microgrids, fewer power conversion stages are required. Also, . ,
. . . . . Ve ise SC’s voltage and current
in DC microgrids, reactive power problem and synchroniza-
. . i Disturb t
tion problem do not exist [3], [4], [5]. On the other hand, fault ta 1sturbance curren
current management in DC microgrids is a challenging issue L5y Source converter’s reference current
while the fault current is well managed in AC microgrids. Wy, § Natural frequency and damping ratio

This is due to the fact that, an AC fault current can be cleared

easily whenever it reaches zero. A DC fault current, however, . )
never reaches zero [6] Renewable energy sources and Electric or Hybrid Elec-

tric Vehicles (HEV) have been the main motivations for
The associate editor coordinating the review of this manuscript and developing DC microgrids. By employing a DC microgrid,
approving it for publication was Guijun Li . renewable energy sources such as Photovoltaics (PV) and
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FIGURE 1. A grid-interactive renewable energy-based DC microgrid.

Wind are integrated with ESD and loads. The ESD may
include batteries, SC, or a hybrid of them [7], [8].

A grid-interactive microgrid has the capability to inject
power to the utility grid or absorb power from the utility
grid if needed. However, an islanded microgird, which has
no interactions with the utility grid, needs to provide the
load power demand by utilizing microsources and ESD [9],
[10], [11], [12]. In such case, since microsources and ESD
have limited capabilities and capacities, the provision of load
power demand is always a challenging problem. In Fig.1,
a grid-interactive renewable energy-based DC microgrid is
shown. It is a generic architecture for a DC microgrid.
If no rectifier/inverter is employed, an islanded microgrid is
achieved. Also, if no PV and Wind exist, it can show the DC
microgrid inside of an Electric or HEV. In the case of an
Electric or HEV, the battery acts as the power source while
the SC is the ESD. In addition to the propulsion motor, in an
Electric or HEV, there are other AC and DC loads which are
supplied through the DC bus.

An islanded DC microgrid must be equipped with an
Energy Management System (EMS). Its role is to coor-
dinate DER, ESD, and loads. More specifically, there are
two main functions for an EMS. They include the DC bus
voltage regulation and the load demand sharing between
microsources. A hierarchical EMS is the most advanced and
effective one. It includes the primary, secondary, and tertiary
layers. The primary layer deals with the local control of
power electronics converters based on the local measure-
ments of voltages and currents. This layer is connected to
the upper layers through the communication links. A reliable
and high-bandwidth communication link guarantees a proper
communication between different layers in a hierarchical
EMS [13], [14].

Cascading control systems are presented for islanded DC
microgrids with the purposes of DC bus voltage regulation
and efficient load dispatch asin [15] and [16]. In [17], a power
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management system is presented for a grid-interactive DC
microgrid while in [18], for an islanded AC microgrid, renew-
able sources and battery energy storage are coordinately
controlled. Two different secondary control are presented for
islanded DC microgrids in [19] and [20]. They are non-droop-
based and droop-based control systems as in [19] and [20],
respectively. In [21], a dead-beat control is presented for
islanded DC microgrids consisting of battery and SC energy
storages. A reinforcement learning technique is presented to
perform current sharing and voltage regulation in islanded
DC microgrids as in [22].

None of the previous works have considered the limitations
of microsources. In fact, any microsource, depending on
its characteristics, has dynamic and steady-state limitations.
These limitations must be considered in a microsource’s
operation in order to prevent excessive stresses on it. This
guarantees the proper and safe operations of the microsource
during its life time. The motivation of this work is to propose
a high-performance control system for islanded DC micro-
grids in terms of both DC bus voltage regulation and load
demand sharing while considering microsources’ dynamic
and steady-state limitations. The novel contributions of this
paper are as follows.

o A hierarchical control approach consisting of secondary
and primary control is presented. All of the instanta-
neous loads currents are measured and then transmitted
to the secondary control using the communication link.
The secondary control performs the load current sharing
while considering dynamic and steady-state limitations
of each of the microsources. The calculated reference
currents are then transmitted to the primary layer using
the communication link.

« An architecture is presented in which DC microsources
and SC interface with the DC bus through buck and
bi-directional buck converters, respectively. By using
buck converters, we are able to control DC microsources
as current sources. Moreover, the bi-directional
buck converter gives us the opportunity to have a
high-performance DC bus voltage control.

The idea of this work was first presented in [23] for an Elec-
tric Ship Medium-Voltage DC (MVDC) distribution system.
It was proven using the numerical modeling and simulations
in PSCAD/EMTDC software environment. The current paper
is a generalized and comprehensively extended one compared
to our previous work in [23] in terms of the followings.

o The idea is presented in a generic manner. So, it can
be employed for islanded DC microgrids in any appli-
cations such as renewable energy systems, electric and
hybrid electric vehicles, electric ships, and etc.

o The idea is implemented for a Low Voltage DC (LVDC)
microgrid for which analysis, design, simulations, and
experimental verifications are presented. The experi-
mental results prove the idea in practice.

This paper is organized as follows. In section II, the pro-
posed control approach is presented. The analysis, design,
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FIGURE 2. Proposed hierarchical control approach a) secondary control and communication network b) primary control and architecture for SC's and

microsources’ interfaces with DC bus.

and simulations of the primary control are presented in
section III. In section IV, the experimental verification of
the proposed approach is presented. Finally, in section V, the
concluding remarks and future works are presented.

Il. PROPOSED HIERARCHICAL CONTROL APPROACH

In Fig.2, the proposed hierarchical control approach is shown.
As seen, it consists of secondary and primary control. The
secondary control is linked to the microgrid through a com-
munication network. The approach is generic; meaning that
it can be employed for an islanded DC microgrid with any
number of loads and sources.

A. SECONDARY AND PRIMARY CONTROL

In the proposed control approach, the instantaneous loads
currents are measured. They are the currents absorbed by
loads’ converters from the DC bus. The measured currents
are then transmitted to the secondary control through a
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communication network. Since the measured currents may
contain high frequency contents, a high-bandwidth commu-
nication network is needed.

In the secondary control, the total instantaneous load cur-
rent is calculated as follows.

k=n

= ik (1)

We share the total instantaneous load current between
microsources according to their power ratings. In Fig.2,
without loss of generality, the approach is shown for two
microsources. We assumed g as the ratio of source2’s power
rating to sourcel’s power rating.

We know that any microsource has limitations in providing
the power both at dynamic and steady-states. So, its limita-
tions must be considered in its operation; otherwise it may
fail or be damaged.

In the proposed approach, as seen, we considered two
limiters. They are the rate of change limiter and the value
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FIGURE 3. a) Bi-directional boost converter connected to SC along with bi-directional buck converter connected to DC bus b) an equivalent scheme for

LVDC microgrid.

limiter. The rate of change limiter guarantees that no exces-
sive stresses beyond the capabilities of the microsource
are imposed at dynamic states. The value limiter, however,
is implemented in order to avoid excessive stresses at steady-
states. The reference currents are calculated in this way and
then transmitted to the primary control through the commu-
nication network.

In the proposed approach, the primary control has two
roles. The first role is to regulate the DC bus voltage at the
reference voltage, i.e. Vyr. The reference voltage is constant
and determined according to the power rating of the DC
microgrid.

The second role is to make the currents injected from
microsources’ converters to the DC bus follow the reference
currents, i.e. ig gy.

B. ARCHITECTURE FOR SC's AND MICROSOURCES’
INTERFACES WITH DC BUS

The proposed approach relies on an architecture for the SC’s
and microsources’ interfaces with the DC bus. It is shown
in Fig.(2-b). As seen, microsources interface with the DC
bus through the buck converters. The letter V stands for a
microsource’s voltage or the output voltage of the converter
connected to the microsource. The SC interfaces with the DC
bus through the bi-directional buck converter as seen. The
letter U stands for the SC’s voltage or the output voltage of
the converter connected to the SC. The DC bus is equipped
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with a capacitor, i.e. Cpys, Whose only role is to keep the
DC bus voltage ripples within the acceptable range. This
means that, in the proposed approach, the DC bus capacitor
is not employed to compensate for mismatching between the
demand and supplied powers. So, it can be chosen small.

Because of the limiters employed, the total current supplied
by the buck converters, i.e. iy = is1,gr + is2,Rf, does not
match the total load current, i.e. i;. Therefore, the DC bus
voltage tends to fluctuate. The bi-directional buck converter
has to supply/absorb the difference between iy, and i; in order
to keep the DC bus voltage regulated. In fact, if i, exceeds
ir, the DC bus voltage tends to swell which necessitates the
absorption of difference by the bi-directional buck converter.
The bi-directional buck converter, however, has to supply the
difference between iy, and i; if i; exceeds iy. By supply-
ing or absorbing currents, the SC is discharged or charged,
respectively.

In the following sections, without loss of generality,
to prove its effectiveness, the proposed approach is imple-
mented for an LVDC microgrid. Analysis, design, simula-
tions, and experimental results are shown for the LVDC
microgrid.

IIl. PRIMARY CONTROL ANALYSIS AND DESIGN AND
LVDC MICROGRID SIMULATIONS

For an LVDC microgrid, in this section, analysis, design,
and simulations of the primary control are presented. In the
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FIGURE 4. Designed closed-loop control system for DC bus voltage a) control structure b) equivalent block diagram c) Bode diagram.

LVDC microgrid, we considered a bi-directional boost con-
verter as the converter connected to the SC. This con-
verter is, of course, connected to the DC bus through the
bi-directional buck converter as stated in section II. Each
of the bi-directional boost or bi-directional buck converters
consists of a Half-Bridge. We call the Half-Bridge of the
bi-directional boost converter as the SC Side Bridge. Also,
the Half-Bridge of the bi-directional buck converter is called
as the Bus Side Bridge.

In Fig.(3-a), the bi-directional boost converter connected
to the SC along with the bi-directional buck converter con-
nected to the DC bus are shown. An equivalent scheme as
shown in Fig.(3-a) is considered for the LVDC microgrid.
In this scheme, the effects of loads and microsources are
represented by ix which equals to ia = i;—ig. Moreover,
the bi-directional boost converter is employed to regulate the
intermediate bus voltage, i.e. U, as presented in [24] and [25].

A. CONTROL OF BI-DIRECTIONAL BUCK CONVERTER

We design a high-bandwidth closed-loop control system for
the DC bus voltage by employing the bi-directional buck
converter. It is shown in Fig.(4-a). As seen, it includes the
current closed-loop control as the inner loop whose role is
to make the converter’s output current follow the reference
value, i.e. iL1 ger. A Proportional-Integral (PI) controller is
employed for the current closed-loop control system. More-
over, a Pulse-Width Modulator (PWM) is utilized to generate
switching signals for the power switches of the bi-directional
buck converter. The symbols Sy and Sz denote switching
signals for the upper switch and the lower switch in the Half-
Bridge, respectively.

7060

N
EN

N
N

AL

N
=]

v

>

DC Bus Voltage (Volt)

Intermediate Bus Voltage (Volt)

o

0 2 4 6 8 10 2 4 6 8 10
Time(sec) Time(sec)
1
1
. i\

N

°
]

R
S
/

Supercapacitor Current (A)
h o
Pl
Supercapacitor Voltage (Volt)

2 @
|

4
o

o 2 4 6 8 10 o 2 4 6 8 10
Time (sec) Time(sec)

i(4)

t(sec)

FIGURE 5. Simulations in PSCAD/EMTDC a) simulation results b)
simulated load, source, and disturbance currents.

Suppose the current closed-loop control system is working
properly; meaning that iz 1 ger A ir1. In this assumption, as
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usual, high frequency ripples in the converter’s output current
are neglected. According to Fig.(3-b), one can write the DC
bus voltage dynamics as follows.

dVpus

i1 —ia = CbusT (2)

Based on the equation (2) and by considering iy 1 gef ~ iL1,
an equivalent block diagram as in Fig.(4-b) can be derived.
As clear, ia in this diagram behaves such as a disturbance
which tends to introduce fluctuations in the DC bus voltage.
According to Fig.(4-b), the transfer function from ia to the
DC bus voltage is as the following.

Vius(s) 1 a),%s
T T T 3)
in(s) Ki 52 + 20 wys + 02

where, w? = Cblv and ¢ = Jg—”7 w, is the natu-

ral frequency and ¢ is the damping ratio. Also, K}, and K;
are the voltage loop controller’s proportional and integral
coefficients, respectively. As an example, it is clear from
equation (3) that, a positive step in i results in a transient
sag at the DC bus voltage. The DC bus voltage is, however,
restored to Vyer shortly.

For the designed controller parameters, as listed in Table 2,
the Bode diagram of transfer function in (3) is depicted in
Fig.(4-c). As clear, considerable attenuation is provided by
the closed-loop control system at low frequencies. According
to the proposed approach, it is expected that, i, as the distur-
bance current, has its significant contents at low frequencies.
So, we expect that the effects of ip on the DC bus voltage are
compensated properly by the closed-loop control system.

B. CONTROL OF BUCK CONVERTERS

The buck converters, as microsources’ interfaces with the
DC bus in the proposed approach, are controlled as current
sources. In the other words, the output current of each buck
converter has to follow its reference current properly. For
this purpose, we considered a control structure similar to
the current closed-loop control system in Fig.(4-a). In the
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control structure of each buck converter, the reference current
is received from the secondary control, i.e. ig gr. Also, a PI
and a PWM are utilized as the controller and modulator,
respectively. The controller’s coefficients are chosen such
that, besides the closed-loop system stability, the converter’s
output current follows the reference current properly [26].

C. LVDC MICROGRID SIMULATIONS

We performed simulations in PSCAD/EMTDC software
environment to evaluate the designed LVDC microgrid per-
formance. For this purpose, we considered one load and one
source. As defined before, ia = i;—iy where, i; = iz'f ik
and iy = igy g +is2, gy for a DC microgrid with two sources.
So, ia = ij—is gy in the LVDC microgrid where, i; is the
current absorbed by the load converter from the DC bus. Also,
is gy is the reference current for the source’s buck converter.
We assume that the reference current is followed by the
converter’s output current properly. So, is ~ is gy Where, ig
is the current injected by the buck converter to the DC bus.
In this assumption, high frequency ripples in the converter’s
output current are neglected.

A simulated load current as shown in Fig.(5-b) is con-
sidered. According to the proposed approach, the load cur-
rent is employed to calculate the reference current for the
microsource’s buck converter. The reference current is calcu-
lated according to the limiters employed. In the simulations,
we set the rate of change limits to &= /0 A/sec. It means that
in the calculated reference current, the rate of changes higher
than +170 A/sec or lower than -10 A/sec does not exist. Also,
we set the value limits to 10A and OA. This means that the
calculated reference current’s value is neither more than 10A
nor less than OA. We considered 10A as the nominal output
current of the buck converter. Also, no negative current is
allowed at the buck converter output.

We assume that the output current of buck converter fol-
lows the reference current properly. This results in an ip
as shown in Fig.(5-b). According to Fig.(3-b), the ia intro-
duces disturbances in the closed-loop control systems of the
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bi-directional buck and bi-directional boost converters. The
results are shown in Fig.(5-a).

We set Vi = 12V as the DC bus reference voltage. Also,
Ures = 20V is set as the intermediate bus reference voltage.
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FIGURE 7. Experimental results a) SC initial charging procedure b) equivalent-circuit parameters for SC module c) verifications of proposed
approach. d) test with 1mF capacitor added to DC bus e) quantitative comparison for different DC bus capacitors.

The SC’s nominal voltage is 12V. It is almost fully charged
at the beginnings of simulations. The DC bus voltage as
well as the intermediate bus voltage are formed using the
initial charging of the SC before the disturbance current is
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TABLE 2. LVDC microgrid parameters.

Parameter Value
SC Module 12V, 100F
DC bus Capacitor Cpus=300pF
Converters’ Inductances L= 600pH

Resistive Load
Power Source

Controller Boards

119, 500Watt
60V, 300 Watt
TMS320F28335 DSP Boards

DC Bus Reference Voltage Ve = 12V
Intermediate Bus Reference Uk = 20V
Voltage
DC Bus Voltage Controller’s K,=1, K;=200

Coefficients

introduced. As seen, the DC bus voltage experiences sag and
swell whose amplitudes are less than 1%. The DC bus voltage
is, however, restored as soon as the disturbance current van-
ishes. This proves the excellent performance of the designed
closed-loop control system for the DC bus voltage.

The intermediate bus voltage, as seen, experiences fluc-
tuations of less than 20% around its reference voltage, i.e.
20V, but it is quite stable. It is worth mentioning that, the
DC bus voltage closed-loop control system behaves well as
long as the intermediate bus voltage remains higher than the
DC bus voltage. The SC charges/discharges according to the
disturbance current. As clear, the SC discharges in order to
prevent any voltage drop at the DC bus. Also, it charges
in order to prevent any voltage swell at the DC bus. The
SC’s voltage varies according to its current as shown. In the
SC’s model in simulations, we considered an equivalent series
resistance too whose effects, as seen, are sudden changes in
the voltage as the current changes suddenly.

IV. EXPERIMENTAL VERIFICATIONS
An experimental set-up as shown in Fig.(6-a) is considered
to verify the proposed control approach. It employs a /00F,
12V SC module with the bi-directional boost converter, as the
converter connected to the SC, and the bi-directional buck
converter as the SC’s interface with the DC bus as seen in
Fig.(6-b). In Fig.(6-b), the LVDC microgrid architecture is
shown. As seen, in the LVDC microgrid, one microsource
is considered whose converter is a buck one according to
the proposed approach. Also, we considered one load which
is connected to the DC bus through a boost converter. The
experimental set-up parameters are listed in Table 2.

In Appendix, more details of the experimental set-up are
presented.

A. INITIAL CHARGING PROCEDURE OF SC MODULE

In order to be able to exchange power, the SC needs to
be charged to its nominal voltage at first. We do the ini-
tial charging of SC module using the experimental set-up
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in which a 60V, 5A DC power supply is employed as the
microsource. The experimental results are shown in Fig.(7-a).
In this procedure, which no load is included, we run the buck
converter to inject a 10A current to the DC bus. Since the
bi-directional buck converter is responsible for the DC bus
voltage control, it absorbs the injected current to the bus.
The absorbed current tends to introduce a voltage swell at
the intermediate bus which is compensated by the proper
action of the bi-directional boost converter. In fact, the
bi-directional boost converter absorbs the injected current
to the intermediate bus in order to prevent a voltage swell
which results in the SC charging. As can be seen, in this
way, the SC is charged at an almost constant power; meaning
that the charging current decreases as the SC’s voltage rises.
It is worth mentioning that, the intermediate as well as DC
buses are, at the beginning, formed at their reference voltages.
According to the power waveforms, one can calculate the
efficiency from the DC bus to the SC in the charging mode.
Itequals to 62.5%. It is the multiplication of the efficiencies of
the bi-directional buck and the bi-directional boost converters
in the charging mode.

Based on the experimental data for the SC’s voltage and
current, we derive the equivalent-circuit parameters of the SC
module. The equivalent-circuit considered is a simple, but
an effective, one. In fact, it consists of a capacitor in series
with a resistor. The derived equivalent-circuit parameters are
R,y = 0.1Q2 and C,; = 125F. The simulation results of
equivalent-circuit are compared with the experimental data
in Fig.(7-b). As can be seen, a close agreement is achieved
between the simulation and the experimental results. The
equivalent-circuit parameters are employed in the previous
section for the LVDC microgrid simulations.

B. VERIFICATIONS OF PROPOSED APPROACH

To verify the proposed approach, we considered a load current
profile as shown in Fig.(7-c). In fact, the load converter,
which is a boost one in the LVDC microgrid, is run to absorb
the desired current profile from the DC bus. Since only one
microsource is considered in the LVDC microgrid, no current
sharing is required. According to the proposed approach,
the instantaneous load current is employed to calculate the
reference current for the microsource’s buck converter. The
calculation is performed based on the limits we considered
for the rate of change and value limiters. We set &= 11.76 A/sec
as the limits for the rate of change limiter. Also, 10A and
OA are considered as the limits of value limiter. The cal-
culated reference current is properly followed by the buck
converter’s output current as shown in Fig.(7-c). Since the
load current considered changes at higher rates, the rate of
changes of buck converter’s output current reaches the limits,
ie. £ 11.76 A/sec. Also, with the considered load current
profile, the limits of value limiter are not exceeded.

The instantaneous difference between the load current and
the buck converter’s output current tends to introduce fluc-
tuations in the DC bus voltage. Since the bi-directional buck
converter is responsible for the DC bus voltage control, it has
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to provide the difference. This action results in fluctuations
in the intermediate bus voltage. Since the bi-directional boost
converter attempts to keep the intermediate bus voltage reg-
ulated, its action results in charging or discharging of the
SC. The SC charging or discharging current varies the SC’s
voltage accordingly.

As seen in Fig.(7-c), the DC bus voltage is regulated well.
In fact, the DC bus voltage experiences fluctuations of less
than 10% before restoring to its reference voltage, i.e. 12V.
Also, the intermediate bus voltage experiences fluctuations
of less than 15% before restoring to its reference voltage,
i.e. 20V. As stated before, the bi-directional buck converter
performs well as long as the intermediate bus voltage, i.e. U,
is higher than the DC bus voltage.

C. EFFECTS OF DC BUS CAPACITOR's SIZE

In order to study the effects of DC bus capacitor’s size in
the proposed approach, a ImF capacitor is added to the DC
bus and the previous test is repeated. The results are shown
in Fig.(7-d). As can be seen, the results are very close to
the previous test. The DC bus voltage is, however, different
in terms of its ripples. In order to show the effects of DC
bus capacitor’s size on the DC bus voltage, a quantitative
comparison is performed for three different values of capac-
itors, i.e. 300uF, 800uF, and 1300uF and the results are
presented in Fig.(7-e). As seen, DC bus voltage ripples, as
expected, are reduced by increasing in the DC bus capacitor’s
size. However, increasing in the DC bus capacitor’s size does
not significantly reduce the DC bus voltage deviations from
the reference voltage as clear. This is due to the fact that,
in the proposed control approach, the DC bus capacitor is not
employed for mismatching compensations. Instead, a high-
bandwidth DC bus voltage control system is employed. So,
in the proposed approach, the DC bus capacitor’s size, with-
out degradations in the performance, can be reduced as long
as DC bus voltage ripples are within the acceptable range.
As seen in Table 2, we have chosen a 300uF capacitor for
the DC bus which results in the DC bus voltage ripples of
about 1%.

A regenerative load may inject currents to the DC bus.
An example of injecting currents to the DC bus from a regen-
erative load is the braking operation in an Electric or Hybrid
Electric Vehicle. In such case, the reference current for the
microsource’s buck converter is set to zero. This is due to the
fact that, a negative load current is blocked by the value lim-
iter according to the proposed approach. Therefore, in order
to keep the DC bus voltage regulated, the injected current
from regenerative load is absorbed by the bi-directional buck
converter. So, a similar scenario as shown in Fig.(7-a) occurs
resulting in the absorption of regenerative energy by the SC.

Compared to the previous works, the proposed approach
of this paper results in a much less DC bus voltage devia-
tions from the reference voltage at a small DC bus capacitor.
As seen in Fig.(7-e), the DC bus voltage deviation from the
reference voltage is about 5% at the 300 F DC bus capacitor.
In [27], a DC bus capacitor equals to 100uF is employed.
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It resulted in the DC bus voltage deviation from the reference
voltage equals to 23%. Although both of the 100uF and
300uF are small capacitors, the DC bus voltage deviation
from the reference voltage is much less in the case of the
proposed approach. Such achievement is at the result of the
high-performance hierarchical control system employed.

V. CONCLUDING REMARKS AND FUTURE WORKS

A hierarchical control system is proposed for islanded DC
microgrids in this paper. It takes into account microsources’
dynamic and steady-state limitations which guarantees their
proper and safe operations during their life time. A well-
regulated DC bus voltage is achieved by employing the pro-
posed control approach at a small DC bus capacitor. So, the
required DC bus capacitor is a low cost, volume, and weight
one.

The DC bus capacitor feeds the DC bus fault. So, generally
speaking, a small DC bus capacitor results in a low DC
bus fault current. In this paper, the healthy operation of an
islanded DC microgrid employing the proposed approach is
considered. The faulty operation of an islanded DC microgrid
employing the proposed approach, however, remains as the
future works.

The communication links, depending on their bandwidth,
may introduce time-delays. These delays exist both in cal-
culating the reference currents based on the measured loads
currents and in receiving the reference currents by the
microsources’ buck converters. At the result of communi-
cation links time-delays, the microsources’ buck converters
respond to loads currents changes with time-delays. Since
the bi-directional buck converter has to regulate the DC bus
voltage, in addition to transients, it has to supply the DC
bus during time-delays too. This means that, besides the SC
which supplies the required power during transients, we need
to include the battery energy storage to supply the required
energy during time-delays. So, as another future works,
we consider the inclusion of battery energy storage in the
proposed approach forming a Hybrid Energy Storage (HES).

APPENDIX

In the experimental set-up, as shown in Fig.(6-a), a 100F,
12V KAMCAP SC module is employed. The SC module
utilizes a passive balancing approach in order to balance the
voltage across the SC cells connected in series. In fact, in this
module, two parallel branches each consisting of five series
connected SC cells are employed. A nominal current of 70A
is considered for the SC module by the manufacturer.

In order to realize the power electronics converters exist in
the LVDC microgrid, four similar Half-Bridge converters are
employed. Each Half-Bridge converter is equipped with an
inductor as well as input and output capacitors. We run the
Half-Bridge converter associated with the microsource in the
buck mode while the Half-Bridge converter associated with
the load is run in the boost mode. The two other Half-Bridges
are employed as the Bus Side and SC side Bridges as shown in
Fig.(6-b). By connecting the Bus Side and SC Side Bridges in
back-back, an intermediate bus capacitor equals to SOOuF is
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achieved. This means that each of the Half-Bridge converters
has an input capacitor equals to 400uF. Also, the output
capacitor of each of the Half-Bridge converters in the exper-
imental set-up equal to /00uF. Since the outputs of three
Half-Bridge converters are connected to the DC bus as the
source converter, load converter, and Bus Side Bridge, a DC
bus capacitor equals to Cp,s =300 wF is achieved.

A DC bus reference voltage equals to Vgos = 12V and
an intermediate bus reference voltage equals to Ug,r = 20V
is considered in the LVDC microgrid. A switching frequency
equals to fi,, = 20kHz is considered for each of the Half-
Bridge converters. Also, an inductor equals to L = 600uH is
considered for each of the Half-Bridge converters.

The inductors’ currents are measured using Hall Effect
Integrated Circuits (HEIC) that provide high-bandwidth cur-
rent measurements. The HEIC employed are able to measure
currents up to =20A with high accuracy. As clear, an accurate
current measurement is essential in the proposed control
approach.

The Half-Bridges’ input and output voltages are measured
using two similar Opto-Coupler Integrated Circuits (IC).
Both of the Hall Effect and Opto-Coupler ICs provide iso-
lated grounds at their outputs. It makes having two separate
grounds possible in experimental set-up.

The converters are controlled using two TMS320F28335
DSP boards. In fact, in the experimental set-up, the source and
load converters are controlled using one of the DSPs while
the Bus Side and SC Side Bridges are controlled using the
other one. The converters are connected to the DSP boards
using interface boards. In fact, the measured signals as well
as PWM switching signals are subjected to noises which can
deteriorate signals accuracy. In order to reduce noise effects in
the experimental set-up, measured signals are amplified at the
converters’ boards but they are attenuated and filtered at the
interface boards before connecting to the DSP boards. Also,
PWM signals generated by the DSP boards are amplified
which are then attenuated before connecting to the Power
MOSFETSs’ Driver ICs. It is worth mentioning that each
Half-Bridge converter is equipped with relays and fuses both
at the input and output. The employment of relays gives us an
extra protection opportunity which can be used to isolate the
input or output in the case of a fault.
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