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Abstract—This work aims to investigate the effects of
communication delay in a DC microgrid, which operates under
an adaptive droop control scheme. A case study of a residential
DC microgrid is examined, which is essentially a household
prosumer with power generation units, both on site and
remotely, energy storage units and various loads. Conventional
droop control schemes have been widely adopted in DC
microgrids, although they cause voltage deviation, due to the
different characteristics of generation units, whereas their
performance is sensitive to line impedances. In order to
compensate this deviation, while maintaining current sharing
accuracy (adapting to line impedances), a distributed
secondary controller is considered, which regards only the
information of neighboring converters, by the aid of digital
communication links. The impact of various communication
methods, in terms of communication delay is examined and
evaluated via MATLAB/Simulink simulations.

Keywords—adaptive droop control, current sharing, DC
microgrids, delay effects, renewable energy sources

I. INTRODUCTION

Recent research in the field of electric power systems as
well as in power electronics, in both academic and industrial
level, has focused on DC microgrids (MGs) which are
constantly gaining interest. In general, DC distribution
networks outweigh their AC counterparts, presenting
increased reliability, higher efficiency and simpler control
methods [1]-[5]. Furthermore, the majority of the emerging
components of modern power systems, such as distributed
generation units (DGs) (mainly from renewable energy
sources - RES), electronically controlled loads and energy
storage systems (ESSs) are inherently DC, which makes their
interface with DC buses simpler, avoiding excessive power
conversion stages [2]. In addition, issues such as
synchronization or reactive power flow, or problems related
to harmonics are not present in DC MGs [1], [2].

In parallel, given the intermittent operation and demand-
response characteristics of electric loads, power sources
(which may reflect various rated powers) must be
dynamically controlled, in order to meet load power
demands, preserving the DC bus voltage within an
acceptable range. A load sharing approach is usually
considered, where the total load demand is shared among the
sources in proportion to their rated power. As the source
voltages are the only parameters controlling power flow, they
have to be tightly controlled to ensure the desirable voltage
regulation [1], [2].

The standard DC MGs control method is based on a
hierarchical approach, including primary, secondary and
tertiary control levels [5]. The most popular technique for the
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primary controller is the droop control method, achieving
proportional load sharing by means of cooperative operation
among paralleled converters. This method is based on adding
a virtual resistance (VR) on the source voltage regulator
converter, which allows effective current/power sharing,
whereas it provides active damping to the system, with plug-
and-play capability [5], [6]. However, the performance of
this method depends on line impedances. In general, higher
VR values lead to higher current sharing accuracy, but also
to poorer DC bus voltage regulation [7]. Hence, in order to
achieve improved current sharing accuracy, VR wvalues
should be adapted, in respect to line impedances and critical
load changes [5], [7]. Additionally, some DG units, such as
photovoltaic (PV) systems or ESS, lack constant power
supply capability, thus it is of paramount importance the VR
values to adapt dynamically to load changes [7], [8]. A
secondary control level is also necessary, so as to provide
voltage restoration at DC buses. In this context, the adaptive
droop control method has been proposed, as it offers
improved reliability and flexibility, especially in case of
multiple DGs [5]. The basic principle of the secondary
control lies upon information exchange, between local droop
controllers, to compensate the DC bus voltage deviation. The
adaptive droop control scheme will be described in detail in
Section III.

In order to achieve coordination among DGs in DC MGs,
several communication approaches have been proposed,
based either on a centralized controller, or a distributed
control scheme [5], [9]. In centralized control all sensors
information is transmitted from the local DG controllers to a
central supervisory one, which processes the information and
sends back operational set-points to the local controllers.
Although it offers the best control capability, the reliability
of these kinds of systems is relatively low, as its operation is
mostly dependent on a single component. Moreover, with an
increase in the number of DGs, extensive hardware is
required [9]. On the other hand, in distributed
communication control schemes no central controller is
required, leading to increased reliability; local controllers
communicate directly, so as to coordinate and achieve
efficient MG control. Although distributed communication
provides immunity to single-point failures, drawbacks such
as high complexity, stability margins, time delays and
measurement errors exist [9]. Various communication
technologies, applicable to DC MGs control have been
proposed such as low bandwidth communication (LBC)
networks, which are advantageous compared to high
bandwidth communication (HBC) for this kind of
applications [10]. In general, for MG applications wide area
network (WAN), neighboring area network (NAN) (e.g.
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LTE, Wi-Fi, WiMax) and home area network (HAN) (e.g.
wired, ZigBee, Bluetooth, Wi-Fi) architectures have been
proposed [11]. More detail regarding the communication
delay of the above-mentioned protocols will be provided in
Section II.

Nowadays, with the advances in communication
technologies, such as the introduction of Internet of Things
(IoT) and the transition to 5G cellular networks, future smart
grids will consist of several smaller MGs that communicate
and coordinate effectively with each other and with the
utility grid [9]. Thus, communication technologies constitute
a major component of modern residential MGs, imperative
for efficient cooperation and energy transactions (e.g.
between prosumer buildings or between buildings MGs and
the electricity network), within the framework of smart grids
and the emerging energy community concept.

In more detail, regarding the building sector, several
studies have investigated the introduction of DC distribution
in residential, commercial and industrial buildings, along
with the potential electrical energy savings, in comparison
with the conventional AC MG configuration [12]. According
to [12], [13] the estimated energy savings in All-DC
buildings ranges from 5% to 8% for residential and
commercial buildings, without energy storage, whereas it
may reach up to 14% by incorporating energy storage
systems. Additionally, in cases of energy communities, the
RES production may be shared among different buildings, by
exploiting the advantages of virtual net metering scheme.
This concept is also applicable to regions with large-scale
buildings where there is no available space for RES
installation and these DGs are installed in the near area [14].
It is well-known that energy savings in buildings is an issue
of major importance; especially due to the short-term (by
2030) ambitious environmental goals that the European
Union (EU) sets [15]. It is worth noting that in EU, buildings
account for approximately 40% of the total primary energy
consumption and 36% of greenhouse emissions. Thus, the
need for highly efficient buildings is imperative [16].

In this context, this paper focuses on a case study of a
residential DC MG, incorporating conventional and RES
DGs (both on site and remotely), ESSs and various loads,
which is fully autonomous, although grid-tied operation is
available, in cases required. The aim of this work is to
examine and evaluate the communication delay impact on
the adaptively droop controlled DC MG operation, via
MATLAB/Simulink simulations, considering various delay
times.

II. DESCRIPTION OF THE SYSTEM UNDER STUDY

The residential DC MG under study comprises two
power generation units on-site and an ESS, along with a
remotely installed DG with an ESS. A block diagram of the
studied system is depicted in Fig. 1.

In more detail, the building generation units consist of an
integrated PV system and a micro cogeneration (combined
heat and power - CHP) unit. Also, a battery ESS exists, so as
to achieve autonomous building operation. As for the
building loads, household appliances are considered, as well
as an electric vehicle (EV) charger. All of the above loads
are emulated via variable resistive and constant power loads.
As regards the remotely installed DG unit, it comprises a PV
system along with a battery bank. Finally, grid-tied operation
is possible, in cases of high energy demand or excessive

energy production. However, as the scope of this work is to
evaluate the communication delay impact on the secondary
controller, only standalone operation is considered.
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Fig. 1. Block diagram of the residential DC MG case study.

A detailed schematic diagram of the above described
system is presented in Fig. 2. As for the PV systems, their
interface is a boost DC-DC converter, implementing a simple
perturb and observe (P&O) maximum power point tracking
(MPPT) algorithm, whereas its output is fed to an
interlinking DC/DC converter. In parallel, the ESS (battery
bank) is connected to a bidirectional buck-boost converter,
the output of which is connected to the same interlinking
DC/DC converter. The control of the bidirectional converter
is based on a higher-level charging/discharging controller,
based on the operating mode (e.g. batteries charging or
discharging according to the PV generated power and the DC
bus loads power demands). In this context, the converter
output voltage and the batteries SoC are taken into account,
in order to provide a current set-point (source or sink) to the
lower-level controller. The latter one is based on the peak
current control method, which is popular for such
applications, owing to the fast-dynamic response and
inherent fault protection (current limit) [17], [18]. Finally, as
for the CHP system, a micro turbine drives a synchronous
generator which is connected to a front-end diode-rectifier,
which feeds a separate interlinking DC/DC converter.
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Fig. 2. Detailed schematic diagram of the studied DC MG system.
Each PV/battery system and the micro-CHP system,

along with their interlinking power converters (active
sources), constitute a respective node. Thus, the studied
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system has three nodes. It is noted that each interlinking
converter is a step-down one, based on the common buck
DC/DC topology. Although residential DC MGs suffer from
lack of standardization, various voltage levels have been
reported in scientific literature, mainly inspired by existing
DC applications (transportation, telecommunications etc.)
[19]. Hence, for the DC bus nominal operating voltage, the
levels of 48 V and 380 V are considered in this work, which
have been widely considered for residential DC MGs [19],
[20].

In parallel, the aforementioned system nodes exchange
information (in order to effectively cooperate and regulate
their output voltage and current) via a digital communication
network. Regarding communication, commonly wireless
technologies are utilized for data exchange among the local
controllers of a MG [9]. Table I presents a comparison of
some common wireless communication protocols, in terms
of delay and coverage range, based on several studies [11],
[21], [22].

TABLE 1. COMMON WIRELESS COMMUNICATION PROTOCOLS
Protocol Wi-Fi ZigBee LTE HSPA
Delay Time (300 50~ 140 30~ 40 10~26
(ms)
Range Short Short Wide Wide
Common 4\ \/NAN HAN NAN/WAN  NAN/WAN
Application

III. ADAPTIVE DROOP CONTROL SCHEME

In this paper, an adaptive droop control scheme for
voltage restoration and proportional load sharing is
considered. The detailed configuration of the proposed
secondary controller is presented in Fig. 3, where local and
neighbors information are processed, to adjust the local
voltage set-point v;" [8]. A digital communication network is
used for transferring the output voltages and currents of
different converters [10].
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Fig. 3. Detailed configuration of the secondary controller based on
cooperative adaptive droop control.

The voltage set-point for each converter includes two
terms, produced by voltage and current regulators, as
depicted in Fig. 3. Hence, the voltage reference for an
individual converter can be expressed by:

*

Vi =V~ Faili T ov, (1)
where vi..zuc is the rated MG voltage, 7y is the droop gain, i;
is the operational current and Jv; is the voltage compensation
term.

The voltage regulator includes a voltage estimator and a
PI controller, in order to produce the voltage compensation
term Jvi. The voltage estimator at each node estimates the
average voltage across the MG, where v, is the average

voltage at node i. For this purpose, it employs a dynamic
consensus protocol [8], which summarizes all the algebraic
differences between neighbors estimated average voltages
and its own [5]. The voltage estimator at node i receives its
neighbors estimated valuesv; (j€ N,), where N; is the set of

neighbors of node i. Then, the voltage estimator updates its
own value v, by processing the neighbors estimates and its

local voltage measurement v;, as follows:

VO =0+ [ X (¥,0)-7,0) dt 2

0 JEN;

Then, the change in v, propagates through the

communication network and affects all other estimations.
This estimation is then compared with the MG rated voltage
value v.ruc, to produce the voltage correction term Jvi. In
case that v, deviates from v,..suc, the controller regulates dv;,

so as to eliminate the difference.

The current regulator at node i provides the input to the
droop mechanism. In current-based droop mechanism, the
droop gain rg; is considered as the internal virtual impedance
and it characterizes the converter output impedance. Droop
gains are designed and selected in order to achieve optimal
cooperation and minimization of the output current sharing
error. However, distribution lines compromise the current
sharing accuracy of the droop controller. Hence, the droop
gains are suggested to adapt to the MG loading conditions.
For this purpose, a cooperative current regulator is embedded
in the secondary control of each converter. Its main task is to
compare the local per-unit current i with the neighbors per-
unit currents and calculate the current mismatch J;, by
summarizing all the algebraic differences, as follows:

g= 2 (i) G

JeN;

This mismatch is then fed to a PI controller Gi(s), in order
to produce the droop correction term Jr;, which leads to the
new value of droop gain as follows,

Ty = Ty0; —O; “4)
where 74 is the initial droop gain of each converter
according to its nominal current, given by:

&
rdO[ = -r'atved (5)
l[
where ¢, is the maximum permitted voltage deviation at the
DC bus and i/ is the nominal current of each converter.

In case the per-unit currents of any two neighboring
converters differ, the current regulators respond and adjust
the droop correction terms Jr;, so as to achieve current
sharing.

IV. SIMULATION RESULTS

In order to validate the proposed adaptive droop control
scheme, a simulation test model of the studied DC MG
depicted in Fig. 3 is developed in MATLAB/Simulink
environment. It is assumed that the three interlinking buck
DC/DC converters for the three power units (i.e. two
PV/battery units and one micro CHP unit) have different
current ratings. Thus, the rated current of the third converter
(Node #3 — which corresponds to the micro CHP unit) is
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twice the rated current of the other two converters.
Moreover, it is assumed that the impedance value of each
distribution line is different, in respect to the node distance
from the DC bus. A detailed summary of the main system
parameters for the examined DC MG are presented in Table
IL

Simulations are carried out and the impact of
communication delay on the system dynamic performance
(i.e. load step changes), as well as the secondary adaptive
droop control are investigated. Although there are different
possible voltage levels [19], this work focuses on a 48 V as
well as a 380 V system configuration, in order to be in line
with typical voltage levels of residential applications.

A. 48 V System

As regards the 48 V system configuration, the adaptive
droop control scheme is implemented, based on a data
network, so that various communication delays are tested to
study their impact on system performance. Hence, the
communication delay value is initially set to 30 ms,
corresponding to a fast-wireless network and then to 300 ms,
corresponding to a slower communication network. The
output voltages and currents of interlinking converters, as
well as the DC bus voltage and load current are depicted in
Fig. 4, Fig. 5 and Fig. 6, where the load at DC bus changes
between 0.6 Q and 1.2 Q. The controller performance in case
of zero communication delay is presented in Fig. 4. The
voltage regulation seems to be moderate, as depicted in Fig.
4a, due to the extremely high load current. Although the DC
bus voltage drop is slightly above the maximum permitted
voltage deviation (i.e. approximately 7% of vemc), the
transient current sharing performance is excellent, as Fig. 4b
denotes. The impact of different line impedances is
eliminated and thus effective current sharing is achieved.

TABLE II. SUMMARY OF THE MAIN SYSTEM PARAMETERS
Symbol Parameter 48V 380V
System System
Power Units
ijered 30 A 4A
i,red Rated Current of Unit #i 30 A 4 A
ijered 60 A 8 A
Ziinel 0.1Q 0.5Q
Ziine2 Line Impedance of Unit #i 03Q 1Q
Zline} 0.1Q 05Q
Vaor 0.08 Q 0.6 Q
Ta02 Initial Droop Gain of Unit #i 0.08 Q 0.6 Q
703 0.04 Q 0.3Q
Interlinking Buck Converters
Sfow Switching Frequency 50 kHz 50 kHz
C; Input Capacitance 470 uF 470 pF
Cou Output Capacitance 1000 pF 1000 pF
Ly Filter Inductance 800 uH 800 uH
Primary Controller (for each node)
Vref MG Reference Voltage 48V 380V
kyi Proportional Voltage Term 1 1
ki Integral Voltage Term 5 5
) Proportional Current Term 1.5 1.5
ki Integral Current Term 0.9 0.9
Secondary Controller (for each node)
kp3 Proportional Current Term 0.5 100
ki3 Integral Current term 1 1
& Maximum Permitted Voltage 24V 9V
Deviation (5% Vyefuc)
ted Communication Delay 30/300 ms 30/300 ms

When the communication delay is set to 30 ms, the
adaptive droop controller performance seems to be affected,
according to Fig. S5a, since the DC bus voltage deviation is
approximately 15% of v,¢uc, whereas its transient response
seems to be slower. In addition, higher voltage overshoots as
well as undershoots are observed during load steps.
However, the load current sharing accuracy remains at an
adequate level.
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Fig. 4. Performance of the adaptive droop controller for the 48 V system
in case of zero (0 ms) communication delay: a) power unit output voltages
and DC bus voltage b) current supplied by each power unit and load
current.
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Fig. 5. Performance of the adaptive droop controller for the 48 V system
in case of 30 ms communication delay: a) power unit output voltages and
DC bus voltage b) current supplied by each power unit and load current.

Authorized licensed use limited to: University of Athens. Downloaded on December 01,2020 at 08:51:24 UTC from IEEE Xplore. Restrictions apply.



Finally, when the communication delay is set to 300 ms,
oscillations can be observed in both voltage and current
waveforms, resulting in voltage regulation fail and relatively
poor current sharing accuracy, as presented in Fig. 6. In more
details, due to high communication delay, the voltage
estimator fails to estimate the average voltage value of DC
bus, resulting in calculation errors for voltage compensation
terms. Moreover, the adaptive droop controller cannot
accurately calculate the droop correction terms. Thus, for
higher communication delay values, the adaptive droop
controller performance is poor and system stability is

jeopardized.
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Fig. 6. Performance of the adaptive droop controller for the 48 V system
in case of 300 ms communication delay: a) power unit output voltages and
DC bus voltage b) current supplied by each power unit and load current.

B. 380 V System

As regards the 380 V system configuration, its
parameters are also depicted in Table II, whereas the same
tests have been performed, as in 48 V configuration. The
output voltages and currents of interlinking converters, as
well as the DC bus voltage and load current are depicted in
Fig. 7, Fig. 8 and Fig. 9, respectively. Load step changes
occur at 1.5 s (increase from 5 A to 10 A) and 3 s (decrease
from 10 A to 5 A). The controller performance in case of
zero communication delay is presented in Fig. 7. The DC bus
voltage drop is minor (i.e. approximately 1 V ~ 2 V), due to
the voltage compensation term of the secondary controller. In
parallel, the current sharing performance is excellent, as Fig.
7b denotes. The impact of different line impedances is
eliminated and thus effective current sharing can be
achieved.

When the communication delay is set to 30 ms, the
adaptive droop controller performance is satisfactory,
according to Fig. 8a, since the DC bus voltage deviation is
similar to the zero-communication delay case. However, the
communication delay impacts the current sharing, as it is
depicted in Fig 8b, where current sharing balance among
node#1 and node#2 is notably delayed, compared to the
previous case.
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Fig. 7. Performance of the adaptive droop controller for the 380 V system
in case of zero (0 ms) communication delay: a) power unit output voltages
and DC bus voltage b) current supplied by each power unit and load
current.
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Fig. 8. Performance of the adaptive droop controller for the 380 V system

in case of 30 ms communication delay: a) power unit output voltages and
DC bus voltage b) current supplied by each power unit and load current.

Finally, when the communication delay is set to 300 ms,
oscillations can be observed in both voltage and current
waveforms, resulting in poor current sharing accuracy and
higher voltage undershoot, as presented in Fig. 9. In more
detail, during load increase, the DC bus voltage falls below
373 V, which is notably greater, compared to zero and 30 ms
delay cases. The main reason for these oscillations is the
large communication delay; during this time, the adaptive
droop controller cannot accurately calculate the droop
correction terms, as well as exactly estimate the average
voltage value, owing to delayed neighbors’ voltage and
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current feedback signals. Hence, it is evident that for higher
communication delay values, severe oscillations may occur
and thus the stability of the control system is jeopardized.
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Fig. 9. Performance of the adaptive droop controller for the 380 V system
in case of 300 ms communication delay: a) power unit output voltages and
DC bus voltage b) current supplied by each power unit and load current.

V. CONCLUSIONS

This paper aims to contribute in highlighting the effects
originating from communication delay in DC MGs
performance, in terms of current sharing capability and DC
voltage regulation. A residential DC MG (prosumer building
and remote RES production) is considered, in islanded
operation under an adaptive droop control scheme.

According to the presented results, it is concluded that for
relatively small communication delays (e.g. 30 ms) the
performance of the control system is almost unaffected.
However, for higher communication delays the control
system stability is not guaranteed, as oscillations and higher
voltage deviations may occur. Hence, the impact of
communication delay constitutes a challenging issue, which
has to be considered in distributed control approaches with
communication network.
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