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Abstract— This work investigates the influence of a droop control approach implemented to a front-end DC-AC converter con-
nected to a DC microgrid. Distributed energy systems operating in a DC microgrid structure have been gaining traction recently,
mainly due to the simplification process in the integration of renewable generation and energy storage systems. One of the most
common strategies to guarantee proper operation of these structures is the droop control, which presents relatively easy imple-
mentation, enables microgrid coordination and also DC bus voltage regulation. However, the droop method lacks robustness and
can present errors when lines between the terminals have non negligible impedances. This drawback can be mitigated with hier-
archical control topologies. In addition to the aforementioned strategies, front-end DC-AC converters are also capable of contrib-
uting with DC bus voltage regulation if provided with proper droop strategy. To the best of the authors knowledge, this type of
control has not been thoroughly explored, though. To partially fill this gap, the authors implemented a DC microgrid model in
software environment, considering line cable impedances between units. In the front-end converter, the droop strategy is em-
ployed using the synchronous reference frame technique. Simulation results are presented to illustrate the influence of the control
developed for the front-end converter in the performance of the microgrid, focusing on the primary and secondary responses. A

comparison with the operation regimen under the most common control approach found in literature is also reported.

Keywords— Hierarchical Control, Droop Control, DC microgrids, Smart Grids.

1 Introduction

In the last decades, the utilization of renewable
energies in the electric system has increased signifi-
cantly, reducing pollution and the emission of CO2.
Alternative sources, such as wind turbines, fuel cells
and photovoltaic panels have been contributing with
system generation within different levels of power in
the utility grid, like transmission and distribution
systems.

As a consequence, the distribution system has
passed through several changes. A system which
previously had only electric loads, nowadays has
also distributed generation (DG) units that can be
allocated and coordinated by the local consumers.
The DGs increase the reliability and flexibility of the
system, since these units can sustain the loads and
contribute to the power quality in the grid. Active
and autonomous distributed systems, called mi-
crogrids (MGs), aim to establish a more efficient
energy system using energy storage (ES) units and
robust control strategies.

In this scenario, the combination of DC based
generation and ES units in a DC microgrid can im-
prove the efficiency, and has some advantages
(Dragicevic et al., 2016), such as:

e Reduction of power losses caused by the
lower number of conversion steps;

e Most DGs, energy storage systems (ESS)
based in batteries, and electronic loads have
dc operation, so the integration becomes eas-
ier;

e The interconnection between systems or el-
ements is much simpler than in AC, because

the synchronization depends only on the DC
voltage level,

e There is no reactive power in a DC MG. This
fact simplifies the control strategies and im-
proves power quality.

However, the coordination and energy manage-
ment in DC MGs have some challenges that involve
mainly voltage regulation at terminal connections
and power sharing accuracy between generation and
storage units. To achieve the aforementioned goals,
several control strategies were proposed before (Ott
et al., 2015). These strategies are very robust but they
can lose accuracy depending on the system configu-
ration and line impedances.

Besides the control methods, another relevant
aspect in microgrids management is the communica-
tion between converters that interface the DGs and
ESs components. Communication channels allow
implementation of more sophisticated strategies and
additional features. As a result, many works propose
new types of controls and algorithms that have vari-
0US pPUrposes.

A control architecture applied to ESSs was al-
ready implemented. In (Xiao et al., 2015), a strategy
that performs voltage regulation and autonomous
state of charge (SoC) recovery is shown. In (Jin et
al., 2014), a practical DC microgrid developed using
only DC-DC converters is presented. These concepts
can be expanded to other types of sources and con-
verter topologies.

This paper aims to analyze a multilevel control
method to manage DC microgrid equipment consid-
ering the effect of line impedances and a front-end
DC-AC converter, where the control structure is
adapted to regulate the DC bus voltage and to work
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with the hierarchical topology. The microgrid ana-
lyzed for the work is shown in Figure 1.
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Figure 1. DC Microgrid Topology.

The system consists of a solar DG unit, two ESS
converters, and an AC/DC converter connecting the
main DC bus of the microgrid with the utility grid.
Each converter terminal supplies linear resistive local
loads, while in the main bus a constant power load is
connected. The equipment terminals are integrated to
the main bus through transmission lines, and their
impedances are considered in the study. The main
function of the hierarchical control is to regulate the
main bus voltage and improve accuracy in the power
sharing.

This paper is organized as follows. The hierar-
chical concepts and techniques are shown in section
2. The component description of the microgrid and
how the hierarchical control was implemented is
presented in section 3. Section 4 demonstrates the
theories with the simulation results. Finally, conclu-
sions are made in section 5.

2 Hierarchical Control

2.1 Topology

The hierarchical control topology is shown in
Figure 2. Each converter unit connected to the sys-
tem has a primary controller actuator, which process-
es the variables through local current and voltage
measures. This means that primary controllers are
able to work autonomously and regardless of a com-
mon communication channel.
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Figure 2. Hierarchical control topology.

However, recent progress in communication
technologies and information enables the possibility
of new features in control and management in some
applications. As a consequence, functions provided
by sophisticated algorithms that perform the optimi-
zation of the microgrid are progressively implement-
ed (Meng et al., 2017). This is possible due to the
fact that system variables are shared, avoiding mis-
match errors and providing better decision making.

Nowadays, microgrids complexity is growing,
and the control must be realized in a smarter way. A
hierarchical control structure is thus widely recom-
mended. Simple functions can be implemented in the
local controllers to guarantee a basic operation of the
system. Advanced control and operational features
can be implemented in a central controller. Hierar-
chical control is thus becoming a standardized con-
figuration in microgrids. The secondary functions are
conventionally performed in a centralized manner as
they require global information, monitoring the main
variables.

2.2 Primary control

The control in DC microgrids has many relevant
tasks and aspects. Firstly, to guarantee the load sup-
ply, each converter must contribute with the power
flow in the system proportional to its rated power
capability. At the same time, the DC bus voltage
must be monitored and has to operate near its nomi-
nal value. In this way the most common and practical
control structure is the droop control.

The droop control scheme can be seen in the fig-
ure 3. The cascade control structure has the inductor
current control as an inner loop. The outer loop is the
terminal voltage control, which exports a current
reference to the inner loop current control. Both
controllers are based on Proportional-Integral (PI)
controllers, with a transfer function described as:
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Figure 3. Primary control structure.

The droop strategy has the function to send a
voltage reference to the local controller. This behav-
ior provides the converters with the ability to control
the bus voltage near its nominal value. Moreover, the
power inserted by the interfaced converter in the
microgrid is proportional to its rated power. These
functions of the droop control can be seen through
the droop equation below:

Vref = VO - Rdlout (2

where V.., is the voltage reference sent to the
outer loop, V, is the no-load voltage, I, is the out-
put current of the converter and R is the droop coef-
ficient. It can be observed that the equation (2)
makes the converter behave as a voltage source with
a series resistance, since the droop coefficient has a
resistive dimension. It means that this coefficient can
be interpreted as a virtual resistance in the control,
which causes a voltage droop in the voltage reference
in steady state depending on the output current. With
the droop method, converters in the MG work as
slack terminals. The droop coefficient is calculated
as follows:

R, = Vmax - Vmin — ﬂ @)
¢ Imax - Imin Al

Where AV is the maximum voltage variation al-
lowed in the main dc bus of the microgrid and I,,,,
the maximum output current of the converter. The
droop control action is illustrated in the next figure.
Droop curves can be different depending on the type
of the converter and the type of element that is con-
nected in to its input. Solar panels usually are unidi-
rectional, so the converter only works inserting ener-
gy in the system.

In this case, the blue curve is used. ESSs can act
in the system as a generation or as a load, and its
interface converter must be bidirectional in current,
following the green curve behavior. The utility grid
converter does the interchange between grids and
also can insert or absorb power into the microgrid.
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Figure 4 - Types of droop curves

It can be seen that the voltage dynamics in the
microgrid is a result of all slack terminals variation.
It is possible to deduce an equivalent droop curve
from the droop curves parameters, illustrated by the
red curve in the figure above. The incremental reac-
tion of each droop curve in the system can be ob-
tained deriving the equation. Hence:

AV
Rd,n

AL, = )

Where Al, is the current variation on each con-
verter. Therefore, the variation of all currents in the
microgrid shows the variation of the whole system.
Consequently:

k k 1
Algrid = Z AIn = —AVZ R (5)
- - an
n=1 n=1

In the equation above, the voltage variation of each
output converter is the same in the entire system, and
is the previous stipulated AV,,,,. Manipulating the
terms in the equation above, the expression of the
equivalent droop coefficient of the microgrid is:

k -1
Roy = 2 _ y 1 ©)

Accordingly with the expression, it is possible to
describe the relationship between main bus voltage
value and the sum of all load currents connected to
the system, which is:

Vus = Vo — Reqlload (7

Where V. is the voltage measured in the main
bus of the dc microgrid, V,is the nominal value of the
bus voltage, and I,,,, is the total load current linked
at the main bus. As a result, the system can be treated



as a single voltage source or slack terminal, with
series equivalent virtual impedance. In fact, the equa-
tion (6) shows that the equivalent virtual resistance is
the equivalent droop coefficient of the slack terminal
based control converters, connected in parallel with
the microgrid bus.

It is relevant to emphasize that some generation
unit into the microgrid can work only as a constant
power source, like MPPT based algorithms. To rep-
resent this equipment in the system, it is considered
that their output current is constant and the effective
load current is:

k
Il’oad = Iload - Z [DG,n ®)
n=1

Where I},,, is the effective load current used to
calculate the voltage in equation (7), [;qq i the total
load current connected to main bus, and I ; is the
current of DG unit.

The droop curves provide high flexibility due to
the fact that many elements in the system can operate
as a voltage slack terminal in the microgrid, regulat-
ing the main bus voltage between maximum and
minimum values. Additionally, droop control im-
proves the stability of the system because it can work
without a communication channel. Each local con-
troller uses the output current measured in the con-
verter as information about the system load.

Unfortunately, droop control as a global method
of control in the system is not enough to guarantee its
optimal operation. The equation (7) indicates that the
system will work with a steady state error in the
voltage bus, because of the virtual impedance. Then
the voltage regulation zone should be very small to
minimize this phenomenon. Even more, this method
can lose accuracy in power sharing due to real re-
sistances between the converter terminal and the
main bus (Chen et al., 2014), (Chen et al., 2015),
(Iravani et al., 2016). The line resistances increase
the voltage drop in to voltage regulation and cause
power mismatches at the proportional power sharing,
as illustrated in Figure 5.
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Figure 5. Line impedance effect in the droop behavior.

The droop equation considering the line imped-
ances can be expressed as:

Vref = VO - (Rd + Rline) Iout (C)]

All variables in the equation above are the same
in the equation (2). The only difference is the param-
eter Ry that represents the line impedance connect-
ed with the converter. In a dc distribution system, the
resistance term of the impedance is most relevant
because the dynamics caused by the impedances do
not affect the steady state operation. It can be noted
that the voltage regulation is harmed by the line im-
pedance effect, since the minimum value of the bus
voltage is violated. Line impedances also deteriorate
the system power sharing, because the droop coeffi-
cient defined in the control is not the same as the
effective series resistance.

2.2 Secondary Control

In large ac power systems, the concept of the
secondary control is defined as the algorithms that
correct the steady state error of system voltage and
frequency. Similar principle is being used in dc mi-
crogrid control methodologies. For this specific study
the secondary control will be used to eliminate the
voltage deviation caused by the droop curves proper-
ty. Besides, the secondary control can provide accu-
racy in the current sharing. The Figure 6 shows the
control architecture.
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Figure 6. Secondary control scheme.

The two types of secondary control functions
studied in this work are based on PI controllers, and
both process the same variable output to the primary
controller. However, they have different purposes
and their action characterizes a tradeoff. Figure 7
analyzes this phenomenon.
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Figure 7. Secondary voltage regulation effect.

The figure above demonstrates the secondary ac-
tion. The red curve is a converter with secondary
action and the blue one is the equivalent of the other
slack terminals in the MG. With a voltage variation
on the V,,,,¢ axis, the droop curve suffers a shift. This
voltage shift changes the operation point of the sys-
tem and brings it to the point of the nominal voltage
V. At this point, the secondary converter makes the
output current rise. This rise causes power mis-
matches in presence of line impedances, because the
voltage shift will be different since the other line
impedances in other converters are distinct.

The current sharing compensation is done by the
same effect. However, this voltage shift will cause a
voltage deviation in the system bus, as it can be seen
in Figure 8.
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Figure 8. Secondary current compensation effect.

With the secondary response effect the differ-
ence of the terminal voltage of the converter is modi-
fied to achieve the accurate value of current. There-
fore, it is not possible to achieve nominal voltage
operation and perfect power sharing at the same time.

The voltage regulation of the secondary control
is realized including a voltage shift in the droop
equation. Hence:

V‘ref =Vo — Raloyt + Vg (10)

Similarly, the current compensation is deter-
mined with:

Vref = VO - Rdlout + Vsi (11)

The equation that calculates the accurate output
current of a converter is derived from the manipula-
tion of equation (2) and substituting the voltage ref-
erence V.., for the main bus voltage measured V"

Vb - V
Iout,n = uSR g (12)
a

3 Microgrid Components

This section describes the system simulated on
PSCAD software to validate the theoretical aspects
approached in this paper. The whole system was
previously shown in Figure 1. Table 1 summarizes
all the pertinent parameters of the microgrid compo-
nents. The main bus of the microgrid operates with
nominal value of 450 V, with a 10% of tolerance for
maximum and minimum values for the primary con-
trollers.

Table 1. Microgrid Parameters.

Input rms Rated . cha}l
Converter Volta p Line Imped- | Resistive
ge ower ance (Q) Loads
9] (kw) @
DG 280.0 12.0 0.15
ESS1 240.0 12.0 0.10 20
ESS2 200.0 12.0 0.15 30
DC/AC 220.'0 15.0 0.08
(ac side)

In the next items the details of modelling are de-
scribed for each converter. The line impedances were
chosen taken into account the characteristics of the
cooper cables usually employed in power systems
(Chenetal., 2014).

3.1 DG Unit

The DG unit consists of a photovoltaic array
connected to the system through a unidirectional
boost converter. Its controller aims to generate the
maximum amount of power given the weather condi-
tions. This type of control is commonly known in the
literature as maximum power point tracking (MPPT).
There are many techniques to apply the MPPT fea-
ture when the converter is connected in a microgrid
(Zheng et al., 2011).

In this case, the incremental conductance algo-
rithm was applied to process the MPPT capability on
the DG unit.

3.2 ESS Units

There are two ESS distinct units which work in-
dividually, since both have their own interfacing



converter. The control structure of the primary con-
trollers is the same as the Figure 3. Nevertheless, the
secondary control features have different objectives:
Secondary performs voltage regulation with ESS1
and state of charge compensation in ESS2.

The state of charge methodology adopted to the
simulation was elaborated accordingly to (Tremblay
etal., 2007).

3.3 Front-end Converter

The front end converter is a bi-directional three
phase DC/AC converter, which controls the power
flow between DC microgrid and AC utility grid. The
primary control strategy has to be adapted in this
converter, whereas the inductors currents are in the
ac side (Prieto-Araujo et al., 2017). To circumvent
this situation, it was used the synchronous reference
control frame, that transforms the three phase quanti-
ties in to stationary variables. With this technique, it
is possible to use the PI controllers in d and q axis,
and analogize the primary control of this converter
with the control illustrated in Figure 3. The second-
ary control of this converter tends to regulate the
main bus voltage. The control diagram applied is
shown in Figure 9.
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Figure 9. Front-end converter control diagram.

In the diagram of Figure 9, the output current
I, is considered as its DC-side current. The syn-
chronous reference phase of the AC grid is obtained
by a synchronous reference frame phase locked loop
(gPLL), which has the three phase voltages V. as
input signals.

It is relevant to observe that all controls were
implemented in per unit quantities. The per unit real-
ization in the primary and secondary controllers
make the droop implementation more simple to cal-
culate and to compare the control actions.

4 Simulation Results

In most of the scenarios the main test consists in
the introduction of a constant power load on the main
bus, connecting a 5 kW load in an instant of time.
First, the behavior of the primary controllers is pre-
sented, demonstrating the effect of the line imped-

ances in the system and the implementation of the
front-end droop control strategy. And finally, the
secondary action is analyzed in the system. The re-
sults will be analyzed with the presence of the line
impedances of the cables.

4.1 Primary Control Action

Figure 10 shows the main bus voltage variations
in each case in order to demonstrate the primary
control behavior. The effect of the droop control
strategy in the front end converter operating in the
system is also analyzed in this section.

DC Microgrid - Main Bus Voltage
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Figure 10. Main bus voltage comparison.

Figure 10 shows that, for both the cases with
droop control only in the ESSs (blue line in Figure
10) and with droop control with virtual resistances of
0.01 p.u in both the front-end converters and the
ESSs (red line in Figure 10), the bus voltage remains
at nominal value (450 V) after the introduction of the
constant power load at 4.0 seconds. This result
demonstrates that the voltage regulation in steady
state capability is increased with low droop values.
On the other hand, Figure 11 and Figure 12 show that
the power sharing between converters is not operat-
ing properly in both cases. Firstly, the power sharing
when the droop control in the DC-AC converter is
not operating is shown.
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Figure 11. Power sharing — Front-end converter without droop
control strategy.



It can be observed in Figure 11 that the front-end
converter is assuming a great amount of the load in
the system and the ESS converters are not contrib-
uting that much. This is caused by the inexistence of
virtual impedance in the front end converter, which is
trying to operate as an ideal voltage source. The
transient regimen in this case is the slowest of all
cases without secondary control. This denotes that
the virtual resistance in the front end converter can
also affect the transient performance.

Figure 12 shows that the power sharing between
converters is not operating properly as well. The
virtual resistances for this case are 0.01 p.u. Each
virtual resistance is referred in the rated values of the
respective converter shown in Table 1.
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Figure 12. Power sharing - 0.01 p.u virtual impedances.

The power flow in the DC microgrid shown in
Figure 12 demonstrates that both of the ESSs in the
system have different values and the output power of
the front-end converter is negative, meaning that the
flow is from the DC bus to the AC utility grid. This
characterizes an inconsistency, since the output pow-
er in two units that has the same rated power and the
same virtual resistance should be equal. Furthermore,
the output power of the front-end converter should be
positive and bigger than the other units due to its
rated power, respecting the proportional distribution
of the load connected in the system. It is also possi-
ble to see that the power flow remains inconsistent
before the constant load connection.

These operation conditions can be improved if
the chosen virtual resistances of the droop control
have higher values. Figure 13 present this scenario,
where the virtual resistance of each converter is 0.2
p.u and the constant power load is connected at 4.0
seconds. The bus voltage is not working with its
nominal value for the case when the droop control is
implemented in the ESS and front-end converters
operating with 0.2 p.u virtual impedances (see Figure
10).

When the constant load is inserted, the voltage
level in steady state on the bus decreases after the
transient response. This decrease in steady state indi-
cates the load state of the microgrid. The higher
value of the virtual resistances deteriorates the volt-
age regulation. However, the power mismatches in
the system decreases.
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Figure 13. Power sharing - 0.2 p.u virtual impedances.

Figure 13 shows the power sharing in the mi-
crogrid. The DC-AC converter has a positive output
power. This output power increases when the con-
stant power load is applied. Nevertheless, there is a
considerable power mismatch between ESS1 and
ESS2 converters. This phenomenon is related with
the line impedance differences in the system.

4.2 Secondary Control Action

In order to validate the secondary response
methodology in the microgrid, a simulation case was
planned to demonstrate its control action. The system
starts operating with the constant power load, and the
secondary control starts to act in 4.0 seconds. The
virtual resistance in primary control is the same in
p.u for each converter and is equals to 0.1 p.u.

DC Microgrid - Main Bus

455 -
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Time (s)
Figure 14. Secondary control action in the bus voltage.

Figure 14 presents the bus voltage behavior with
the secondary control effort. In this case, the front-
end converter and ESS1 converter have the bus volt-
age regulation strategy (V;,) while ESS2 has the
current compensation strategy (Vg;). Before the sec-
ondary control order, the bus voltage is operating
near 445 V, with all loads already connected. When
the simulation time reaches 4.0 seconds, a transient
state starts and the bus voltage increases to 450 V.
An undershoot is perceptible in the transient response
of the bus voltage, even though no loads are connect-
ed in this moment. This undershoot is inherent to the
power transient of the converters.
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Figure 15. Secondary response in the microgrid power flow.

Figure 15 illustrates the power flow in the mi-
crogrid for this case. When the secondary controllers
begin, the output powers of DC-AC converter and
ESS1 start to rise in order to increase the bus voltage.
In contrast, the output power of ESS2 decreases to
achieve the accurate point of its output current. When
the bus voltage is 450 V, the output power of ESS2 is
about zero. This variation occurs due to the droop
curve and the secondary law in this converter. When
the voltage is fully regulated, the result of the equa-
tion (12) is ideally zero for an ESS unit. Then the
secondary control actuates to decrease the output
power, causing the undershoot in Figure 14. In
steady state the front-end converter has the higher
output power, denoting a proper power sharing. The
dynamics of the system are slower in this scenario.
This is expected since the secondary control order
must be slower than the primary control order.

5 Conclusions

In this paper, a hierarchical control adapting a
droop technique in a front-end DC-AC converter was
implemented to a DC microgrid. The control scheme
of primary and secondary control was performed and
evaluated.

Observing the simulation scenarios, it is possible
to conclude that the hierarchical structure is effective,
and allows power mismatches minimization consid-
ering line impedances, increasing the flexibility and
reliability of the control system. The primary control
of the front-end converter using synchronous frame
reference was validated as an effective strategy to
implement the droop control law in DC-AC convert-
ers. In addition, it was demonstrated that the droop
control methodology applied in the front end con-
verter can operate in a DC microgrid that contains
different elements, like DGs and ESS units.

Future works will be done implementing the ter-
tiary control, to enhance the system strategies and
implement algorithms capable to optimize the opera-
tion of the energy storage systems in the DC mi-
crogrid.
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