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Abstract—In this article, a droop control algorithm is
proposed for power distribution between sources in an island
inverter-based microgrid without common central control. The
analyses of the line impedance influence (resistive, inductive,
and combined) are provided to show the impact on the power
flow between a grid and a converter. Line impedance character
influences the droop control algorithm performance. The
impact of the accuracy of the setting, concerning line
impedance, of the proposed droop control algorithm is then
tested in a simulation. For the simulation, a microgrid model
was built in the Simulink environment (MATLAB) with the
PLECS toolbox. In the conclusion, the potential benefits and
applications of the proposed droop control are discussed.

Index Terms—control algorithm, droop control, line
impedance, microgrid, power balancing.

I. INTRODUCTION

The majority share of fossil fuels in energy generation in
the past led to environmental pollution and with high
certainty also to the induction of climate change. However,
in the future, the energy generation by these classical non-
renewable energy sources (gas, coal, and diesel) is
unsustainable due to previously mentioned factors as well as
due to their exhaustion [1-4].

In reaction to that, renewable energy sources (RES) have
been gaining more attention. The popularity of the RES also
led to the rise of distributed generation (DG) systems
development enabling easier integration of RES into the
electrical grid [5-8].

Highly reliable electric power can be provided by DG
systems [9]. Sources such as photovoltaic panels, small
wind turbines, fuel cells, etc. can be considered as well as
energy storage systems [10]. Because it is difficult to
connect these RES directly to the electrical grid [11-12] the
interface between them and the electrical grid is called a
microgrid as can be seen in Fig. 1.

Microgrid generally consists of several DG systems
(sources or energy storage systems) and loads. More
distributed sources provide greater supply reliability in the
case of a failure of any of them. Regarding Fig. 1 microgrid
can be connected or disconnected from the grid [13-14].
Followingly the main advantage of the standalone
(disconnected) DG systems lies in significantly better
control options and power flexibility [15] in the following
text this system is called islanded microgrid.

It is evident the majority of DG (or storage systems), such
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as photovoltaics and batteries, provide direct current (DC)
power.
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Figure 1. Microgrid with possible grid connection illustration

This makes inverter a crucial component of microgrids
[16-17]. Due to the basic microgrid topology, inverters are
connected in parallel. This connection means that even a
small difference in the converter output voltage can lead to a
great difference in output power.

A couple of control techniques have been described for
microgrids consisting of multiple parallel inverters [18-20],
or [21]. Although these control techniques work well for the
microgrid with central control, droop control (voltage and
frequency) is one of the most popular [22] and can work
without central control as well. It can be said that centralized
control provides more accurate power control and power
flow optimization compared to decentralized control. The
benefit of decentralized control is its simplicity, which
allows for example fast integration of new sources to the
microgrid. Another of the benefits of droop control is its
familiarity with the professional public, because it is
commonly used in the control of synchronous generators in
power plants.

Droop control can be also applied in the control of grid-
connected inverter-based power sources. Following the
same principles as in the case of the synchronous generators,
the active power is controlled by changing the output
frequency. This leads to the increasing phase shift between
the voltage of the source and the grid [22-24].

A lot of work is done dealing with droop control
technique modifications [22]. There are such types as
conventional droop control [22], [25], virtual impedance
droop control [22], [26], or adaptive and robust droop
control [22], [27]. However, a lot of works dealing with
virtual impedances are not considering microgrids without a
strong voltage source (usually public power grid) [22], [28-
29]. So, these algorithms cannot be used in islanded
microgrids, but the importance of these island microgrids
will grow with increasing RES integration and efforts to
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supply quality electric power [30-31].

Most of the work regarding droop control neglects the
influence of the line impedance character on the power flow.
It considers purely inductive character. In this paper droop
control accounting for line impedance character is used and
it is adapted for the power distribution between multiple
converters without common superior control or
communication. The proposed algorithm allows the creation
of the islanded microgrid where the sources can be added
without big changes in the current infrastructure. The
microgrid will naturally include new sources in the power-
balancing process. This paper also includes an analysis of
the incorrect setting of the line impedance character in the
droop control algorithm.

Section II discusses the basic operation of droop control.
The influence of the line impedance on the power flow is
analyzed in section III. Commonly used versions of droop
control for the control of grid-connected converters are
analyzed in section IV. A droop control designed for power
balancing in islanded inverter-based microgrids is proposed
in section V. Simulations verifying balancing capability and
showing the influence of different settings of the droop
control algorithm are provided in section VI.

II. DROOP CONTROL INTRODUCTION

The droop control method is used for the control of the
power flow from the voltage source to the grid. It uses
alteration of voltage drop on the line impedance. To explain
this, a simple example will be used. Let’s take a simple one-
phase system shown in Fig. 2. The voltage source on the left
represents a source of controlled voltage (voltage source
inverter, generator). The voltage source on the right
represents a grid voltage. The impedance in between
represents a line impedance.

Uc U

Figure 2. Droop control example

The total power exchanged with the grid can be calculated
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according to (1), because the U, is given by the grid, the
only way to control the power flow is to control the
converter output current which is linked to the voltage drop
on the line impedance (2).

There are two ways, how to change the converter voltage
to achieve power flow control. The magnitude difference
and the phase shift between the grid and converter voltage
controls the active and the reactive power flow. It depends
on the line impedance character if the magnitude difference
controls the active power, the reactive power, etc.

S=U,-I, Q)

U,.-U,
= 2

z

g

qu

III. INFLUENCE OF LINE IMPEDANCE

To show the influence of different line impedances on the
active and reactive power flow, simple examples in the
complex plane are shown. In these illustrative examples a
purely resistive, or a purely inductive line impedance is
assumed as shown in Fig. 3. The converter output current /.
is caused by a difference between converter voltage phasor
U, and grid voltage phasor U,. In the case of the inductive
line impedance, reactive power is exchanged with the grid
(phase shift between grid voltage and current is 90°). In the
case of resistive line impedance, active power is exchanged
with the grid.

Fig. 4 shows the converter output current caused by a
phase shift between the converter and grid voltage. This
leads to the opposite result, compared to the magnitude
difference. In the case of inductive line impedance phase
shift leads to an exchange of active power. In the case of
resistive line impedance phase shift leads to an exchange of
reactive power. In Fig. 4 it can also be seen that in this case,
the power flow is not purely active or reactive. This effect
can be neglected for a small phase shift angle, but with a
growing angle, grows its significance.

Fig. 5 shows that for a combination of resistive and
inductive line impedance, resulting in that the power flow is
also a combination of active and reactive power, both for
magnitude and phase shift difference.
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Figure 3. Magnitude difference influence on power flow for different line impedance
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Figure 4. Phase shift difference influence on power flow, for different line impedance

400:r Re U, = 325.27+j0.00
as0 | U, = 324.82+{17.02
UC u U, (V)
300 - B L
U, ™)
250 | 1, )
200
5
@
= 150 F
100 F I
50
ol
Im
-50

250 200 150 100 50 0 -50 -100 -150 -200 -250
imag

A00;- Re U, = 325.27+j0.00
aso | U U_ = 330.41+j0.00
UC
300 F g Yo )
Ug (v)
250 1,
200
5
@
= 150
100
|
50 - &
ol
Im
-50

250 200 150 100 50 0 -50 -100 -150 -200 -250
imag

Figure 5. Phase shift and magnitude for RL impedance

IV. DROOP CONTROL ALGORITHMS

Equation (3) describes the relations between the grid
voltage u, (V) and the converter voltage u. (V). Voltage u,
calculation is based on grid voltage U,,, (V) magnitude and
its phase shift 9, (rad).

Voltage u, is calculated based on the magnitude U,,. (V)
and phase shift 9. (rad), which are given by droop control
shown in the following equations.

u, =U, sin(9,) 3.1)
u, =U, sin(39,) (3.2)

The behavior described in the previous section can be
used to develop a power control algorithm. This algorithm
consists of two PI controllers. Their input is actual and
required output power divided into the active and reactive
components. Commonly the resistive component of line
impedance is ignored [32]. This approach is mainly applied
for the control of generators, which have a dominant leakage
inductance of stator winding, and for converters connected
to the grid using a simple inductor as a filter. Equation (4)
can be used in these cases. The calculation is based on grid
voltage u, (V), which consists of its magnitude U, (V) and
angle of rotation 9, (rad). Converter output voltage u. (V) is
controlled by the PI controller defined by the gain constants
k, where k,p and k,, are proportional gains for active and
reactive power controllers. Constants k;p and k¢ are integral
gains for active and reactive power controllers. The
proportional and integral gains of the active and reactive
power controllers are not the same. Gains depend on the
parameters of the line impedance, the nominal output power

of the controlled source, and the allowed range where can be
parameters of the output voltage changed. Control error is
calculated as the difference between actual output power
P (W) or Q (var) and required output power P* (W) or
Q* (var). Outputs of the controllers are the magnitude of the
converter voltage U,,. (V) and its angle of rotation 9, (rad).

k s+k
3 :Bg—%(P-P*) (4.1)

v, -u, e g (4.2)
“ N

This simplification leads to a slower reaction of the
control loop. It neglects a coupling between a direct and
quadrature component of the output voltage and current.
This is a well-known problem linked to the use of voltage
source converters [33]. Coupling can be considered by the
inclusion of line impedance character resulting droop
control is described by equations (5) [34-35]. In the
equations, the angle 6 represents the phase shift caused by
the complex line impedance.

k ps+k
4 =8, -

2[(P-P")sin(6)-(0-0")cos(0)] (5.1)
U =U _M.

m, m

& N

[ (P-P")cos(0)+(Q-0)sin(6)]

(5.2)

V. PROPOSED DROOP CONTROL

Equations (4) and (5) are suitable for applications, where
precise power output control is needed, and the controlled
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source is connected to the strong grid. An example of this
can be the photovoltaic system, which needs a precise
setting of output power for the maximum power point
tracking algorithm [36]. These equations cannot be used in
the case of the analyzed (developed) microgrid. It is based
on multiple identical inverters. The only link between those
converters is a three-phase AC grid. This means there is no
strong source that could serve as a reference. Because there
is no communication or superior control loop, the purpose of
the droop control is in this case not to precisely control the
output power, but to equalize the output power of individual
converters.

The main difference of droop control used in this context
is, that there is no reference for required output power. So,
the required output power is set to zero, and the integrational
part of the controller is disabled. The second difference is
linked to the control of the phase shift. To get a phase shift
between individual converter voltages, their output
frequency must change.

Volume 22, Number 4, 2022

With these changes considered, the final used droop
control for the microgrid is described in (6).

w=0,-k,[(P)sin(0)-(Q)cos(0)] (6.1)

9=Lo (6.2)
N

E=E"-k,,[(P)cos(0)+(Q)sin(0)] (6.3)

VI. SIMULATIONS

In this section, the results of simulations regarding droop
control are presented. Fig. 6 shows the used control
diagram. In this diagram, it can be seen, that although
proportional controllers for magnitude and frequency are
used, the calculation of voltage vector angle transforms one
of the controllers into the integrational controller.
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Figure 6. Control algorithm for microgrid droop control

Simulation is based on the example of the railway
carriage microgrid used to power auxiliary drives. This
united carriage microgrid provides a higher level of
reliability in case of failure of one of the converters.
Limiters used in droop control are set according to allowed
deviations in the railway carriage microgrid. The output of
the controller Rp has a limiter which ensures that the output
voltage frequency does not drop under 49 Hz. Proportional
gain is set to reach this limit at nominal active power output.
By the summation of the 495;,) and A49py (which determine
the frequency of output voltage) with the value from the
previous $,, the new value of the 9 for the output voltage is
calculated.

The output of controller Ry has a limiter which ensures
that the output voltage stays in the range from -25% U, to
+3% U,. These margins are given by the application in a
railway carriage microgrid.

In this part results of simulations will be discussed to
verify the function of the proposed droop control. The
Simulink (MATLAB) environment with the PLECS toolbox
is used for model building and presented simulations. It
contains six three-phase voltage sources controlled by the
proposed droop control. These sources are connected to the
common load via the lines with different impedances. The
connection of six inverter cells with the common load is
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shown in Fig. 7.

Basic line parameters used in the simulation are shown in
(7). Line parameters have a dominantly inductive character,
which respects real applications in converter-based
microgrids. In the simulated setup, the output impedance of
the converters consists mostly of the output filter, but
regarding the balancing algorithm, the main impact has the
added line impedance Zj;,., which is different for each
converter. In comparison to reality, the resistive component
of the Z,. is slightly boosted to show the benefit of the
precise setting of the line impedance phase shift.

Impedance phase shift determines the coupling between
output voltage parameters and output power flow.
Impedance phase shift used in droop control does not have
to match reality, this can be used to change the behavior of
the droop control. The following simulations are examining
the influence of different settings.

Ry, =17.5mQ (7.1)
L, =180uH — X, .. =55.6mQ (7.2)
Zyo = Rypy + jL,,, =59.15¢" 7 mQ) (7.3)
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Figure 7. Representation scheme for droop control test
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Equation (8) shows the formula used for the calculation of
the difference in active power supplied by individual
converters. Similarly, the reactive power and output current
are calculated, as a difference from the mean value.

The first simulation result shows output powers and
currents for the system with disabled droop control. In Fig. 8
and Fig. 9 the results of the simulation scenario are shown.

25
P == (8.1)
n
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mean

(8.2)
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Figure 10. PQ difference with precise parametrization of droop control
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Results with the precise setting of the droop control
respecting actual parameters of line impedance are shown in
Fig. 10 and Fig. 11. In this scenario, it is assumed, that the
phase shift of the line impedance is known. This setting

Volume 22, Number 4, 2022

leads to the best performance regarding output current
distribution among the microgrid converters. The precise
setting of the droop control also leads to the fastest way to
reach a steady-state.

20 Inean = 11490 A
—_—\/S| 1
10 —vsi2 [
< - —VSI3 |
= 0 VSI 4
—Vsi5 -
-10 —VsI 6
-20 I 1 I I I I I I I ]
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
t(s)
Figure 11. Output converter current difference with precise parametrization of droop control
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Figure 12. PQ difference with parametrization of droop control for purely inductive line impedance
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Figure 13. PQ difference with parametrization of droop control for purely inductive line impedance
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Figure 14. PQ difference with parametrization of droop control for purely resistive line impedance
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Figure 15. Output converter current difference with the setting of droop control for purely resistive line impedance

Because the line impedance is not always known, a test
for incorrectly set line impedance angle has been performed.
For the simulation, extreme cases have been tested, first is
assuming purely inductive line character. The results are
shown in Fig. 12 and Fig. 13. Integrative character of the
phase shift control causes the difference of the active output
power to reach zero in steady-state.

In contrast, another extreme case is assuming purely
resistive line impedance. The results for this configuration
are shown in Fig. 14 and Fig. 15.

VII. CONCLUSIONS

Section III describes an analysis of line impedance
character influence on the power flow from the voltage
source to the grid. This is a crucial factor in droop control
algorithm behavior.

Despite that, line impedance character does not have to be
followed exactly in process of droop control design. In this
paper, there are examined the possibilities of the droop
control alteration for the equalization of the output power of
the individual sources in microgrids without superior
control.

The presented simulation results show the operation of
the proposed droop control without a reference signal from a
superior control. The droop control in this context is used to
equalize the power output of the controllers connected to the
microgrid.

The simulation confirmed assumptions, that character of
the control influences the distribution of the power among
the converters. The controller, which controls voltage phase
shift (output voltage frequency), has an integrative
character. This can be seen in the results for the droop
control parametrized for purely resistive and inductive loads
where P or Q differences converge to zero. The magnitude
controller has a proportional character which causes the
offset of output power. This offset is necessary for the used
droop control, which does not have a set required output
power.

Results show that for the correct set droop control, there
is the best output current balance result. If the droop control
is parametrized for purely inductive line impedance, it
provides the best results for active power balancing. This
can be beneficial in some cases. For example, if there is
assumed a microgrid based on battery energy storage
systems.

The focus here would be on the uniform state of charge
(SOC) of the individual storages. In the case, where the
droop control is parametrized for purely resistive line
impedance, there is the best reactive power balance. But

there is a significant downfall, this setting is in most cases
distant from real line impedance. The balance of output
reactive powers leads to a great difference in output
currents. The output currents difference is even greater than
in the case with no droop control.
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