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Abstract—A new approach for more energy efficient industrial
production processes are smart industrial direct current (DC)
microgrids with one or more connections to the alternative
current (AC) grid. The advantage of the DC-technology is an
easier integration of renewable energies sources and energy
storage systems (ESS). Different applications for ESS are possible,
for instance an uninterruptible power supply (UPS) for a DC
microgrid. Within this paper, a new handling concept for a mains
supply failure (e.g. a blackout of the supplying AC grid) with a
droop curve control is introduced. In this approach, the droop
curve controlling the ESS is adapted, depending on the ESS’
state of charge (SoC), which results in a droop curve with a
hysteresis. This concept realizes the charging of the ESS only
with recuperation energy, that occurs in the DC microgrid during
the production process. Thus, all recuperation energy will be
kept in the DC microgrid and a transformation of the energy in
AC or an energy loss through braking resistors will be avoided.
Furthermore, no additional energy is needed to charge the ESS.
This increases the energy efficiency of the entire production
process. The concept was verified in simulation and validated
in experiment and it has shown a DC voltage deviation of less
than two percent.

Index Terms—DC microgrid, Energy efficiency, Uninterrupt-
ible power supply, Droop curve control

I. INTRODUCTION

The rising awareness of energy efficiency in the industrial
sector and the increasing amount of volatile renewable ener-
gies makes it necessary to find new concepts for the indus-
trial power supply in the production process. One approach
are industrial smart grids and DC microgrids [1], [2]. The
motivation of DC microgrids is to achieve lower conversion
losses than an AC supply. Moreover all recuperation energy
should be completely stored within the DC microgrid [2], to
prevent transformation into thermal energy through braking
choppers or converting it back to the AC grid. Energy storage
systems (ESS) can be used, to store that recuperation energy
which occurs during the production process. Another typical
application for an ESS is an uninterruptible power supply
(UPS). There are several reasons to keep the production
running as tools can be destroyed or uncompleted workpieces
cannot be finished. UPS also results in a higher reliability
of the production process, which is a competitive advantage.
Both applications combined - UPS and storing recuperation
energy - can increase the synergy potential of ESS, so that
the high invest costs can be justified more. For this reason,
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this paper introduces a failure handling concept for a DC
microgrid, which increases the synergy potential of the ESS
by having two main purposes: First, to balance differences
between energy demand and the energy supply and storing
recuperation energy from the production process. Through the
recuperation energy the ESS can be charged at no additional
costs. Second, in case of an AC grid failure, the energy storage
can operate as an UPS to keep the production running.

A. State of the Art

Architectures and control methods for DC microgrid’s load
flow management can be distinguished between centralized,
decentralized and distributed systems [3]. Centralized method
means that all controllable grid participants (i.e. among others
a rectifier with boost converter or DC-DC converters) are
connected to one central unit. This approach is highly flexible,
as the central unit can change operation modes and react on
changing conditions online [3]. The disadvantage is a high
reactive time and the high reliability requirements for the
central control unit. Furthermore, the computational effort of
the central unit and the mandatory real-time communication,
which is necessary for this architecture, limits the number of
participants in DC microgrids.

The decentralized droop curve control is a commonly used ap-
proach in many DC microgrid applications, like DC-powered
ships or server data centers [4], [5]. The droop curve control
is a method to control the grid participants output impedance
virtually [6]. In other words, the droop curve can be seen as a
virtual impedance of the sources (i.e. the controllable partic-
ipants). Due to neglecting transmission line impedances, the
voltages are equal across the DC microgrid. Based on this as-
sumption, the loads within the DC microgrid are shared among
the sources in a reciprocal ratio to their virtual impedance [6].
In consequence, if the load in the DC microgrid increases, the
voltage in the grid will decrease but the current output of the
sources increases. The droop curve control does not need any
communication across the sources. Each source has a local
voltage measurement to adjust the current output with respect
to the droop curve. The voltage measurement must be low-pass
filtered to prevent an oversensitive reaction of the droop curve
control [5]. Although droop curve control has advantages like
low costs and complexity, it is not flexible enough in many
cases such as on changing constraints, like the volatile supply
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of the PV system or the State of Charge (SoC) of an ESS [3].
For this reason, adaptive droop control approaches also known
as distributed control, have been introduced to face the lack
of flexibility [3]. In this paper, an adaptive approach is used
which is introduced in [2], and in [7] it is analyzed and
investigated in simulation. In this method, the droop curve
control is combined with an additional communication, that
can tune the droop curves online in order to optimize the load
flow. Thus the droop curve sizing and adjustment can not only
be done prior of production process, but also online during the
production process.

In [8], [9] distributed UPS only for AC grids are introduced as
well as the UPS standard IEC 62040—3 does only consider AC
grids [10]. In [11] an UPS for DC microgrids in commercial
buildings is outlined. However, there is only a consideration
of the ESS control strategy in case of an emergency. On
the contrary, this paper proposes an UPS realization within
a DC microgrid with an adaptive droop control algorithm,
including one or more multi-purpose ESS. This new concept
allows a balancing of energy demand and supply within the
DC microgrid in case of no failure. Furthermore, the adaptive
droop curve algorithm secures that the ESS always keeps a
predefined value of SoC to provide an UPS at any time. In
case of a mains supply failure, the droop curve of the ESS
maintains the power supply of the DC microgrid.

The remainder of this paper is structured as follows: The
modeling of the DC microgrid, the ESS and the droop curve
control is outlined in Section II. The concept of droop curve
sizing and the failure handling are explained in Section III.
Measurement and validation results are shown in Section IV.
The conclusion follows in Section V.

II. SYSTEM DESCRIPTION AND MODELING

In order to show the functionality of this concept, a fictitious
industrial DC microgrid is introduced, which contains manda-
tory as well as optional components. Fig. 1 shows the structure
of the industrial DC microgrid. The DC microgrid is coupled
to the AC grid through an unidirectional AC-DC rectifier
with a boost converter. Furthermore, a lithium-ion battery is
integrated as an ESS and a photovoltaic system (PV). Both,
the ESS and the PV system, are connected with DC-DC
converters to the DC microgrid. In this paper, the consumers
are considered as four different robots, which are part of
production process.

A. DC Microgrid Modeling

The DC microgrid is modeled as a simplified electric
network with one capacity Cpc between DC terminals, as
shown in Figure 2. According to the Kirchhoff’s current law
the sum of the participants’ currents %,, of the DC microgrid are

equal to zero, as
> in =0. )]

At the branch point of the capacity Cpc, Eq. (1) is evaluated
as follows

1Cpe — %Rec — YESS — 1PV — Load;» -y —ILoads = 0, (2)

where irec 1S the rectifier’s current, iggs and ¢py are the
current outputs from the DC-DC converters which control
the load flow from the ESS and the PV system, respectively.
1Load; » ---> ?Load, are the currents of the four loads. As this
model neglects additional transmission line impedances, it can
be assumed that the DC grid voltage upc is equal to the
capacity voltage u.. Due to this simplification, the DC grid
voltage upc can be obtained by

t
ch(t)%uC(t):Uo—FiC/iC(T)dT, 3)

where wug is the initial voltage and ¢y = O the start time
and ¢ the current time. However, in the presented approach
a discrete-time integration approximation with a small time
sample At is used and applied to Eq. (3), which yields

1
Ugy1 = U + c i At, 4)

DC

where ij is the current and wuy the voltage at time step k.
ug+1 is the DC voltage at the following time step k£ + 1 and
at the first step £ = 0 the voltage uy, is equal to the initial
voltage uo of Eq. (3). In order to calculate the battery’s SoC,
the coulomb counting method is used [12]. This means that

Consumers

A A A A

PV system

Fig. 1. DC microgrid system
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Y

Fig. 2. Model of the DC microgrid.
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the actual battery’s current iy, is integrated over time which
yields

t .
s(t) =so+ / 7 toat \T) (7) dr. (5)
t

. @

The current SoC is s(t) and so is the initial SoC. 7 is
the charge and discharge efficiency of the battery and @
is the maximum capacity of the battery cells in ampere-
hours. The same transformation to a discrete-time integration
approximation is applied to Eq. (5) giving

Mbat Qibat,k A

Sk+1 1s the SoC in the following time step and s the SoC in
the current step. At is the same time sample as used in Eq. (4).
The DC microgrid and the battery are coupled by the DC-DC
converter, as they have different voltage levels. Hence, iggg on
DC microgrid side has to be converted to a current on battery
side ip,t, by using the power equilibrium. This means that the
power flow on DC microgrid side Ppc,rss = Upc tmss IS
equal to the power flow on battery side Phat = Ubat nom %bat-
However this assumption is only valid, if all power losses and
dynamics of the DC-DC converter are neglected. Thus, iyt
can be calculated, by

Sk+1 = Sk + t. (6)

. TESSUDC

bat Ubat,nom . (7)
Note that the nominal voltage of the battery Upatnom 1S
assumed to be constant to achieve a lower computational
effort. This is a justified simplification as the battery, which
is used for the experiments in Section IV, showed negligible
voltage changes for a small depth of discharge (DoD).

B. PV and Load Profile

The load profiles of the DC microgrid’s robots are generated
with a model, which is introduced in [13]. There are two
different production cycles with 180s length each cycle and
20ms resolution. This load profile is repeated five times,
resulting in a total length of 1800s. The total power load
Piotal = P1 + ... + P4 of the four robots are illustrated in
Fig. 3 (a) and in Fig. 3 (b) the PV profile is illustrated. Each
load and the PV profile are transformed into a current value
by

P
in = —2 with A € {Loadl, - - -, Load4, PV}.
upc

®)

Note that the PV profile is a 24 h measurement result from
a real plant. This profile was shrunk to 1800s to have the
same length as the production cycle. That procedure has two
reasons: First, one duration can be kept at 1800s, which
is necessary to perform simulations and experiments in an
appropriate time frame. Second, there is a high variety of the
sum of all loads Psym = P + ... + P4 + Ppy within the
length of 1800s. This variety of Py, is necessary to proof
the approach of the paper for different conditions.

C. Droop Curve Computation

The droop curve computation is realized by a linear in-
terpolation. First upc is low-pass filtered to upc [5] and
then interpolated by using a look-up table. Then a general
description of the linear interpolation yields

in = fa (Gpc) with A € {Rec, ESS,PV}. ©)

In case of the ESS, the droop curve has the SoC as an
additional dependency igss = fEss (Upc, SoC). A detailed
description of the droop curve’s SoC dependency is shown in
the next chapter.

III. DROOP CURVE SIZING & FAILURE HANDLING
CONCEPT

A. Requirements

For the suitable droop curve control dimensioning, it has
to be taken into account that all recuperation energy from the
robots has to be kept within the DC microgrid, as there is no
bidirectional AC-DC converter. Moreover the grid must stay in
operation for a predefined time in case of an AC grid blackout.
From these requirements several preconditions for the droop
curves can be derived:

First, the mains supply provides the mean power load of the
grid and the lower and upper voltage limits of the devices
must not be exceeded. Second, the ESS is supposed to store
all recuperation energy from the production process as well
as it supports peak loads. Third, all renewable energy sources
provide their maximum power output. Fourth, the ESS must
not exceed a certain lower SoC limit. This SoC limit is
dependent on the amount of energy, which has to be available
in case of an mains supply failure. Fifth, as the production

[

T T T T T T T

—— Botal| |

= = = Powl

Power in kW

6 50 100 150 200 250 300 350
Time in s
(a) Total load

-0.2 4
=
!
=04 .
o
g
o

-0.6 4

0.8 1 1 1 1 1 1 1 1

0 200 400 600 800 1000 1200 1400 1600 1800
Time in s
(b) PV power

Fig. 3. The loads of the consumers and the PV system. (a) Total load Pyota1
and mean load Piota1; (b) PV power Ppy
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cylce is changing, the load cycle is changing as well. Hence,
the droop curves cannot be optimized to one specific load
cycle. However, the ESS should maintain at a constant SoC
on average. This ensures that the ESS is always able to absorb
recuperation energy and that there is enough SoC for a mains
supply failure. Sixth, the DoD of ESS should be kept low. For
many ESS such as Lithium-Ion batteries the lifetime strongly
depends on the DoD [14]. In standard condition the DoD range
should be less than 10 %.

B. Droop Curve Sizing

Under the preconditions mentioned above, the droop
curves can now be dimensioned. The lower voltage limit is
Unin = 600V as it is the lower voltage peak value of the
AC input voltage with an additional safety factor. The upper
limit is device-specific as Upax = 800V, [15], [16]. Due to
these boundaries, the nominal voltage is set to the center of the
voltage band, which is Uy, = 700V. As the mains supply
provides the mean power demand of the robots Piota =~ 1 kW
(Figure 3 (a)), the current output for the mains supply can be
set as

Prean
= (10)

in - .
om [ T
nom

The maximum of Piota 18 around Py ~ 4kW.
Thus, the rectifier maximum output is set to
Piecmax = 3kW at 600V, which does not cover the
complete load, because the ESS is always supposed to
support the rectifier in case of a peak load. Otherwise, the
ESS would never discharge on average but only charge
on average, as the recuperation energy completely flows
to the ESS. The minimum power of the rectifier is set to
Pree,min =~ 0kW at 725V, as can be seen in Fig. 4 (a).
This voltage is set to avoid changing gradients in the mains
supply droop curve. Note that the sign convention is defined
as follows: negative current means that the current enters the
DC microgrid and positive currents leave the grid.
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Fig. 4. Droop curves of all sources. (a) Rectifier; (b) PV; (c) ESSp and
ESSc; (d) Globalp and Globalc

For a maximum energy extraction of the PV, a standard
procedure can be used like a maximum power point tracking
(MPPT) [5]. The PV load will be only limited if the maximum
current of the DC-DC converter is exceeded or in case of
a upc exceedance. In Fig. 4 (b) the PV droop curve is
shown. From 600V to 790V the droop curve is limited to
the maximum current of the DC-DC converter. From 790 V
to 800V the PV power input will be linearly decreased to
zero to prevent excess voltage in the DC microgrid.

C. Energy Storage Droop Curve Algorithm

In this approach, the DC-DC converter of the ESS has an
adaptive droop curve in order to keep the ESS at a constant
SoC on average. As it is possible that the load cycle or the PV
load input changes by time, the droop curve cannot be exactly
dimensioned for a specific load cycle to keep an average
SoC. For this reason we have a first droop curve ESSp with
a primarily discharging behavior, and a second droop curve
ESSc with a primarily charging behavior combined with a
droop curve switching algorithm. In case of ESSp, the energy
storage supports the DC microgrid more than in case of ESS¢.
The recuperation energy is completely absorbed by the ESS
in any case. Both ESS droop curves must be designed so that
Prax = 4kW and P, = —1kW load can be covered by
ESS completely. This is necessary to assure that the ESS
can supply the DC microgrid self-sufficient in case of an
AC grid blackout. Otherwise, the ESS might not maintain
the DC voltage at peak loads of P;ota;. ESSp and ESS¢ are
visualized in Fig. 4 (c). Both curves cover Py ax at 600V and
Prnin at 800 V. However ESS¢ contains a zero ampere plateau
between 650V and 725V compared to ESSp. Consequently
both ESS droop curves perform a hysteresis, which balances
the ESS on an average SoC.

The droop curve switching algorithm works as follows: As-
suming that the ESSp is selected by the DC-DC converter at
a certain point in time. At the same moment the SoC is higher
or equal to a defined upper SoC boundary SoCh;gn. The ESS
will now discharge on average, while the production process
is running. At a defined lower SoC boundary SoCjy, the DC-
DC converter changes the droop curve automatically to the
ESSc. The ESS will now charge on average as the time goes
by until SoClgn is reached again. Then the process starts over
by re-selecting ESSp. In this paper, the upper SoC boundary
is set to SoChigh = 65 % and for the lower SoC boundary the
authors recommend SoC\,, = 60 %. This selection ensures
a low depth of discharge, thus a high battery cycle life time.
Furthermore, at least 60 % of the SoC is always available in
case of an AC grid blackout to keep the DC microgrid alive
for a predefined amount of time (UPS-ability). The amount
of energy which must be stored to guarantee UPS is not
suggested in this paper, as it depends on the application, the
load cycle and the size of UPS-period. Hence, the ESS sizing
can only be assessed for a specific DC microgrid with specific
requirements of the grid operator.

Fig. 4 (d) shows the global curve, which is the superposition
of the mains supply and the ESS droop curves. Depending
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TABLE 1
DETAILED ENERGY STORAGE SYSTEM
Data Value Variable Unit
Type Lithium-ion battery
Cell chemistry NMC Lithium-ion
polymer
Nominal Voltage 107 Ubat,nom \%
Cell Capacity 100 Q Ah
Max. Power (Limited
by DC-DC converter) 5 Priax kW
Efficiency 98 Mbat %

on whether ESSp or ESS¢ is chosen, there are two different
global curves Globalp and Globalc. This visualization helps
to see the total possible current at a certain upc. The PV droop
curve is not superimposed, as it is a not controllable source.

IV. EXPERIMENT AND RESULTS

In order to validate the simulation results, a DC micro-
grid test rig was set up. The detailed description of the test
rig follows in the first part of this section. In the second part,
the results of three different experiments performed with this
test rig are presented.

A. Test Rig

The test rig for the experiments contains an AC-DC con-
verter (Fig. 5 I) as the droop curve controlled mains supply.
The test rig also contains a DC-DC converter (Fig. 5 I1)
coupled with an ESS. This DC-DC converter is controlled by
the droop curve as well, including the switching algorithm as
mentioned in Section III-C. As ESS, a Lithium-Ion battery
with 10kWh energy stored is used. The detailed battery
properties are listed in Tab. I. The overall DC microgrid’s
capacity is Cpc = 14.2mF, which is conditioned by the
device configuration and is used for simulation as well. The
motor inverter (Fig. 5 I11) with the drive (Fig. 5 D) is used

U I!I I; AC grid

[ T1
~ 7 DC microgrid
e =
= 11 ESS
~ |11

Drive shaft

v

Electric drives Dy Do

Fig. 5. DC microgrid test rig

to represent the sum of all loads Pk, including the load of the
four robots Piota1 (Fig. 3 (a)) and the PV system (Fig. 3 (b)).
A second electric drive (Fig. 5 D-), supplied by (Fig. 5 IV),
is used to absorb the energy which is released by the load
representation. Both drives are mechanically coupled over the
drive shafts. In order to run various load profiles, D; is torque
controlled and D is controlled to a constant rotational speed.
Assuming that P, =~ Pecn the torque M for D; can be

calculated as
P, el P, sum

2mn

M =

an

2mn

The rotational speed n is constant and set to 1800 rpm as that
is the most efficient speed for both drives.

B. Results

Three scenarios with 1800 s length each containing the load
profile and PV profile, as described in Section II-B, were
tested in simulation and experiment. Scenario I is a standard
situation without any AC grid blackout. Scenario II contains
an AC grid blackout, which occurs at 900s and remains
until the end of the scenario. Scenario III starts similar to
Scenario II with an AC grid blackout at 900 s, and additionally
the AC grid returns to standard operation at 1500s. The
experiments were started with 65 % initial SoC and started
with droop curve ESSp. Note that in order to proof the concept
the lower SoC boundary of the ESS droop curve is set to
SoCiow = 64% instead of SoClow = 60%. Otherwise, a
scenario length of 1800 is too short to observe an adjustment
of the ESS droop curves.

1) Validation: Figure 6 shows the comparison of simulation
and experiment for a zoom in the time range of 10s to 20s
of Scenario I. However, these results can be also considered
for the other scenarios, as all three scenarios started with the
same conditions and the AC grid blackout in Scenario II and
Scenario III occurs later. Figure 6 (a) is the load profile
including the PV profile and it shows that there is a good match
between simulation and experiment. The power output of the
rectifier is shown in Figure 6 (b). There is an offset between
simulation and experiment because of the missing power
loss in the simulation model. Consequently the Normalized-
root-mean-square deviation of the model’s power prediction
from the experiment is up to 17 %. Figure 6 (c) shows the
power curve of the battery. The power support to the grid
is significantly high, which is a consequence of ESSp droop
curve, which is selected at this point in time. The oscillation
from 17s to 18s, is caused by the droop curve’s upper break
point close to upc =~ 725 V. At this point the current switches
often between igss = 0 and igss # 0. Figure 6 (d) visualizes
the upc and the results show a good qualitative match between
simulation and experiment. However, there is a significant
voltage ripple in the experiment being a consequence of the
rectifier’s PWM control (fpwn = 4.2 kHz).

2) Scenario I: In Figure 7 the voltage upc for all three
scenarios are shown for the entire duration of the scenarios
(1800 s). The voltage curve of Scenario I (Figure 7 (a)) shows
a higher voltage fluctuation from a certain point in time. At this
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point in time the ESS droop curve has been adjusted, because
the lower SoC boundary has been reached (SoC)oy, = 64 %).
After that, the voltage fluctuation is significantly higher, due
to the zero ampere plateau between 650 Vand 750 V of ESSc.
In simulation the droop curve adjustment occurs at 1036s (*
in the zoom of Figure 7 (a)) and in experiment at 1154 s (** in
the zoom of Figure 7 (a)). The results show that the lower SoC
boundary is reached with a slight time difference of around
100s. The time difference is a consequence of the inaccurate
SoC assessment which is provided by ESS. On the other hand,
the consumption of energy is low (< 200 Wh) compared to
the amount of energy stored (Fhas ~ 10 kWh) in the ESS. For
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Fig. 6. Zoom from 10s to 20s for all scenarios. (a) Power load, (b) Power
rectifier, (¢) Power DC-DC converter coupled with ESS, (d) Voltage

this reason, the discharge of one percent SoC takes a long time.
Even small differences in the power consumption between
simulation and experiment can lead to significant differences
of the SoC assessment.

3) Scenario II: In Scenario II (Figure 7 (b)) the AC
grid blackout occurs at 900s. First, the droop curve
ESSp maintains the voltage level until the lower SoC boundary
has been reached. This happens around 935s in simulation
and 937s in experiment, as can be seen in the zoom of
Figure 7 (b) on the right. After this time the ESS droop curve
is adjusted to ESS¢. Figure 8 shows the energy consumption
of the ESS (a) and the SoC curve (b) of Scenario II. After
the mains supply failure, the energy consumption significantly
increases, as the whole DC microgrid is only supplied by the
battery. The neglection of power losses becomes apparent in
a higher energy consumption in experiment than predicted in
simulation as the curves in Figure 8 (a) diverge.
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Fig. 7. Voltage curves of all scenarios. (a) Voltage - Scenario I, (b) Voltage
- Scenario II, (c) Voltage - Scenario III
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4) Scenario III: The voltage curve of Scenario III is vi-

sualized in Figure 7 (c). In the beginning, the voltage curve
is similar to Scenario II with a drop of the voltage shortly
after the mains supply failure, due to the ESS droop curve
adjustment. From 15005, the AC grid returns into operation
and the voltage rises, however the voltage fluctuation is higher
than before the mains supply failure. This is because, the ESS
droop curve remains at ESSc, which contains the zero ampere
plateau, until the end of the experiment.
The results have shown that the approach works success-
fully. Due to this approach, all recuperation energy is stored
within the DC microgrid, as neither a braking chopper nor
bidirectional AC-DC converter was used. In case of a AC
grid blackout, the method successfully keeps the entire DC
microgrid in operation.

V. CONCLUSION

The industrial DC microgrid with droop curve control
can increase the energy efficiency in production. Renewable
energies as well as ESS can be integrated easily. This paper
has shown, that an AC grid failure can be handled with an ESS
in order to realize an UPS. The DC microgrid maintains its
full functionality while the AC grid blackout occurs. Charging
of the ESS is realized from recuperation of the production
process (e.g. deceleration of drives). Thus, no braking chopper
are needed anymore, which makes the DC microgrid more
efficient and it increased the synergy potential of the ESS.
The droop curve sizing of the ESS was implemented in a
way that the ESS is always charged by recuperation energy.
Furthermore the ESS’s droop curve is dependent on the SoC.
When the SoC reaches a higher or lower boundary, the droop
curve will be adjusted, so that the SoC is always kept within
a certain boundary.
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Fig. 8. Scenario II. (a) Energy consumption ESS, (b) SoC of ESS

However, under certain conditions the adjustment of droop
curves might lead to an instability of the droop curve control.
Therefore, more investigations on the stability of this droop
curve adjustment must be done. Furthermore, the paper does
not take a consideration on optimal ESS size and costs for
an UPS in a DC microgrid into account. Both investigations
should be part of future works.
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