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Abstract—In this paper, a state of charge (SoC) based charac-
teristic diagram control concept for energy storage systems (ESS)
within an industrial direct current (DC) microgrid is proposed.
The inputs are the SoC of the ESS and the terminal voltage
of the DC microgrid. The output is the charge and discharge
current for the converter, which connects the ESS with the DC
microgrid. An appropriate design concept for the characteristic
diagram is then investigated to achieve a flexible control reacting
on changing conditions within the DC microgrid. These could
be a temporary overload, due to a changing number of grid
participants or an additional feed-in through a photovoltaic
(PV) system. The characteristic diagram design concept is even
applicable without a deep knowledge of the load profile of the
DC microgrid. The concept was analyzed and evaluated based
on simulations with load profiles from robot cells. The results
show that the SoC depends on the current load of the DC
microgrid. If the load returns to average, the SoC of the ESS
inclines back to the nominal SoC, which is pre-defined by the
grid operator. Furthermore, in case of an appropriate design
of the characteristic diagram, it can protect the ESS against
overcharging or deep discharging.

Index Terms—DC Microgrids, Industrial Production, Energy
Storage System, Droop Curve Control, Characteristic Diagram

I. INTRODUCTION

A new approach of power supply in production processes
are industrial DC microgrids. The main purpose of such grids
is to achieve an increased usage of recuperation energy, lower
conversion losses and a better response on imbalances of
the energy supply and demand compared with state of the
art alternative current (AC) technology [1]. One crucial point
of DC microgrids is the integration and operation of energy
storage systems (ESS), as they balance the load demand and
energy supply. However, there are several challenges like
the conflict between an optimization of cycle lifetime and a
fast amortization of the ESS. On the other hand, flexibility
requirements for industrial DC microgrids like connecting or
disconnecting grid participants at runtime [1] also challenges
the ESS operation. The different number of participants can
result in a wide range of different workload situations for
the ESS. For this reason, this paper proposes an extension
of a common droop curve control for a bi-directional DC-DC
converter [2]-[4] for connecting ESSs to the DC microgrid.
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The droop curve approach is extended to a three dimensional
characteristic diagram with the ESS’ SoC as well as the grids
terminal voltage as input values. Other DC microgrid partici-
pants can still operate with single input-single output (SISO)
droop curve approaches, which for instance use the terminal
voltage to compute the converter output current [2].

A. State of the Art

A typical scheme of an industrial DC microgrid can be
seen in Fig. 1. Commonly, the DC microgrid is coupled to
the AC grid through an unidirectional or bidirectional AC-
DC converter. All consumers, which are responsible for the
production process, are connected to the DC microgrid as
well. Consumers are for instance electrical drives, however
they are indicated as four robot arms in Fig. 1. Further DC
microgrid participants are energy storage systems (e.g. lithium-
ion batteries or super capacitors) also connected with grid-
interfacing converters. Due to the increasing awareness of
energy efficiency, renewable energy sources, such as pho-
tovoltaic systems (PV), also became popular for industries.
These renewable energy sources can be easily integrated into
the DC microgrid. All participants are connected with a DC-
bus cable, in Fig. 1 indicated as equivalent circuit diagrams.
Such an exemplary industrial DC microgrid is also used for
the simulation in Section III.
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Fig. 1. DC microgrid system.
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A common approach for controlling the converters within the
DC microgrid is the decentralized droop curve control. These
are often applied in DC-powered ships or server data centers
[2], [5]. The droop curve can be seen as a virtual impedance
of the converters [6]. If transmission line impedances are
neglected, the voltages will be equal across the grid. This
means that the loads of the consumers can be proportionally
shared among the sources through droop curves control [6].
A disadvantage of the droop curve control is the inflexibility
regarding changing constraints, such as a volatile power source
(PV system) or the SoC of an ESS. In such a case, the
droop curve control can lead to an uncontrolled discharging
or overcharging of the ESS. To overcome these issues, the
adaptive droop curve is proposed in many works [1], [7]. The
adaptive droop curve has an additional communication link
to a superior control unit. In case of changing constraints,
the control unit can adapt the shape of the droop curve to
match to the new situation in the DC microgrid. However, the
adaptive droop curve requires an additional cabling effort and
requires additional hardware and software which increases the
complexity. The supposed SoC-based characteristic diagram
in this work does not require an additional communication
link, as the diagram can be directly evaluated in the converters
control. On the other hand, as this approach takes the SoC
into account, the diagram control prevents the ESS from
overcharging or deep discharging. The flexibility remains,
while the cabling effort can be kept low. In [8] the voltage
droop curve is extended, resulting in a characteristic diagram
which has the electricity costs as a second input. However, a
prerequisite is that the electricity costs are accounted variably
depending on the current electricity rate. There are already
electricity providers which offer variable electricity tariffs
for industries [9]. In [4] an adaptive droop curve control is
introduced, which switches depending on the SoC of an ESS
and results in a droop curve with a hysteresis. Furthermore,
it has been shown that all recuperation energy is stored in
the ESS and no energy was lost in a breaking resistor. The
approach is reasonable in particular if there is no load profile
for the consumers given.
In contrary this paper is focused on the introduction of the
SoC-based characteristic diagram and a general design concept
for those. The remainder of this paper is organized as follows:
In Section II the SoC-based characteristic diagram control
concept is introduced and a design proposal is shown. After
that, the model of an industrial DC microgrid is described
in Section III. This model is used in Section IV to analyze
and evaluate the design concept in simulation. The proposed
approach in this paper is then concluded in Section V.

II. CONCEPT AND DESIGN OF SOC-BASED
CHARACTERISTIC DIAGRAMS

This work introduces an extension of the voltage based
droop curve to a characteristic diagram. The characteristic
diagram control concept includes a bi-directional DC-DC
converter, which couples the DC microgrid with an ESS, as
illustrated in Fig. 2. As one input, the characteristic diagram

needs the terminal voltage upc of the DC microgrid. The
voltage measurement must be filtered. This is necessary to
prevent an oversensitive reaction of the characteristic diagram
control which can be caused through measurement noise [2].
Like usual SISO droop curve controls, the upc can vary in a
certain voltage band (e.g. 600 V to 800 V). Appropriate voltage
levels are proposed in [1]. The second input is the SoC s
of the energy storage. s is estimated and provided by the
ESS management system over a communication link to the
controller. If the ESS does not provide a SoC estimation, it is
also possible to use the storage voltage (e.g. the voltage of a
super capacitor). The characteristic diagram is saved as a 3D
look up table in the control unit. Then the controller computes
the converter output current ¢y, with a bilinear interpolation,
defined as,

Z.sel:f(ﬂDC:S)- (D

Note that upc is a low-pass filtered DC microgrid voltage
upc. To achieve more flexibility with respect to changing
conditions, it is also possible to re-configure the characteristic
diagram by a superior control unit. The droop curve control for
other DC microgrid participants can still be used. In order to
provide a stable ESS operation with the characteristic diagram,
an appropriate dimensioning of the diagram is necessary.
Consequently, design strategies of the characteristic diagram
are investigated in this chapter. Design objectives that have to
be taken into account are the prevention of overcharging or
deep discharging of the ESS, while being independent from
changing load situations due to varying number of participants
within the DC microgrid. The design concept contains two
steps. Firstly, a general design of the mains supply droop
curve in Section II-A. As the design of the characteristic
diagram depends on other supplying participants it is necessary
to specify them first. Secondly, the design of the SoC-based
characteristic diagram follows in Section II-B.

A. Global properties and mains supply

For an appropriate design of the SoC-based characteristic
diagram, it is necessary to determine global parameters for
the gird. Global means that these parameters are valid for the
entire DC microgrid. The grid operator must presume those
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Fig. 2. Control design of the bi-directional DC-DC converter.
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parameters in the planning stage. These are sum maximum
power P, the sum minimum power Py, as well as the
sum average power Pye., of all consumers connected to the
grid. As the upc is allowed to vary in a certain range, the
maximum and minimum Uy, and Uy, respectively, and the
nominal voltage U, have to be defined as global parameters
by the grid operator (Table I). Unax and Uy, are usually
constrained by the devices specification which are part of
the DC microgrid. These parameters are used to design the
global droop curve. This curve describes the overall system
behavior of the DC microgrid [3]. It is the sum of all droop
curves in the grid and visualizes the possible power in- and
output to cover all the consumer’s power demand. An example
is shown in Fig. 3. Note that the sign convention is defined
as follows: negative current means that the current enters the
DC microgrid (supply) and positive currents leave the grid
(regenerate). To obtain the global droop curve, the maximum
Inax, minimum I,;, and nominal current [,,, need to be
defined:

P max I o P, min I o P mean
y Imax — T sy Inom — T .
Umin Umax Unom

Tnax, Imin and Iyon are basic points for the global droop curve.
Afterwards, the droop curve for the mains supply can be
derived. First of all, it has to be defined whether the AC mains
interface is unidirectional (r = 0) or bidirectional converter
(r = 1). In case of an unidirectional rectifying, the ESS has
to absorb all recuperation energies from the consumers. The
grid operator has to decide how much power is contributed
by the mains supply with parameter cqp (0% — 100%). In
case of a bidirectional converter, the amount of regeneration
absorbed by the mains supply has to be defined as well,
with ¢reg (0% — 100%). The mean power Prpean is supplied
by the mains supply. All parameters for the mains supply
droop curve design are listed in Table II. The plant operator is
free to choose cy,p and ce. The optimal contribution depends

2

Imin = -

TABLE I
GLOBAL PARAMETERS.

Parameter Variable | Unit
Voltage maximum of DC microgrid Umax \Y
Voltage minimum of DC microgrid Unin \
Desired nominal voltage of DC microgrid Unom v
Power maximum of all loads Phax kW
Power minimum of all loads Prin kW
Expected mean power of all loads Prean kW
Capacity of DC microgrid Cpc F
TABLE II
MAINS SUPPLY PARAMETERS.
Parameter Variable Unit
Mains supply regeneration r true/false
Power contribution of regeneration power Creg %
Power contribution of supply power Csup %

on the performance of the ESS. It is planned to optimize
those parameters in a future work. After the parameters were
determined, the amount of power which is covered by the
mains supply can be determined as

Csup Prnax T Creg Prnin
[]min Umax

Inax,sups Iminsup> and Inom is used as the basic points of the
mains supply droop curve. The mains droop curve is illustrated
in Fig. 3. One requirement of droop curve and characteristic
diagram design is a stable operation under all circumstances.
As already mentioned, the droop curve can be seen as the
virtual impedance of the converter Zpgop. The reciprocal of
those impedance is the droop curve’s gain Gproop, as

1

Z Droop

Imin,sup = - ; Imax,sup = - (3)

CTVDroop = 4
In order to guarantee a stable operation, the maximum gain
must not exceed a certain level. The maximum gain corre-
sponds to the slope of the droop curve. For this reason, the
droop curve designer has to find the highest droop curve slope.
In case of the exemplary mains supply droop curve in Fig. 3
(orange line, with regeneration), the highest slope is between
Unom and Up,x. In addition to the converter’s droop curve
impedance, the output capacitor’s impedance Zc o, and the
converter’s current control loop bandwidth has to be taken
into account [2]. With those parameters, a simplified control
loop can be set up to perform a stability analysis, as shown in
[10]. The analysis can be used to check if Gproop 1S in range
for a stable grid operation. For details, see [2] and [10].

B. SoC-Based characteristic diagram

Even though the shape of SoC-based characteristic diagram
has to be derived from the global parameters, there are
some general properties. First, the characteristic diagram must
prevent overcharging or deep discharging of the ESS. As a
consequence, for a SoC s > 90% only discharging is allowed
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Fig. 3. Global droop curve (blue), droop curve mains supply with regeneration
(orange) and droop curve mains supply without regeneration (orange-dashed).
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and for a SoC s < 10% only charging. Secondly, as the
ESS is supposed to balance the energy supply and demand
of the grid, the ESS operates only at peak loads or in case
of recuperation. In order to prevent an ESS operation around
nominal power load, the characteristic diagram includes a
plateau in the center. Exemplary characteristic diagrams are
shown in Fig. 4. If the input values upc and SoC s are in
the area of the plateau, the current output ig(upc, $) is set to
zero. The higher the plateau width Va, the bigger is the no-
contribution area around the nominal power load. The basic
points of the lower plateau boundary Upjateau-low and the higher
plateau boundary Upjaeeau-high €an be calculated, as

V,

Uplateau—law = Unom - (;) and (5)
V,

Uplateau—high = Unom + <2A> 5 (6)

The resulting characteristic diagram can be seen in Fig. 4(a).
Furthermore, the plateau can have a shift in the Voltage-SoC
plane, as visualized in Fig. 4(b). The plateau shift is beneficial
in case of a temporary high or low load situation within the DC
microgrid. Due to the plateau shift, the SoC re-adjusts itself
back to a defined reference SoC (SoCi) after the temporary
overload situation occurred. In order to calculate these basic
points of the plateau shift, an intercept a and and a slope b is
necessary. The intercept is obtained, by

a = Unom —b- SOCnom- (7)

The parameter b can be chosen by the grid operator. The
higher b, the faster the self-adjusting of the SoC back to the
defined reference SoChon. In case of b = 0, the self-adjusting
is deactivated. The basic points of the lower plateau boundary
Uplateau-low,> and higher plateau boundary Upjaeau-nigh depending
on the SoC s are calculated, as

Upns=a+b-s

with A € {plateau-low, plateau-high}.
The SoC s can range from 0% to 100% and A stands for
the different basic points of the lower and higher plateau
boundary Uplateau-low and Uplateau-high- The basic point positions
of U, s are indicated as black lines in Fig. 4(a) and Fig. 4(b).
Furthermore, the maximum and minimum current [ggg min and
Igss.max contribute the remaining power demand as

(1 - Csup) Prax (1 - Creg) Pain

@®)

Tgss,min = — Tessmax = —
Umin ’ Umax
)
TABLE III
CHARACTERISTIC DIAGRAM PARAMETERS.
Parameter Variable | Unit
Plateau width Va \'%
Nominal SoC at mean load SoChom %
Plateau shift, intercept a -
Plateau shift, slope b -

III. SYSTEM MODELING AND SIMULATION

An exemplary industrial DC microgrid is used to test the
concept. In this section the structure of the grid model is
described followed by a mathematical description.

A. Use case

The modeled DC microgrid is composed of an active front
end converter as the bidirectional mains supply. There is a
DC-DC converter to control the current from a PV system
and an additional converter from a generic ESS with 500 Wh
energy and an initial SoC of 50%. The four consumers are load
profiles from robot arms, artificially generated by a validated
model presented in [11]. The PV profile was taken from [8].
Two different scenarios are performed: Scenario I is without
any PV power, however there is a temporary overload between
1000s and 4000s. This overload can be caused due to an
additional participant (e.g. an additional robot cell) that is
connected at runtime to the DC microgrid. Scenario II includes
the standard load profile and an additional PV supply. The
profiles of both scenarios can be seen in Fig. 5. The design of
the droop curves and the characteristic diagram was obtained
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(a) Characteristic diagram (b = 0).  (b) Characteristic diagram (b = 1).

Fig. 4. Exemplary characteristic diagrams for energy storage systems. The
black lines indicate the basic points U , of the diagram plateau.
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(a) Scenario I with an overload.
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(b) Scenario II with PV power.

Fig. 5. Load and PV profiles of Scenario I and II.
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according to Section II. The droop curve for the PV system
was set to maximum current input. In order to prevent excess
voltage in the grid, the droop curve is linearly decreased from
780V. It was assumed that the load profiles were unknown
but only Pyax, Pmin and Prean Were given. The voltages were
set t0 Upom = 675V, Upin = 400V and U, = 800V.
The supply and regeneration contribution of the AC supply
was set to cup = 50%, ceg = 50%. The characteristic
diagram parameters where chosen as follows: Plateau width
VA = 60V, nominal SoC SoCyom = 50 % and slope b = 2.
The resulting characteristic diagram is visualized in Fig. 6. The
design results for AC supply and PV can be seen in Fig. 7(a)
and Fig. 7(b).

B. DC-Grid Modeling

For simulation, the model introduced in [8] and experi-
mentally validated in [4] was used. Due to cable impedance
neglection all capacities in the DC microgrid can be merged
into one capacity Cpc. The stored energy F in the DC
microgrid can be described by the electric field equation for
capacitors:

1
E= §~CDC-U2. (10)
Due to the model simplification the applied voltage U of the
capacitor is equal to the DC microgrid voltage upc. In order to
calculate the work which is stored in the capacitor at each time
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Fig. 6. SoC-based characteristic diagram, normalized. The black lines indicate
the basic points Ux s of the diagram plateau.
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(a) Droop curve of the mains supply. (b) Droop curve of the PV system.

Fig. 7. Droop curves for mains supply and PV.

step k, the power of all participants has to be summarized to
Pyum and then multiplied with the time step AT, which yields

AWem(k) = Pum(k) - AT. (11)

For Py, the current outputs ig have to be converted to a
corresponding power by multiplying it with the DC micro-
grid voltage. In order to obtain the DC microgrid voltage
upc(k) Eq. (11) is rewritten, to
upe (k) = \/Ci | AWaam(R)] + w2 (k — 1).
DC
IV. RESULTS

12)

Both scenarios, introduced in Section II were performed
in simulation. The results are shown and evaluated in the
following section.

A. Scenario 1

Scenario I has an overload between ¢ = 1000s and
t = 4000s. Fig. 8(a) shows that the DC microgrid voltage
upc (blue line) drops significantly during this time. As can be
seen in Fig. 8(b), the load contribution by the ESS (orange
line) increases significantly when temporary overload occurs
(t = 1000s to t = 4000s). In contrary, the load contribution
of the mains supply slightly increases (blue line). After the
overload was over, the ESS demands more power to recharge
itself back to nominal SoC SoC,om. This is a result of the
plateau shift in the characteristic diagram, which was set to
b = 2. The behavior of the SoC shows Fig. 8(c). As expected,
the SoC decreases during the temporary overload. After that,
the SoC turns back to SoC,om, due to the characteristic
diagram setting.
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(c) SoC of ESS.

Fig. 8. Simulation results of Scenario I.
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B. Scenario Il

Scenario II includes a PV supply. There is a large peak
around ¢ = 1500s and a small peak at ¢ = 4500s. This leads
to a significant increase of the grid voltage upc, as seen in
Fig. 9(a) (blue line). The additional power input from the PV
supply is high enough to supply the entire production process.
At the first PV power peak, the mains supply contribution
turns to zero and erates a small amount of the remaining PV
power, back to the AC grid. However, the major amount of
the remaining PV power is absorbed by the ESS, as Fig. 9(b)
(orange line) shows. After the PV power peak, the ESS has
a significantly higher SoC as SoCpom = 50%. Due to the
characteristic diagram design, the ESS contributes more power
to the DC microgrid until the SoC reached SoCom again. Like
in Scenario I, the characteristic diagram brings the SoC back to
SoChom after the first PV peak (¢ = 1000 s) as Fig. 9(c) shows.
The simulation results show that the characteristic diagram
works as expected. Due to the plateau in the diagram, the ESS
contributes slightly in normal load conditions, but becomes
active in temporary conditions like an overload. The plateau
shift with b = 2 results in a re-adjust of the SoC back to
SoChom after a temporary condition. The simulation results
prove this behavior satisfactorily.

V. CONCLUSION

In this paper a SoC-based characteristic diagram control
was introduced. This approach is an extension of the voltage
based droop curve control for a grid-interfacing bi-directional
converter connecting an ESS to a DC microgrid. The inputs of
the characteristic diagram are the grid terminal voltage and the
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Fig. 9. Simulation results of Scenario II.

SoC of the ESS to calculate an output current for the converter.
It was shown that the characteristic diagram reacts on changing
conditions within the grid as requested. The effectiveness has
been demonstrated in two scenarios: an overload (e.g. due to
a changing number of grid participants) and an additional
decentralized feed-in like a PV system. Additionally, the
characteristic diagram protects the ESS against overcharging
or deep discharging. A future step is a parameter optimization
of the characteristic diagram. The goal is to find an optimal
plateau width and plateau shift for specific load profiles in
order to improve the performance, cycle-lifetime and costs.
Even though the simulation has been already validated in [8]
and in [4], it is planned to validate the characteristic diagram
on a test grid.
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