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Abstract

Industrial direct current (DC) microgrids offer multiple advantages for production factories. They enable
higher energy and resource efficiency not only for the production energy supply but also for integrating
renewable energy resources. The basic control method of DC microgrids, namely droop control, fits the
industrial application due to its decentralized and robust nature. However, in the case of droop control, the
DC bus voltage deviates from the nominal value for slowly fluctuating load situations. For this reason, an
additional control level for voltage restoration, called secondary control or source management, is necessary.
This paper presents hierarchical control for voltage restoration in industrial DC microgrids. The control shifts
the current supplied to the DC bus in case the load increases over or decreases below a defined voltage band
for a certain period. In addition, the designed control is tested on a real industrial DC microgrid which
includes typical industrial loads of up to 50 kW, such as robots of different sizes and CNC machine tools.
The control performance with different parameters of the source management is assessed. The results show
that the designed control restores the voltage level without creating instabilities in the microgrid for all tested
scenarios.

Keywords

Industrial microgrid; direct current supply; droop control; hierarchical control; voltage deviation;

1. Introduction

Over the past years, the concept of direct current (DC) microgrids for integrating renewable energy sources
has been proposed and studied. Renewable generation, such as photovoltaic (PV) and wind, inherently
foresees the presence of a DC-DC or AC-DC conversion step for the grid connection. Due to their nature,
their integration in DC grids is more efficient than in alternate current (AC) grids [1]. In addition, compared
to the AC microgrids, DC microgrids overcome disadvantages such as frequency synchronisation, reactive
power control, and skin effect [2]. The interest in DC microgrids and technologies has been growing in many
sectors, such as residential, data centres, electricity distribution, and industry [3—5]. In the industrial sector,
where the loads are increasingly being supplied by converter technologies, DC technology and microgrids
have gained attention [6]. For industrial DC applications, a reduction of conversion losses of up to 3.75 %
for loads and 7 % for storage systems have been estimated [7]. In addition, the DC technology enables
braking energy recovery from drives and the supply of this energy into the grid instead of being converted
into heat through braking resistors [8]. In the case of a Computerized Numerical Control (CNC) machine,
the combination of reduced conversion losses and recuperation of braking energy resulted in an overall
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energy efficiency increase of 6.2 % [7]. In the case of industrial robots, Meike et al. estimated a recuperation
potential of 15 % during operation. Resource efficiency of industrial companies can be improved by DC
microgrids due to the reduced cabling requirements and the elimination of conversion steps [7]. Two phases
of the German research project DC-INDUSTRIE proposed the concept of a non-proprietary DC microgrid,
which aims at spreading DC microgrids in the industrial sector [9,10].

Droop control is the basic control method for DC microgrids. It is a decentralized control method based on
a control loop over the converters’ inner voltage and current control loops. The control uses a virtual
resistance or conductance to define the target voltage (current droop control) or the target current (voltage
droop control) at the device’s connection point to the DC bus [6,11]. However, it has two main limitations,
the current sharing among converters and voltage deviation [1,12]. The voltage deviation is an inherent
consequence of the droop control. In the case of high load, the converter with voltage droop curve
compensates the load with higher current and the voltage is shifted towards lower values. In the case of low
loads, the voltage is shifted towards higher voltage values. The DC bus voltage is located outside the nominal
voltage band in both cases. In order to compensate for the voltage deviation, multiple approaches have been
proposed in literature. These approaches are based on a higher control level, called the secondary control
level [12] or source management [13], over the droop curve control. According to communication
requirements, source management can be classified as decentralized, distributed and centralized [14].

This paper proposes a source management for nominal voltage restoration for industrial DC microgrids. In
addition, the results of an actual application in a small-scale industrial DC microgrid are presented. The
paper proves that, despite the simplicity of the approach, the control manages to restore the voltage level.
The paper is structured as follows. Section 2 introduces the state of the art of secondary or source
management of DC microgrids. Section 3 describes DC microgrid concept and defines the industrial system
for the tests. Section 3 introduces the hierarchical control approach based on droop curves-based primary
control and source management for voltage restoration. Then, section 4 applies the control approach
exemplarily to the industrial system before presenting and discussing the results. Finally, section 5 offers a
summary and outlook.

2. State of the art

In [15], the secondary level of the DC microgrid control proposed by Nutkani et al. aims at current sharing
and voltage restoration and operates over the droop control level. It considers economic values, such as
generation costs and grid tariff. The centralized second control level shifts the voltage to restore the nominal
voltage level. The control does not require a high bandwidth communication, and it is tested in simulations.
Zhao et al. in [16] propose a piecewise droop control strategy for improved voltage regulation. Multiple
current droop curves for each converter are defined that can be changed in a decentralized manner according
to the load situation. The effective switch between droop curves is tested in a laboratory-scale 30 V DC
microgrid with two converters and resistive loads. In [1], Lu et al. propose a distributed hierarchical control
system for voltage restoration and current sharing. A low-bandwidth communication scheme for exchanging
local output current and voltage measurement between the secondary controllers is defined. The current and
voltage measurement is used for the definition of voltage and current shift values, which are then combined
with the results of the droop control. The control is tested in MATLAB/Simulink simulations. Nasirian et al.
in [17] define a similar distributed secondary control system based on two modules, a voltage controller, and
a current controller. Here, the voltage controller is based on a cooperative voltage observer for the global
voltage estimation. The current control compares local currents and neighbouring currents to adjust the
virtual droop resistance. The control system is tested on a DC microgrid prototype with a rated voltage of 48
V. A real-time control for voltage restoration and current sharing in DC microgrids is proposed by Olives-
Camps et al. in [18]. The control can solve optimization problems without requiring a precise model. Control
performances are assessed in simulations, testing both centralized and distributed control implementation. It
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Figure 1: Structural diagram of the electrical DC microgrid at HOMAG plant. An active infeed converter (AIC)
is the interconnection point between the AC grid and DC microgrid and supplies the consumers in three cells.

is shown that the control is robust, the distributed implementation has good dynamic performances, and
reduces communication requirements.

The proposed control approaches can restore the voltage level and improve the DC microgrid performance.
However, some of the proposed control strategies are highly complex and require communication between
converters. The design of the hierarchical control for industrial microgrids should guarantee simplicity and
reliability [13]. Moreover, in industry the attractiveness of effective but simple and reliable control systems
increases when the approaches have been successfully tested in an actual industrial system. However, here
mostly simulation and laboratory-scale microgrids are tested.

3. Description of the industrial DC microgrid

Figure 1 shows the typical structure of a DC grid, here using the HOMAG DC microgrid as an example. All
devices are connected to a DC bus consisting of a power rail distributing power within the devices. An active
infeed converter (AIC) feeds the bus system. The AIC is the interconnection point between the AC and the
DC grid and transforms the voltage to the appropriate level [10]. In addition, there was an energy storage
system, a lithium ion battery with a capacity of 200 Ah (two battery cells with 100 Ah and 50 V each).
However, it was not used in the test and thus is not shown in Figure 1. The consumers of the DC grid
comprise three cells. The first cell includes a HOMAG woodworking machine and a robot. The robot in cell
1 loads the machine with workpieces. The second cell uses another woodworking machine similar to the one
in the first cell, but without robot. The third cell is the smallest in terms of power, as only a small robot is
integrated.

For the following sections, it is necessary to define active devices and to distinguish them from passive ones.
Each active device receives a predefined droop curve and adjusts its supply and/or consumption according
to the DC bus status. Therefore, the active device is actively involved in the control of the DC microgrid.
For the DC grid used in this paper, the AIC is the only active device and the three consumer cells are passive
devices.
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Figure 2: Schematic representation of the hierarchical control for the industrial DC microgrid used in this paper. The
control includes power flow management (primary droop control) and source management (secondary control).
Participant management is out of the scope of the paper.
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Figure 3: Example of droop curves including an AIC and battery storage system.

4. Control design

The DC microgrid control presented in this paper is a hierarchical control. The lower level is based on the
on droop curves and the higher level is managed by a secondary control, the source management (Figure 2).
The droop control is designed for all the active participants of the microgrids [13]. The source management
operates in a centralized way, delivering a current offset that is added to the current defined by the active
participants’ droop control. Only the active devices included in the source management receive the current
offset. The following paragraph describes both control levels. The lowest control level, also referred to as
participant management, is out of the scope of this paper.

4.1 Droop curve control design

To control voltage and balance power within the DC grid, every active device measures its voltage and
adapts its power infeed proportionally to the voltage deviation. The droop curve-based approach does not
depend on digital communication and has the smallest possible response time, only limited by converter
dynamics. Error! Reference source not found. shows an example of droop curves of the AIC and the
battery storage. Devices supply the DC microgrid if the current is negative, while they absorb power from
the grid if the current is positive. The vertical dotted lines divide three areas in which only one device actively
adjusts its power infeed to the voltage variations. In this case, the respective droop curve has a positive power
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Figure 4: Flowchart of the source management implemented on the PLC of the active infeed converter (AIC) for
voltage restoration. Considered case: high load.

gradient. At the same time, the other device supplies a constant power, which does not depend on the voltage,
and its droop curve gradient is equal to zero. More details about droop curves and the relevant parameters
can be found in literature [6,10].

Depending on the design of the droop curve, certain functions, such as peak shaving, are implemented. The
operating point in normal mode is between the inner two dotted lines [690 V; 716 V]. In this area, the AIC
constantly feeds around 23 A into the DC grid while the battery storage compensates for power deviations
and thus operates peak shaving. Other functions that can be implemented are: charge/ discharge storage, feed
into DC grid, feed back into AC grid, or uninterruptible power supply.

As previously described, the AIC is the only active device in the HOMAG microgrid and, thus, the only
device with a droop curve. Its droop curve corresponds to the one in Figure 3.

4.2 Source management design

If the loads are higher than the nominal ones, the voltage level in a DC microgrid is reduced. If this higher
load stagnates for a longer time, an undesirable operating point closer to the stability limit will be used. The
aim of the source management designed in this paper is to restore the voltage level at the nominal value. The
control is centralized and operated by the AIC’s programmable logic controller (PLC). Figure 4 shows the
flowchart of the source control as implemented in the AIC’s PLC.

In order to restore the nominal voltage, the control activates a current shift that is added to the droop curve
target current and increases the current delivered by the AIC. The negative shift (more current supplied to
the microgrid) is activated if the measured DC bus voltage is lower than a certain voltage threshold U;; for
more than a predefined time limit #ou.. This way, the source management is activated only when the loads
are higher than nominal power for longer periods. To avoid frequent activation and deactivation, the e is
set back to zero in case the voltage overcomes a second threshold U;; higher than Uy;.

The same can be defined for low loads and high voltage levels. In this case, the shift will be positive (less
current supplied to the microgrid) and the voltage thresholds will be higher than the nominal voltage, with
Uz < Uy,. This part of the control is not tested and is out of the scope of this paper.
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5. Results

This paragraph describes the results of applying the proposed control design (section 4) in the industrial
system described in section 2. To test the designed control, different scenarios were defined (see Table 1).
In the first scenario, only the droop curve-based control is considered, and the source management is
deactivated. The scenarios SM1, SM2, and SM3 differ due to the value of Uj;,. Scenario SM4 is an extreme
scenario differing from SM1 because of doubled current offset and longer counter time.

Figure 6 shows the results of the first two scenarios, where voltage and current profiles are compared. The
effect of the control is apparent. When the voltage at the AIC’s DC side remains longer than 0.5 seconds
under 695 V, then the secondary control is activated, and the /,5. is added on the droop curve, causing the
shift in the current (examples: 38.19 s, 40.77 s, and 41.54 s). On the other hand, the secondary control is
deactivated, and the / . is set back to zero when the voltage overcomes the second voltage limit U;» of 700
V (examples: 40.05 s, 40.98 s, and 41.82 s). When activated, the secondary control causes a small voltage
overshoot during the settling time. In this scenario, the voltage step is not sufficient to reach an inflection
point of the droop curve, as it happens after the first shift in the figure (38.19 s): even if the voltage exceeds

Table 1: Test scenarios description and parameter definition.

Scenario Description Ui [V] Uiz [V] Tofset [A] teount [S]
Droop  Droop-curve control only 0 0 0 0
SM1 Droop-curve & source management 1 695 700 -5 0.5
SM2 Droop-curve & source management 2 695 702 -5 0.5
SM3 Droop-curve & source management 3 695 705 -5 0.5
SM4  Droop-curve & source management 4 695 700 -10 0.8
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Figure 5: Results from scenario 1 (droop) and 2 (SM1), voltage measurements top, current measurement bottom.

49



the limit voltage of 700 V, the control is not deactivated until 40.77 s. Since the control operates on the
current, the shift is almost instantaneous (current step). However, after circa 100 ms, the dynamics end and
the supplied current of scenario SM1 follows the current of scenario “droop”. In both scenarios, the system
remains stable. Similar voltage and current profiles are measured in scenarios SM2 and SM3 but with later
deactivation times of the control. Different are the profiles obtained in scenario SM4. Figure 7 presents the
results of the last scenario. The activation is followed by a deactivation after less than 100 ms. This is due to
the high current step caused by the control and the fast voltage increase over 700 V, which deactivates the
shift. This happens in all the cases showed in Figure 7 except for the activation at 39.48 s. In this case, the
load has a peak and shift in current is not enough to overcome the threshold of 700 V. Also in this scenario,
the system remains stable.
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Figure 6: Results from scenario 1 (droop) and 5 (SM4), voltage measurements top and current measurement bottom.

Table 2: Performance parameters for the results assessment. *Active control time for scenario SM2 could not be
measured during the test.

Scenario Active Min. Max. Mean Median Standard
control time  voltage [V] voltage [V] voltage [V] voltage [V] deviation
voltage [V]

Droop 0% 667.0 711.1 693.3 694.1 6.0
SM1 45% 667.8 712.3 695.3 696.1 5.5
SM2 -* 667.6 713.8 695.6 696.3 5.6
SM3 83% 670.8 715.6 697.3 698.1 5.5
SM4 9% 668.9 717.9 694.5 694.9 59
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Figure 7: Histograms of measured voltage incidence. Each scenario with source management is compared to the
droop curve only scenario.

To systematically assess the results, performance parameters were defined (Table 2). Active control time is
when the source management is active, and the current shift is equal to /g Increasing U, has the effect of
a longer maintained droop curve shift. Differently, in SM4, the active time is only 9 % of the test time. This
is due to the voltage overshoot after activation and the almost direct deactivation of the control. Even if the
parameter could not be calculated for scenario SM2 due to measurement problems, it is possible to assume
that the active control time increases with the voltage limit U;».

The control in all scenarios SM1-4 increases both the minimum and maximum DC voltage. The minimum
voltage variation compared to scenario droop is not remarkable in scenarios SM1, SM2, and SM4 and
increases up to 3.8 V for scenario SM3. The maximum voltage variation compared to scenario droop
increases consistently with the increased voltage limit U72. The same effect has the high current shift in
scenario SM4, in which the voltage reaches a peak of 717.9 V.

Mean and median voltages consistently increase with the voltage limit U2, from 2.0 V to 4.0 V difference
with scenario droop. However, in scenario SM4, the mean and median variation from scenario droop is
limited to 1.2 V and 0.8 V. This is due to the limited active time of the control: even if minimum and
maximum voltages are higher, the control does not affect the average voltage.

Regarding the voltage standard deviation, a decrease can be observed. In particular, for scenario SM1-3, the
voltage values are more concentrated around the mean values. In Figure 8, the incidence of voltage levels is
presented in histograms. The median is shifted right, thanks to the source management (SM1-3). In case of
SM4, the difference is barely visible due to the limited control active time.

51



6. Conclusion

This paper presents the concept of a hierarchical DC microgrid control for voltage restoration. Source
management operates over the droop curve control level to restore the voltage at the nominal level through
a current shift. The control concept is implemented and tested on an actual application, a real industrial DC
microgrid, including different robots and woodworking machines for a load of up to 50 kW. The results
show that this simple control concept can shift the voltage to higher values in all test scenarios. In addition,
no instability occurs. Therefore, this control concept is promising for the installation in industrial DC
microgrids. Further research should include the definition of a method for computing the source management
parameters based on the load profile and the formal investigation of the control stability. Future applications
should test the low load case, i.e., the voltage shift towards lower voltage levels in case of low load, and test
other DC microgrids with different devices and load.
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