1120

IEEE JOURNAL OF EMERGING AND SELECTED TOPICS IN INDUSTRIAL ELECTRONICS, VOL. 5, NO. 3, JULY 2024
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Abstract—DC-bus signaling (DBS) is a proven method to co-
ordinate different microgrid agents, using the dc voltage of the
microgrid as a communication signal. The droop control applied
in a dc microgrid achieves accurate power-sharing among con-
verters while leading to a certain voltage regulation error in the
microgrid bus. The behavior of the different agents in a microgrid
is managed by using the voltage at each node of the microgrid
as the DBS signal. The technique proposed in this article uses
an improved DBS technique to coordinate interlinking converters,
photovoltaic generators, energy storage systems (ESSs), and loads
in a microgrid. The operation of the renewable power sources of a
microgrid at the full generated power is desired due to economic
and environmental reasons. The DBS technique proposed in this
article is adapted to integrate renewable power sources in the
microgrid. The DBS-controlled ESSs will store the surplus energy
if the generated power exceeds consumption. In the case of fully
charged ESS, the renewable generators will limit their output
power to those demanded by the loads. The proposed control laws
have been tested in an experimental microgrid.

Index Terms—DC-bus signaling (DBS), dc-bus, droop, load,
management, microgrids, power, sharing.

I. INTRODUCTION

OOPERATION of small-scale generators (renewable or
C not) and mid/big-scale generators forming a microgrid
is the new paradigm in energy management [1], [2], [3]. The
microgrid performance can be boosted by dynamic load man-
agement [4], [5] in coordination with energy storage systems
(ESS) [6]. Intelligent control of generators, loads, and storage
systems leads to excellent grid quality, reliability, and lower
exploitation costs and CO5 emissions.

A microgrid has different agents distributed among a phys-
ical area (generators, ESS, and loads). However, these agents
must work together to operate the microgrid within the desired
parameters of robustness and stability [7], [8]. The coordination
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system often uses communication links between the agents in a
microgrid, but they are a critical issue due to costs, delays, and
reliability [8]. Hence, communication links should be avoided
if it is possible. Otherwise, low-speed fault-tolerant communi-
cation links should be used [9], [10].

Microgrid generators frequently use the droop control tech-
nique [11]. However, the operation of distributed generators
under droop laws leads to a degradation in voltage accuracy.
Moreover, power-sharing among the different converters in the
microgrid is a critical issue. Consequently, many papers dealing
with communications have been published to reduce voltage
error and improve load-sharing accuracy [12].

Since the communication links increase the cost and reduce
the reliability of the overall system, the operation based on termi-
nal values (i.e., dc voltage of the microgrid) of the agents of the
microgrid is desired. In the dc-bus signaling (DBS) method, the
agents adjust their operation mode based on their own terminals’
voltage value. The DBS method often coordinates the different
types of generators and loads in dc microgrids [13], [14], [15].

In the literature, it is possible to find various proposals for
secondary control [16] using the bus voltage to coordinate
the operating mode and power-sharing in dc microgrids. A
voltage-level signaling (VLS) technique has been proposed in
[14] and [17]. In this method, the voltage variation of the dc-bus
is divided into windows, each assigned to specific operating
modes. It is a cheap and easy-to-implement control method,
but the achieved power-sharing is poor, and a vast number of
paralleled converters may lead to excessive voltage windows.
DBS is created by combining VLS and droop methods [18].
Hence, in DBS every change is progressive among operating
states. Later, Sun et al. [19] presented an evolution of DBS called
mode-selective DBS. The approach of this method is to decide
which converter operates as a voltage source according to the
dc-bus voltage, while the rest serve as current sources. Modi-
fications with advanced features have been proposed recently
[20], like communicative DBS, where voltage variations serve
as a low-speed digital communication link.

Regarding VLS [14], [17], the technique proposed in this arti-
cle uses a minimal number of voltage windows while providing
a smooth behavior. To achieve this performance, several DBS
control laws for the agents in a dc microgrid are proposed. Each
control law fits the specific characteristics of the typical agents
in a microgrid (interlinking converters, ESSs, and renewable
energy sources). Compared with the mode-selective DBS [19],
in the proposed technique all the generators behave as voltage
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sources, thus avoiding the master-slave or grid-forming/grid-
following problems. Thus, a fully decentralized power-sharing
algorithm performs the voltage regulation of the microgrid.
Compared with the communicative DBS [20], no master module
or communication links between agents are required. Thus, a
plug-and-play dc microgrid is possible since any converter does
not need to be informed about the characteristics of the rest of
the converters.

Unlike frequency in ac systems, the node voltage is not a
global measurement but a local parameter, providing informa-
tion about the state of charge of each node. For instance, a low
voltage stands for a highly loaded node, while a high voltage
stands for a poorly loaded one.

The control technique proposed in this article proves to be a
feasible method for the coordination and power management of
renewable sources in a microgrid. The DBS control technique
can coordinate the renewable generators and ESS devices to
store the excess in production or limit the energy production in
the case of fully charged ESS.

II. DC-BUS SIGNALING

The DBS method uses the dc bus voltage as a reliable param-
eter of the microgrid operating conditions. The voltage value
measured at the output terminals of each converter determines
the operating mode [ 14]. In the classical DBS method, the master
converter usually establishes the microgrid dc voltage, and the
rest of the converters in the microgrid operate according to this
voltage level. For instance, the diesel generators in a microgrid
will only work below a certain voltage level, remaining idle for
voltages above that level. Some variations of this method have
been presented [15].

Most dc buses are specified with a broad tolerance ratio
since the agents connected to the microgrid have a dc/dc power
converter with a wide input voltage range. In the DBS technique,
such voltage error determines the operating mode of the agents
in the microgrid.

The IEEE Standard 1547 limits the microgrid dc voltage
variation between 095 and 105 p.u. For instance, the voltage
of a 450 Vpc microgrid can swing between 427.5 Vpc and
472.5 Vpc under normal circumstances. Various published
works try to use communication links to reduce this voltage
error to very low values [21], but this is far beyond the objective
of the standard.

The DBS technique takes advantage of this voltage deviation
and uses it as a flag of the microgrid status. Moreover, due to the
resistive behavior of the power transmission lines, the voltage
of each node serves as an indicator of the node’s state of load.
Voltages near the highest limit (about 470 Vp¢) suggest that this
microgrid node drains only a small part of the available power.
Voltages near the lower limit (about 430 Vp¢) suggest that the
load is close to the maximum node capacity. Thus, microgrid
agents can decide how to act according to the voltage measured
at their output (terminal values).

The 450 Vpc nominal value used in this work is in the range of
the typical microgrid examples, but the results are independent
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of the nominal value used in the tests. Hence, both low-voltage
and high-voltage dc microgrids can implement this technique.

The linear behavior of the DBS technique can be modeled as
(1), being Pyiax the nominal power of the converter, AP and
AV the maximum variations of power and voltage, VNopE the
microgrid measured voltage, and Vy;;, the minimum affordable
voltage at this node. Since the DBS technique relies on the error
deviation to adjust the output power reference, the measurement
error in the voltage signal can affect the performance of the
power-sharing technique. From (1), it can be derived the power
perturbation (2) and the effect of the voltage deviations (3),
where AV represents the node voltage variation, and VErroRr
is the measurement error in the voltage signal. Since the same
coefficient (AP/AV) affects the error and voltage variations,
its influence on the output power reference is similar. Hence,
the DBS technique requires better accuracy of voltage sensing
circuits than the nominal voltage variation

AP
Frer = Puax — N (Vnope — Vauin) (1)
—AP
APREF = W . (AV) (2)
—AP —AP
APREF = W . (AV) + TV . (VERROR) . (3)

Considering a microgrid formed by two converters of the same
nominal power (Py), delivering P; and P, output power, (4)
and (5) are obtained. The influence of the voltage sensing error
is represented in (5) as a voltage offset. Thus, the microgrid
node voltage can be calculated as (6), where Pp represents
the load power. The generalization of this equation for any
number (N) of identical paralleled DBS-controlled converters
leads to (7). Hence, it is demonstrated that the voltage error in the
sensing circuits could significantly affect the power delivered by
a converter. However, its effect on the voltage regulation of the
entire microgrid is smaller as the number of converters increases

Py =Py — % - (Vnope — Vinin) 4)
Py, =Py — % - (Vnobe + Verror — Vinin) ©)
Vioe = <P - PQT) TG
Vione = (PN - I;VT) A e @)

III. PROPOSED CONTROL TECHNIQUE

The voltage swing of the microgrid dc voltage (from 430 Vpc
to 470 Vpc) is divided into different working areas, as shown in
Table I (microgrid nominal voltage: 450 Vp¢). Minor voltage
variations around its nominal value (£10 Vp¢) are considered
mid-power operation mode: the generators have enough power to
feed the loads. If the voltage falls below the —10 Vp¢ deviation,
the microgrid generators still power the loads, but their output
almost reaches its maximum capacity. If the loads demand more
power, the microgrid generators will not be able to provide it.
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TABLE Pout
MICROGRID VOLTAGE WORKING AREAS 4 |
|
|
Microgrid voltage Description I |
|
Vie20 V < Vagieroorn < Va-10 V lThfip‘.’WClr de‘t“andeldtbzh | |
430 Voo < V. < 440 Vo) oads is almost equal to those | | v
( be MICROGRID DE. available in generators. A | HGRID-NOQDE
} T i >
Vn-10 V < Vuicrogrip < Vnt+10 V . . 430V 450V 465V
(440 Ve < Vacroaa < 460 Vo) Mid power operation
Fig. 2. DBS control law for interlinking converters.

Vn+10 V < Viicrogrip < V20 V
(460 Vpc < Vmicrocrip <470 Vipe)

A great amount of available
power is in the generators.

Conventional generator (Poyr)

Energy Storage System (Pout)

Solar Energy Generator (Pyax)

Critical loads (Level 0)

Critical loads (Level 1)

Non-critical loads (Level 2)

Non-critical loads (Level 3)

440V |
445y

450V |
455V

460V |
465V

430v ! 470V
435V

Fig. 1. DBS trip voltage values (nominal voltage: 450 Vpc).

On the contrary, if the voltage exceeds the +10 Vp¢ deviation,
the microgrid has light-load conditions, and the generators have
significant available power.

In this work, the control algorithm of each converter calcu-
lates the power to be delivered using the node voltage mea-
surement. This technique leads to a wireless power-sharing
behavior. Moreover, the microgrid dc voltage is used to adjust
the operating mode of some converters; for instance, the ESS
charges the battery for high voltage values and discharges the
battery to provide power support for low voltage values. We
present control laws for interlinking converters, photovoltaic
(PV) power sources, and ESS. Moreover, the loads use this node
voltage value to decide whether they must remain connected or
be disconnected to prevent the collapse of the microgrid. The
definition of four different priority levels will determine the
management of such loads. The trip voltage values proposed
in this article are shown in Fig. 1, which are established so
that the performance of each agent is optimized to reinforce
the microgrid’s stability. The behavior of any type of agent is
based on those presented in [22], but in the following sections,
it is revised and complemented.

When some generators lose their power capacity, the DBS
load-managing technique disconnects the loads based on their
priority, adapting the consumption to the available power. So,
the loss of any generator’s capacity is not a critical issue since

Saturation!

I
I
_/_IREF

| Current control loop |
Current PWM

Irer :
—»(2 — !
I compensator] modulator

ISensed

Gate
signals

Fig. 3. Power control loop based on DBS.

the worst scenario leads to the disconnection of loads based on
a prioritized level of importance.

A. Interlinking Converters

The interlinking converters, seen in the dc-microgrid as dc
sources, will operate as power sources dependent on the mi-
crogrid node voltage (terminal voltage value). The proposed
operation range is 430-465 Vpc with a linear voltage-to-power
behavior. For voltages above 465 Vpc, the power delivered is
zero (0%), while for microgrid voltages below 430 Vpc, the
output power is maximum (100%). Fig. 2 shows the proposed
control law for interlinking converters.

Thus, a DBS linear control law sets the power reference used
to generate the output current reference value for the operation
of the interlinking converter.

Since there is no voltage loop, the microgrid dc voltage is
not directly controlled, but it will be established at the point
where the power injected into the microgrid equals the loads’
consumption. Adding more converters in the microgrid does not
change the control law. Moreover, an extra power injection (new
converter) increases the microgrid dc voltage and, thus, reduces
the power delivered by the rest of the converters, leading to a
new operating point.

The power converters operating under DBS control must
behave as current sources using an internal control loop fed
by a current reference. The current compensator processes this
reference and provides input for the PWM modulator, thus
generating the gate-switching signals. Fig. 3 depicts the control
structure proposed for a power converter working under DBS
law, in which the DBS control processes the sensed microgrid
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node voltage to generate the power reference. The division
of the power reference by the measured voltage generates the
current reference value. This reference is then limited to the
maximum/minimum values the converter accepts and fed to
the inner current control loop. The current control allows the
converter to operate safely at any output conditions, even under
short circuits.

Due to the resistive characteristic of the wires in low-voltage
dc microgrids [23], the nodes with a higher load will exhibit
a lower voltage. Since DBS establishes a direct relationship
between voltage and power, the power-sharing among gener-
ators would not be accurate. However, those placed near the
higher loads will deliver a more significant amount of power,
thus reducing the wiring power losses.

Suppose the full load of a microgrid is concentrated at a point
far away from the most powerful converters. In that case, the
DBS technique will lead to a poor voltage in the dc bus, ex-
ceeding the acceptable voltage deviation limits. Low-bandwidth
noncritical communication links can correct this undesirable
behavior. However, this is not a realistic scenario since the
consumption in a microgrid tends to be distributed, and in most
real situations, there is no need for a communication link.

B. Plug-In Electrical Vehicle and Other ESS

Microgrids can lack peak-power capacity under certain cir-
cumstances due to their limited number of generators, i.e.,
during motor start-up or heavy transients in general. The massive
integration of plug-in electrical vehicle (PEV) in microgrids is a
major challenge due to its high-power demand. Thus, the correct
scheduling of its charge/discharge performance is critical for the
microgrid’s robustness [24].

The microgrid planning classifies the high storage capacity
of the PEV as an ESS, which can provide support during heavy
power transients. The vehicle-to-grid (V2G) [25] concept states
that the charge of the PEV battery must be scheduled according
to the microgrid capacity at any moment. Thus, a fully charged
battery discharges to support the microgrid, performing as an
energy buffer. The integration of the PEV in the grid is studied
under the V2G and vehicle-to-building terms [26], [27].

The key point is to charge the battery of the PEV when
the microgrid is under low load (i.e., high microgrid voltage,
>460 Vpc); thus, the PEV charging power demand does not
affect the microgrid’s maximum peak-power capacity. Then,
the PEV must be ready to return a portion of its charge to
the microgrid if the load approaches the total power capac-
ity on the node of the microgrid (i.e., low microgrid voltage,
<440 Vpe). In the mid-power operation, the PEV battery does
not charge/discharge, reserving the available power for the reg-
ular microgrid operation.

ESS will work under the control law shown in Fig. 4. A node
voltage around the nominal value sets a zero-power reference for
ESS. A high voltage value sets a charging current, higher as the
microgrid’s available power increases. For instance, when a vast
amount of PV energy is available in the microgrid. A low volt-
age value sets a discharging current, higher as the microgrid’s
available power decreases. The state-of-charge (SoC) of ESS
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Fig. 4. DBS control law for PEV and ESS.

establishes limits for the maximum current to be supplied/drawn
from the battery. Hence, the maximum charge (Pcu.max) OF
discharge (Pprs-max) power of the PEV battery will be adjusted,
even dynamically, according to the ESS SoC.

In the case of a full battery, the Pcy_max value is set to zero;
hence, the converter would not charge the battery. Similarly,
below a specific value of SoC, the Pprs-max value is also set
to zero, and then the converter would not deliver any energy to
support the microgrid.

C. Photovoltaic Energy Sources

Integrating renewable energy sources in microgrids is compli-
cated due to the unpredictable generation and the limited load
capacity. Correct microgrid management must ensure that the
renewable sources operate at their full available power, feeding
the loads and storing the excess energy produced in the ESS
systems. When ESS is full, and the load demands less power
than those generated by renewable sources, the microgrid must
be able to limit the output power of such converters, ensuring a
good power quality to the loads. In this research, the dc microgrid
integrates PV energy sources.

Small PV power plants are used as low-power distributed
energy power sources in most microgrids. Moreover, microgrid
management must prioritize the solar energy of a microgrid since
its energy source is free, thus lowering the exploitation cost and
improving the environmental impact of the microgrid. However,
the mismatch between solar energy and power consumption
complicates its utilization in microgrids. Thus, coordinating
the PV generators with the ESS leads to higher solar energy
production.

If the PV generation in a microgrid represents only a tiny
percentage of the overall power, the PV generators usually
operate at their MPP. As the microgrid demands more power
than those produced in the PV generators, there is no need to
limit its output. However, when the PV generation reaches high
percentages of the installed power, the PV power is expected to
exceed the power required by the loads. In such a scenario, the
ESS systems must store the excess energy; if it is not possible,
the power production must be limited. The proposed DBS law
manages loads, ESS, and PV generators.

A PV power converter in a microgrid should behave as
follows: running the maximum power point tracking (MPPT)
algorithm when the microgrid can absorb the generated power
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Fig. 5. DBS control law for PV generators.
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Fig. 6. MPPT algorithm for DBS PV generators.

and limiting the power obtained from the solar modules when
the microgrid is not able to absorb it.

In DBS, the microgrid’s voltage provides information about
the stage-of-load of the microgrid, so itis possible to define some
trip voltage values to coordinate and limit the behavior of ESS
and PV generators. The trip voltage at which the PV converters
limit their output power is set up higher than those for the
maximum charging power in the ESS. Hence, the PV converters
will operate at the MPP while the ESS charge at their full power
capacity if there is excess energy production. When there is no
load nor ESS capacity to absorb the PV production, the output
power of the PV generators is limited, as depicted in Fig. 5. The
slope between 465 Vpc and 470 Vp ¢ allows equalization of the
loads connected to the microgrid and smoothing of transients.

Fig. 6 depicts the MPPT algorithm proposed for the PV
generators running under DBS in the dc microgrid. It is based
on the classical Perturb&Observe (P&O) method [28]: The
voltage reference value is perturbed by a step (AVpy), then the
system evolves to a new PV voltage value, and the new power
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TABLE II
PRIORITY LEVEL FOR LOADS

Microgrid trip voltage Description

Non-critical loads can be connected
when a significant amount of power is
available in the microgrid.

Level 3: non-critical loads
(V>445 Vpe)

Non-critical loads generate only a minor
inconvenience if disconnected for some
time.

Level 2: non-critical loads
(V>440 Vo)

Critical loads that can be disconnected, if
necessary, with a limited inconvenience

Level 1: critical loads
(V> 435 Vpe)

Critical loads that cannot be disconnected
from the microgrid. Disconnected only if
the microgrid is about to collapse.

Level 0: critical loads
(V >430 Vpe)

is calculated. If the power obtained is increased, the sign of
the step is kept; otherwise, it is changed. However, an extra
condition has been added (Ppyv(k) > Ppv(Max)) t0 operate
outside the maximum power point (MPP) when the microgrid
voltage is higher than 465 Vpc. The DBS control law establishes
the Ppyv(max) value and limits the maximum power obtained
from the PV generator according to the DBS law.

D. Loads

Along with generators and ESS management, load manage-
ment improves the microgrid robustness against power peaks.

Loads can be classified into critical and noncritical ones.
Critical loads must always be powered, while noncritical loads
can be disconnected when sufficient power is unavailable in
the microgrid’s node. Using the DBS technique in each load
controller, the status of the microgrid node is estimated, and the
load can decide to connect/disconnect.

The microgrid must guarantee enough power to feed the
critical loads, traditionally through diesel power generators,
running only during critical scenarios. Examples of critical loads
are lighting, computers, or medical equipment.

The noncritical loads can be disconnected from the microgrid
if the voltage is too low since the microgrid is near to collapse.
When the microgrid power capacity increases (for instance,
because of a critical-load disconnection), the noncritical loads
can be connected again. Examples of noncritical loads are water
heaters or air conditioners.

Various priorities for loads can be defined to provide accurate
load priority scheduling. The authors propose two levels for
critical loads (levels 0 and 1) and two levels for noncritical loads
(levels 2 and 3). Table II shows the trip voltages for the different
types of loads. A hysteresis of £1 V in a Vpc-filtered mea-
surement is proposed for stable load connection/disconnection
operation.

IV. EXPERIMENTAL RESULTS
A. Microgrid Structure and Equipment

The experimental dc-microgrid used to validate the DBS
technique has two nodes with three power converters (overall
power of 10 kW), which are connected as shown in Fig. 7.
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DC-bus 450V

Node 1 V7«w/15.54 - 2.5 mm?

g
-

200 m (2,7Q)

Node 2 l

DC power converter
(3 kw)

DC power converter |_3>
(4 kw)

Fig. 7. Physical structure of the tested microgrid.

___To microgrid DC-bus (450 Vpc +/-20 V)

|
[l
|
Vpri: 400 Vs |
Vsec: 230 Vems | | }
[l
|
% I
|
|
+ |
+
|
|
|
|
|

T courmtion

Current control | lrer _/— Prer [ Prer
] la—]
|00p VyuGrID-NODE

Interlinking converter: Hardware and control scheme.

VuGRID-NODE|

DBS control law

[

Fig. 8.

Different loads are connected in the nodes. Both converters
and loads work according to their terminal’s voltage, using the
voltage of the microgrid nodes as a microgrid status indicator.
The dc-bus is set to 450 Vpg =20 V.

The wire impedance of the power transmission line between
nodes #1 and #2 is emulated to provide realistic results. A long
line (200 m) of 7 kW (15.5 A/450 Vpc) nominal power is sup-
posed. So, the required section in the wiring is 25 mm? (material:
aluminum). Since the inductance of an electrical low-voltage
transmission line is estimated as 318 pH/km [29], it is neglected
in low-voltage microgrids due to its limited length. Generally,
in such lines, the inductive part of the impedance is much lower
than the resistive one. Hence, a 27 () resistor emulates the line
impedance.

We have tested three types of converters: interlinking con-
verters, ESS systems, and PV generators. With minimal modifi-
cations, the hardware is similar for all of them, adapting the
control scheme to the required function. The converters are
configured to behave as interlinking converters, PV generators,
or ESS as needed for each test. The power stages are three-phase
full-bridge topologies designed for a maximum output power of
10 kW but limited to 3 kW/4 kW in the tests that have been
carried out. The maximum dc voltage is 750 V.

Interlinking converters are built up by means of a grid-tied
three-phase inverter, following Fig. 8. The DBS control law de-
termines the power set point and calculates the current reference.
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To microgrid DC-bus (450 V¢ +/-20 V)
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Fig. 9. ESS: Hardware and control scheme.
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Fig. 10.  Solar energy generator: Hardware and control scheme.

Fig. 8 depicts the hardware configuration and the control scheme
of this type of agent.

ESS units are built up by using a single leg of the same power
stage as for interlinking converters. The measured microgrid
dc voltage and the SoC of the battery determines the power set-
point, through the DBS control law. Then, the current reference is
calculated. The inner current control loop ensures good tracking
of such reference. Fig. 9 depicts the hardware configuration and
the control scheme of this type of agent.

The solar energy generator is built up by means of the same
hardware used for ESS, but the control loops are adapted to the
required functionality (see Fig. 10). The measured microgrid
dc voltage determines the maximum allowed power. Next, the
MPPT algorithm presented in the previous section establishes
the voltage reference, and the voltage control loop calculates the
current reference. The inner current control loop ensures good
tracking of such references. The PV source is emulated by means
of a TerraSAS ETS 1000/15 PV simulator, capable of emulating
V-I curves and irradiance/temperature dynamic variations.

An electronic load (Chroma 63205A-1200-200) and fixed-
value resistors are connected in the nodes to emulate differ-
ent load transients. A 27 {2 planar resistor emulates the line
impedance. Fig. 11 shows the experimental test setup. All the
equipment is connected through the experimental microgrid
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Fig. 11.  Experimental setup.
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Fig. 12. Microgrid’s performance under 30% of the full power (73.3
Q@node2).

of the Industrial Electronic Systems Group of the Polytechnic
University of Valencia, Spain [30]. A set of tests has been carried
out showing the performance of the proposed DBS laws.

B. Interlinking Converters (DC Power Sources)

In the first test, the three DC power converters are programmed
to behave as interlinking converters with the DBS control law
of Fig. 2.

Fig. 12 depicts the stable behavior of the output currents and
voltage at the microgrid nodes of the power converters. In this
figure, a 27 kW load is connected. Converter #3, connected to
the same node as converter #2, delivers a slightly higher current
because of its higher power rating. Converter #1, connected to
node #1, is far from the load, so its current delivered is lower than
those connected near the load (its node voltage is also higher).
The power losses in the transmission line (27 §2) are 46 W. If
converters #1 and #2 were fully balanced and delivered the same
current as #3, such power losses would be 10.8 W, doubling the
inefficiency of the power transmission system.

Fig. 13 depicts the load profile used in the next test. An initial
load of 27 kW @450 Vp¢ at node #2 drains the 30% of the
full microgrid power. Then, a load of 4 kW at node #1 causes
a severe power-up step. After a while, the load at node #1 is
disconnected, causing a power-down step.
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Fig. 13.  Load profile for testing DBS dc power sources.
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A detailed view of the power transitions (see Figs. 14 and
15) shows how stable and fast the DBS technique works (the
voltage transition lasts only 40 ms in both experiments). Note
that the current waveforms depicted are the output of the dc
power converters, not the inductor current. Hence, the current
ripple is due to the output capacitor.

C. PEV and Other ESS

In the second test, the dc power converters #1 and #2 behave
as interlinking converters (3 kW each) with the DBS control law
from Fig. 2. Converter #3 (4 kW) behaves as an ESS of a PEV,
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with the DBS control law of Fig. 4. Fig. 13 shows the load profile
used, the same as the previous test.

Fig. 16 shows the performance exhibited by the converters.
The microgrid loaded to 30% of its total capacity leads to a
441.6 Vpc voltage at node #2. Therefore, according to the DBS
law depicted in Fig. 4, the ESS (converter #3, pink trace) is
idle and does not deliver any power. When the load demand
increases, the ESS delivers power to support the microgrid.
During the power-up step transient (see Fig. 16), the ESS reaches
a steady state operation in less than 60 ms.

At the end of the power-down step transient (see Fig. 17), the
ESS returns to an idle state. Both positive and negative voltage
and current transients are smooth and stable.

D. PEV and Other ESS Discharge Behavior

Since the batteries are not infinite energy reservoirs, the ESS
must deliver less power as time passes and the battery discharges.
The ESS is only a transient power support for the microgrid, nota
permanent one. In this test, the configuration of the converters is
the same as in the previous one, but the ESS converter (converter
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#3) emulates a full discharge from 100% to 0% in 30 s (see
Fig. 18).

This test begins with a 37 kW load in node #2, and the ESS
does not contribute to supporting the microgrid. Then, the 4 kW
resistive load is connected to node 1, and the ESS begins to
deliver power to the microgrid. The power provided by the ESS
decreases with the SoC of its battery. Once the ESS is empty,
converters #1 and #2 must assume the full-load power. The
dynamic variation of the maximum power of the ESS shows
stable behavior. Integrating this control technique with DBS dc
power sources results in a smooth operation.

E. PV Energy Power Converters

A PV generator running the MPPT algorithm under the
proposed BDS law feeds the microgrid in this test. Also, a
DBS-controlled ESS converter is connected to the microgrid.

First, the PV generator is OFF, and the ESS delivers the full
load, green trace (see Fig. 19). The PV generator turns ON
at a specific time, and the MPPT algorithm searches for the
MPP. Hence, the output current of the PV converter (pink trace)
increases up to the maximum value. In this test, the MPPT
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algorithm runs with a PV voltage step of 2.5 V and a running
frequency of 10 Hz.

An additional test is performed (see Fig. 20), in which the
initial load of the microgrid is lower than in the previous case.
As stated before, the PV converter reaches the MPP and the
ESS, initially delivering power to the microgrid, switches to the
charging battery mode, and drains the excess power between the
PV converter and the load consumption.

Fig. 21 shows the behavior of the power limitation of the PV
generator. In this test, the load in the microgrid is reduced at
a specific time. Hence, the voltage in the microgrid increases
(blue trace). Following the DBS control law, the PV generator
limits its output power (pink trace), and the ESS increases the
charging current to its maximum value (green trace, negative
values mean charging current). When the load of the microgrid
rises again, the PV converter MPPT algorithm searches for the
MPP again without limitations (see Fig. 22).

Additionally, we have tested an irradiance ramp variation.
An initial irradiance level of 200 W/m? rises to 800 W/m? at a
constant rate in 10 s, then the irradiance level remains constant
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for another 10 s; finally, it returns to 200 W/m? with the same
slope. Fig. 23 shows the experimental results. As the irradiance
increases, the current of the PV generator (pink trace) rises,
following the MPP consign. As PV power increases, the power
delivered by the interlinking converter (orange trace) is reduced.
Thus, following the DBS law, the voltage increases. Conse-
quently, the current delivered by the dc generator decreases.
When the irradiance decreases, the PV generator searches for the
new MPP, delivering less power and, therefore, the microgrid’s
voltage decreases. Thus, the interlinking converter delivers more
power, following the DBS law.

F. Load Priority Levels

Fig. 24 shows the load priority levels test results using a
pair of DBS dc power sources (converters #1 and #2) and an
ESS (converter #3). The ESS converter emulates a full battery
discharge in 30 s. As in the previous test, the initial load is
37 kW @450 Vpc in node #2 (priority level 0), and the ESS is
idle. A 24 kW load (priority level 1, must be disconnected at
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Example of Microgrid start-up.

voltages lower than 435 Vpc) connects in node #1 at a specific
time, and now the ESS delivers power to the microgrid.

As the battery discharges, the ESS reduces its output power.
Hence, the power delivered by converters #1 and #2 increases as
the voltage decreases. When the voltage at node #1 falls below
435 Vpc, the 24 kW level 1 load self-disconnects and avoids
the collapse of the microgrid.

It is worth pointing out that a specific procedure for the
microgrid start-up is not needed, due to the following reasons:
1) loads are automatically disconnected when the voltage is
insufficient, and 2) converters running the DBS law behave as
current sources during the start-up of the microgrid. Despite this,
the dc-link capacitors of the converters should be precharged to
avoid overcurrents. However, this issue does not concern the
operation of the microgrid or DBS, but the converter itself.

To exemplify this, we have carried out a start-up test in which
an interlinking converter will supply an initially unpowered mi-
crogrid with a critical load (level 0) demanding to be connected.

Initially, the interlinking converter is not running but the
dc-link capacitors are precharged through the diodes. In such
conditions, the load cannot be fed as the microgrid is unpowered
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and there is insufficient voltage. The DBS-controlled inter-
linking converter is turned on at a specific time, feeding the
microgrid, so that the microgrid dc voltage can rise. As soon
as the voltage reaches 430 Vp, the critical load auto connects,
and the interlinking converter feeds the required power. Fig. 25
shows the test waveforms for the bus voltage (blue trace) and the
current provided by the interlinking converter (orange trace).

V. CONCLUSION

This article presents a control technique for the management
of the agents connected to dc microgrids, which is based on DBS.
The proposed control law for the different agents in a microgrid
(interlinking converters, PV generators, ESS, and loads) fits the
agents’ requirements and improves the microgrid’s robustness.

The integration of renewable energy sources in a microgrid is
a major challenge. The operation of a microgrid must guarantee
that renewable sources operate at their full available power, using
other nonrenewable sources only when sufficient power is not
available to supply the loads. When renewable energy sources
provide excess power, the microgrid should charge the ESS. This
article demonstrates the behavior of a modified P&O algorithm
and a DBS law for integrating PV generators in the microgrid.
The resulting behavior is satisfactory in harvesting the maximum
available power and limiting its production as it is required.

Thus, the use of ESS is a crucial issue in microgrids. These
systems improve the harvesting of renewable energy sources,
enhance the exploitation cost of the microgrid (stores energy
almost for free), and provide stability support.

Moreover, in a low-voltage microgrid, the grid impedance
is mainly resistive. Hence, the power-sharing depends on the
distance between each converter and the load: the power con-
verters near the load deliver more power than those farther, thus
reducing the power losses in the transmission lines.

Tests have been carried out on an experimental microgrid
showing satisfactory results, with a smooth transient response
for the microgrid dc voltage and good stability. Several combina-
tions of agents have been tested in an experimental dc microgrid
performing realistic scenarios. Even the start-up of the microgrid
has been tested and demonstrated to be a stable and safe transient.

The proposed DBS technique has proven to be a suitable
alternative to coordinate several agents in a microgrid in a robust
and stable way, without the need for communication links.
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