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A B S T R A C T

Due to the distributed nature of future electrical power systems, decentralized control is essential for these grids.
This paper shows that converters that have identical voltage thresholds switch off simultaneously even if some
could have remained operational. Therefore, inadequate system and energy utilization can occur when decen-
tralized demand or supply response is utilized. The Grid Sense Multiple Acces (GSMA) algorithm proposed in this
paper ensures that, after a change occurs in the system, a subset of the converters remains connected to the grid,
without the need of utilizing any form of communication. This is achieved by introducing an exponential backoff
time between failed connection attempts. Furthermore, several simulations and experiments are conducted to
illustrate and validate the behavior of the GSMA algorithm, showing that it can be applied to dc grids in order to
improve system and energy utilization.

1. Introduction

The increasing presence of distributed energy resources, the in-
troduction of microgrids, and the increasing number of prosumers
(participants that both produce and consume) subject the electrical
power grid to considerable changes. These changes pose significant
challenges to the control and management of these grids [1–3].

Traditionally, electrical power grids have had a centralized and
radial structure. However, the centralized structure and control
methods used for traditional systems are not adequate for systems
where generation is distributed. Thus, different system topologies and
control architectures are called for to facilitate bi-directional power
flow and the segmentation of the grid [3–7].

The increasing share of solar and wind energy generation results in
a significant reduction of the inertia of electrical power grids.
Furthermore, the segmentation of the grid into, for example, microgrids
is increasing. Accordingly, the power management and control strate-
gies of these grids need to be adapted to ensure the balance of supply
and demand on shorter time scales and for varying system topologies
[8–12].

Because of the distributed nature of future electrical power grids, it
is often not desirable to use communication. Furthermore, for systems
with a communication infrastructure, it is preferable that the system
sustains operation when there is a communication malfunction.

Therefore, decentralized control is essential for future electrical power
grids [13,14].

Previous work presents several decentralized strategies to ensure
stability, power quality and power sharing for smart grids. Droop based
control strategies are commonly used for many systems [15–17]. Fur-
ther efforts improve power quality and stability by adapting the con-
verters' virtual impedance or operating mode depending on measured
parameters [18–20]. Moreover, several plug-and-play strategies are
presented [21–23]. Often, an overarching hierarchical control is used to
control the power flow [24–27].

Decentralized control strategies often implement demand and
supply response based on local measurements. It is shown in this paper
that, when voltage dependent demand and supply response is im-
plemented in dc systems with converters that exhibit discrete behavior
(that do not ramp their output power, but switch on or off entirely), the
system and energy utilization can become inadequate. In these cases it
must be determined, with or without communication, which subset of
the converters remain operational in order to improve system and en-
ergy utilization.

This paper has several distinct contributions. First, it is experi-
mentally shown that inadequate system and energy utilization can
occur for decentralized control with discrete behavior. Second, the Grid
Sense Multiple Access algorithm is proposed to improve system and
energy utilization, without employing communication. The algorithm
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enables a subset of the converters to remain connected to the grid, by
introducing an exponential backoff time between connection attempts.
Third, it is shown that the priority of the converters and behavior of the
algorithm can be influenced by altering the algorithm's parameters.
Last, several simulations and experiments are conducted to validate and
illustrate the behavior of the GSMA algorithm.

The remainder of this paper is organized as follows: In Section 2, a
challenge related to the energy utilization in dc smart grids is discussed.
In Section 3, the Grid Sense Multiple Access algorithm is proposed. In
Section 4, several simulations are performed to illustrate the behavior
of the GSMA algorithm. In Section 5, the behavior of the GSMA algo-
rithm is further validated by conducting four experiments. Finally, in
Section 6, conclusions are drawn.

2. Background: Decentralized control and discrete behavior

To ensure stability and power quality of dc grids, the voltages be-
tween the maximum and minimum allowed voltage are divided into
supply response, absorption, emission and demand response regions, as
is shown in Fig. 1 [21]. In the supply and demand response regions, the

respective sources and loads are disconnected before the maximum or
minimum voltage is reached. This is done to prevent the voltage from
exceeding the maximum voltage or becoming less than the minimum
voltage, but also to ensure stability. The change in output power can
either be ramped or abruptly switched at a specified voltage.

2.1. Sources and loads with discrete behavior

Sources and loads, such as photovoltaic panels and resistive heating,
can easily ramp their output power. However, not all applications have
that capability. Furthermore, many current standards indicate a fixed
voltage to switch off, instead of a region over which it can be ramped.
They exhibit so-called discrete behavior, since these sources and loads
can only switch on or off.

For the sources and loads with discrete behavior, the voltage at
which it is disconnected determines its priority. In larger systems such
as distribution systems, it is likely that there are multiple converters
present with the same priority. For example, multiple houses in a
neighbourhood with photovoltaic panels, or multiple street lights in a
street lighting system.

The combination of this form of decentralized control and discrete
behavior can reduce the energy utilization in smart grids. To illustrate
this, a dc system consisting of a photovoltaic panel and two loads,
which are switched off at a specified voltage, is investigated. When the
photovoltaic panel is only producing enough power to supply one load,
the voltage will eventually drop below the voltage threshold and both
loads will switch off. However, in this case one of the loads could have
remained operational.

2.2. Experimental results for loads with discrete behavior

To demonstrate this behavior, the example of the previous subsec-
tion was implemented in the experimental set-up shown in Fig. 2. The
set-up is discussed in more detail in Section 5, but in essence it consists
of a droop controlled converter and two constant power load controlled
converters.

The droop converter is first operating with a reference voltage of
350 V and a droop constant of 250 W/V, while the two load converters
are consuming a constant power of 2.5 kW and switch off when the
voltage drops below 325 V. The output voltage of the droop converter
and the output currents of the converters, when at t = 0.1 s the droop
constant is reduced to 125 W/V, are shown in Fig. 3. Observe that both
loads detect an undervoltage and switch off, although one of the loads
could have consumed 2.5 kW without the voltage dropping below
325 V. Ideally, only one load should switch off, while the other remains
operational. However, since no central controller or communication
link is available to ensure that one of the loads remains operational, the
system and the available energy are not fully utilized.

Fig. 1. Supply response, absorption, emission and demand response voltage
regions for the decentralized control of dc smart grids.

Fig. 2. Schematic of the experimental dc microgrid set-up consisting of one
droop controlled converter and two constant power controlled converters.

Fig. 3. Experimental results for two identical loads with discrete behavior and a reduction in the droop converter's droop constant.
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3. Grid sense multiple access algorithm

The previous section showed that converters, which have identical
priority and exhibit discrete behavior, can cause inadequate system and
energy utilization. Intuitively, a simple solution might seem to re-
connect the converters when the voltage crosses a certain threshold.
However, even if the number of connection attempts are limited, both
converters detect the same number of failures and eventually both abort
attempting connection.

The Grid Sense Multiple Access Voltage Detection (GSMA/VD) al-
gorithm is proposed, which is inspired by the Carrier Sense Multiple
Access Collision Detection (CSMA/CD) algorithm, used for local area
networking in the beginning of Ethernet [28]. In the CSMA/CD algo-
rithm, data is only sent if the carrier is available and, when a collision is
detected during transmission, a jamming signal is sent and the sender
waits for a random time interval before re-attempting transmission.
Similarly, in the GSMA/VD algorithm, converters only connect to a grid
when the voltage is above its threshold and, when an undervoltage is
detected during connection, the connection is aborted and the con-
verter waits for a random time before re-attempting connection.

The GSMA algorithm uses exponential backoff to make it unlikely
that different converters repeatedly attempt reconnection simulta-
neously. When a converter is connected to the grid, its number of
connection attempts N is set to the start value S and the converter is put
in an off state. From the off state, if the number of attempts is less than
the maximum number of attempts K , the voltage at the converter's
output is measured until an acceptable level is reached. Subsequently,
the converter will wait a random time between 0 and E· N , where is
the base time constant and E is the exponential base. Afterwards, the
number of attempts is incremented and the converter is switched on.
Finally, the grid is continuously sensed and the converter is dis-
connected if the voltage threshold is crossed. Furthermore, the number
of attempts is set to the reset value R if the converter remains suc-
cessfully connected for at least the reset time Tr . The Grid Sense
Multiple Access/Voltage Detection (GSMA/VD) for loads in dc grids is
shown in Fig. 4, but a similar approach can be used for source con-
verters.

3.1. GSMA/VD parameters

The GSMA/VD parameters, which are used for the simulations and
experiments in this paper, are summarized in Table 1. In this subsec-
tion, the significance of these parameters is discussed, but the optimi-
zation of the exponential backoff component of the GSMA/VD algo-
rithm is beyond of the scope of this paper, partly because it is
dependent on the system and application of the algorithm [29,30].

The base time constant determines the time scaling of the control
algorithm, which will mostly be determined by the response time of the
system. The dc grids in this paper have a total capacitance of around 1
mF, and a droop impedance of maximally 1 . Therefore, the RC time
constants of these systems are around 1 ms.

The reset time Tr determines when a connection attempt is deemed
successful. Therefore, Tr should be significantly larger than the base
time constant to ensure than the system has reached steady-state, but as
low as possible to speed up the decision making process. In this paper, a
conservative reset time of 25 ms is chosen.

The exponential base E dictates how quickly the waiting time in-
creases for consecutive connection attempts. A high base reduces the
number of connection attempts as the waiting time increases rapidly,
increasing the chance of reaching the reset time. However, the prob-
ability of long decision making times are relatively high. On the other
hand, a low base generally ensures lower overall decision making times,
but may result in many failed connection attempts. Since the objective
of the algorithm is to improve energy utilization, and the fluctuations in
voltage are deemed acceptable, a base of 2 is chosen.

The start parameter S and the reset parameter R determine if the

algorithm prioritizes converters that are attempting connection, or
converters that are already successfully connected. If <S R connecting
converters have priority over already connected converters, when

=S R all converters have equal priority, and when >S R connected
converters have priority. Assuming the priority of connected converters
and an exponential base of 2, S is chosen as 3 and R is chosen as 1. In
this case, the probability that the connected converters reach the reset
time in one of the attempts before the connecting converters is high.

The maximum number of attempts K determines how many at-
tempts the converter will take, before connection will be aborted. K
must be large enough to make the probability that a converter in-
correctly aborts is sufficiently small. However, smaller values of K re-
duce the number of voltage fluctuations (caused by the failed attempts)
and therefore improve the power quality of the system. In this paper, K
is chosen as 8, leading to a final connection attempt with a random time
between 0 and 256 ms, making it likely one of the converters reaches
the reset time.

The factor regulates the hysteresis margin between the voltage at
which the converter is disconnected and the voltage at which the
converter attempts connection. For loads, the voltage margin is al-
ways equal to or larger than 1, while for sources is always equal to or
lower than 1. In this paper, hysteresis is not used, and therefore is
chosen to be 1.

Fig. 4. The Grid Sense Multiple Access Voltage Detection (GSMA/VD) algo-
rithm for loads in dc smart grids with discrete behavior.

Table 1
GSMA/VD parameters, which are used in the simulations and experiments.

[ms] Tr [ms] E S R K

1 25 2 3 1 8 1
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3.2. Advantages and challenges of GSMA

The GSMA algorithm yields several advantages. First, the algorithm
is suitable for grids which (temporarily) do not have a communication
infrastructure. Second, the priority of loads and sources is still primarily
determined by the chosen voltage at which the converter disconnects.
Third, the priority between connected converters and connecting con-
verters with the same thresholds can be selected via R and S. Last, when
converters have equal priority, it is randomly decided which subset of
converters remain connected to the grid.

There are also a few challenges related to the GSMA algorithm.
First, due to the local measurement of the grid, the priorities of the
converters can be distorted due to the effects of the grid topology.
However, this is not a consequence of the algorithm but a general
consequence of decentralized control. Second, although fluctuations do
not occur endlessly, up to K fluctuations occur for every significant
change in the system where a decision must be made. Nevertheless, the
fluctuations occur within the set minimum and maximum voltage.
Third, during the decision-making process (which takes up to +EK 1),
converters equal in priority can experience intermittent operation. For
the chosen parameters, a decision is made within 500 ms.

4. GSMA/VD simulation examples

In this section several simulations are performed to illustrate the
behavior of the GSMA/VD algorithm. In this section a reduction in
droop constant mostly causes the need for demand response. However,
changes in system topology, generation or consumption can also pro-
voke supply or demand response.

4.1. State-Space simulation model for DC smart grids

Fig. 5 shows an example of a bipolar dc system. Every dc system can
be modelled by its n nodes, l (distribution) lines and o phase con-
ductors. In this paper, the lines are modeled using a lumped element
model.

The state variables for the state-space system model are chosen to be
the currents flowing in each line and the voltages at each node. The
node voltages are related to the nodes' capacitances and the net currents
flowing into each node, and the line currents are related to the voltages
over the lines' inductances. Therefore, the differential equations for the
state-space model are given by

=CU I I ,N N
T

L (1)

=LI U RI ,L N L (2)

where UN are the node voltages, IL are the line currents, IN are the
currents flowing from converters into each node, is the incidence
matrix, and C , L and R are the capacitance, inductance and resistance
matrices of respectively [31].

For the simulation the bipolar dc smart grid shown in Fig. 5 is used.

The parameters of the lines that are used in the simulation are given in
Table 2.

A droop source is situated at n1, which has a reference voltage of
±350 V and a droop impedance of 140 W/V. Furthermore, two constant
power loads, controlled with the GSMA/VD algorithm, are situated at
the other nodes and their reference powers over time are given in
Table 3.

4.2. Scenario without demand response

For the first simulation, the pole-to-pole voltage at which the con-
stant power load converters switch off is configured as 630 V (±315 V).
The node voltages, as a result of the given scenario, are shown in Fig. 6.
For clarity's sake, and because the system is symmetrical, only the po-
sitive pole quantities are displayed. In the figure, the loads at nodes n2
to n5 are indicated with L2 to L5.

From Fig. 6, it is seen that the system remains stable, and that the
voltage remains above the set value. In this case, no demand response is
required from any of the GSMA/VD controllers. The only visible effect
of the GSMA/VD controllers is the difference of the (short) initial delay
at around 50 ms when loads L2 and L5 are switched on. This difference
is caused by the stochastic nature of the GSMA/VD controllers.

4.3. Scenario with demand response

For the second simulation, the pole to pole voltage at which the load
converters are disconnected is changed to 675 V (±337.5 V). The

Fig. 5. Example dc system for the simulations of the GSMA/VD algorithm.

Table 2
Line parameters for the simulations of the system shown in Fig. 5.

R [ ]L L [mH]L C µ[ F]L

1.0 0.25 0.5

Table 3
Load powers for the GSMA/VD simulations.

t [ms] P2 [W] P3 [W] P4 [W] P5 [W]

0 0 0 0 0
50 1500 0 0 1500
100 1500 3000 0 1500
150 1500 3000 2250 1500

Fig. 6. Node voltages for the system in Fig. 5 and the scenario in Table 3, when
demand response is not required.
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simulation results for the positive pole node voltages are shown in
Fig. 7. In this scenario, demand response is required to ensure that the
system remains above the desired minimum voltage. In this case, load
L3 cannot connect to the grid as this would lead to unacceptably low
voltages.

From Fig. 7, several observations can be made on the algorithm's
behavior in a scenario where demand response needs to be applied.
First, a small difference in the delay of loads L2 and L5 can again be seen
around 50 ms. Second, at around 100 ms, the load at n3 cannot be
switched on since this brings the voltage at n3 below ±337.5 V.
Therefore, this load attempts to connect 5 times at increasing intervals,
after which the connection is aborted. Third, the source can supply
power to load L4 without the voltage dropping below±337.5 V. Load L4
is shortly interrupted at 210 ms because of the last attempted connec-
tion of load L3. However, load L4 recovers quickly since the time it was
connected exceeds the reset time, Tr , of 25 ms.

4.4. Scenario with simultaneous connection

The last simulation is designed to illustrate the behavior of the
GSMA/VD algorithm when two loads, which have the same voltage
threshold, attempt connection at the same time. Such a scenario can
occur, for example after a blackout. For this simulation, only loads L2
and L5 are operated, and the pole to pole voltage at which the loads are
disconnected is changed to 690 V (±345 V). Under these conditions,
only one of these identical loads can be supplied by the source. Since
both loads have the same priority, which converter remains connected
to the grid is random. The simulation results for the positive pole node
voltages are shown in Fig. 8.

At 50 ms, the converters attempt connections at roughly the same
time twice and therefore both fail to connect. However, at around
75 ms the load L2 attempts connection significantly earlier than load L5
and therefore the reset time is exceeded. Consequently, after the next
three connection attempts of load L5, load L2 recovers quickly and re-
mains connected. Nonetheless, the last three unsuccessful connection
attempts of load L5 cause short interruptions in the operation of load L2.

5. GSMA/VD experimental results

In this section the behavior of the GSMA/VD algorithm is validated
by conducting experiments on a laboratory scale dc microgrid. Four
experiments are conducted to show the algorithm's behavior in dif-
ferent scenarios.

5.1. Experimental DC microgrid set-up

The power electronic converters in the experimental set-up consist
of three parallel half-bridges, which can be operated as an ac/dc con-
trolled rectifier or a dc/dc interleaved boost converter (depending on
how the controller is programmed). The basic topology and a picture of
the power electronic converters are shown in Fig. 9.

The dc microgrid set-up consists of three identical power electronic
converters, which are connected to a dc bus via line emulation circuits.
These line emulation circuits have a specified inductance and resistance
for both the positive pole and the neutral. A simplified schematic and a
picture of the experimental set-up is shown in Fig. 10.

Fig. 7. Node voltages for the system in Fig. 5 and the scenario in Table 3, when
demand response is required.

Fig. 8. Node voltages for the system in Fig. 5 and the scenario in Table 3, when
two loads are connected simultaneously.

Fig. 9. (a) Topology of the converters, (b) Picture of the converters.
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During the experiments, the three converters are operated as dc/dc
interleaved boost converters. One of the converters, labeled throughout
the section as “Droop”, implements a power droop control with a re-
ference voltage of 350 V. The two other converters, labeled “Load 1”
and “Load 2”, are programmed to exhibit constant power load behavior
with a power of 2.5 kW each.

In this section, the droop converter is operated with a reference
voltage of 350 V and a droop constant of 250 W/V, unless otherwise
specified. Furthermore, the two load converters are operated as 2.5 kW

constant power loads with GSMA/VD controllers. Moreover, the voltage
at which the GSMA/VD algorithm disconnects the load converters is set
to 325 V. Furthermore, the parameters of the converters' input inductor
and output capacitor, and the parameters of the connection to the bus
are depicted in Table 4.

5.2. Disconnection of a single load

For the first experiment only one load is connected to the dc mi-
crogrid, while the other load remains non-operational. The droop
constant of the droop converter is then reduced from 250 W/V to 75 W/
V at =t 0.1 s. The resulting output voltage of the droop converter and
the output currents from all the converters are shown in Fig. 11.

Observe that, at =t 0.1 s, Load 1 attempts reconnection up to seven
times with increasing intervals between attempts. Finally, the connec-
tion is completely aborted and the system is left in steady state without

Fig. 10. (a) Schematic of the experimental set-up, (b) Picture of the experimental set-up.

Table 4
Parameters of the converters and lines in the experimental set-up.

Lc [µH] Co [µF] RL [ ] LL [µH]

430 250 0.12 32

0 0.1 0.2 0.3 0.4 0.5 0.6
t [s]

320

325

330

335

340

345

350

355

U
 [

V
]

Droop converter's output voltage

0 0.1 0.2 0.3 0.4 0.5 0.6
t [s]

-10

-5

0

5

10

15

I [
A

]

Converters' output current
ID
IL1

IL2

Fig. 11. Experimental results for one disconnecting load utilizing the GSMA/
VD algorithm.
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Fig 12. Experimental results for two loads with the GSMA/VD algorithm of
which only one can remain connected to the grid.
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the load connected at a voltage of 350 V.

5.3. Demand response of two loads with equal priority

For the second experiment, both loads are connected to the dc mi-
crogrid. Subsequently, the droop constant is reduced from 250 W/V to
125 W/V at =t 0.1 s. The experimental results for this scenario are
shown in Fig. 12.

When the droop constant reduces at t = 0.1 s neither of the con-
verters are able to connect successfully to the grid at first. However,
around 0.3 s Load 1 is successfully connected for more than 25 ms.
Therefore, the number of connection attempts for Load 1 is reset and it
remains connected after Load 2 reaches its maximum number of at-
tempts.

5.4. Priority according to the connection status

For the third experiment, the droop constant of the droop converter
is kept at 125 W/V during the experiment. Load 2 is successfully con-
nected to the grid, after which Load 1 attempts connection at t = 0.1 s.
The droop converter's output voltage and all the converters output
currents are shown in Fig. 13.

Note that, due to the choice in S and R, the GSMA algorithm gives
priority to converters which are already connected to the grid.
However, it is important to note that this is only the case if they have
the same priority in terms of the voltage at which they switch off, which
will be shown in the last experiment.

5.5. Priority according to the voltage limit

For the last experiment, the droop constant of the droop converter is
again kept at 125 W/V during the experiment. The threshold voltage at
which Load 2 switches off is changed to 320 V, while that of Load 1
remains at 325 V. Load 1 is successfully connected to dc microgrid first,
after which Load 2 is switched on at t = 0.1 s. The results of this ex-
periment are shown in Fig. 14.

Observe that, although the GSMA algorithm enables decisions to be
made when converters of equal priority are connected, the priority of
converters is still primarily determined by the voltage at which they
switch off. In the experiment, Load 1 detects an undervoltage when
Load 2 attempts connection, while Load 2 does not. Therefore, Load 1
attempts to reconnect until its maximum number of attempts is
reached.

6. Conclusion

In this paper it was experimentally shown that inadequate energy
utilization arises from the use of decentralized control algorithms, for
example, when voltage dependent demand and supply response is ap-
plied. When the proposed GSMA algorithm is used, energy utilization is
improved by allowing a subset of converters with the same voltage
threshold to remain connected, without the need of utilizing any form
of communication. Moreover, the behavior of the GSMA algorithm was
validated using simulations and experiments.

In this paper it was shown that the GSMA algorithm can take care of
the decision-making process for supply and demand response without
utilizing communication. The authors expect that, with some mod-
ifications, the algorithm can also be applied to ac grids. In that case, the

0 0.1 0.2 0.3 0.4 0.5 0.6
t [s]

320

325

330

335

340

345

350

355
U

 [
V

]
Droop converter's output voltage

0 0.1 0.2 0.3 0.4 0.5 0.6
t [s]

-10

-5

0

5

10

15

I [
A

]

Converters' output current
ID
IL1

IL2

Fig. 13. Experimental results for two loads with the GSMA/VD algorithm
showing the priority of an already connected converter.
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Fig. 14. Experimental results for two loads with the GSMA/VD algorithm when
the priority is set by the voltage at which they switch off.
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frequency is also measured locally, in addition to the voltage, and the
loads are disconnected if the voltage or frequency drops below its
threshold. However, more simulation and experimental results are re-
quired to prove its effectiveness in ac grids.
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