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Abstract

This study proposes a novel combined primary and secondary control approach for direct current microgrids, specifi-
cally in islanded mode. In primary control, this approach establishes an appropriate load power sharing between the
distributed energy resources based on their rated power. Simultaneously, it considers the load voltage deviation and
provides satisfactory voltage regulation in the secondary control loop. The proposed primary control is based on an
efficient droop mechanism that only deploys the local variable measurements, so as to overcome the side effects
caused by communication delays. In the case of secondary control, two different methods are devised. In the first, low
bandwidth communication links are used to establish the minimum required data transfer between the converters.
The effect of communication delay is further explored. The second method excludes any communication link and
only uses local variables. Accordingly, a self-sufficient control loop is devised without any communication require-
ment. The proposed control notions are investigated in MATLAB/Simulink platform to highlight system performance.
The results demonstrate that both proposed approaches can effectively compensate for the voltage deviation due to
the primary control task. Detailed comparisons of the two methods are also provided.
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1 Introduction

The technical and economic merits of distributed energy
resources (DERs) such as solar photovoltaic, wind tur-
bines, battery storage systems, etc. in power systems,
have given rise to significant interest in microgrid (MG)
developments at regional levels. The MG benefits include
enhancements in power system reliability, resilience, eco-
nomics, security, and sustainability along with signifi-
cant reductions in transmission system congestion and
deferral of power system expansion [1]. However, these
benefits are challenged by several technical issues [2].
MGs can be categorized into two main classes, namely
the alternative current (AC) and direct current (DC)
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types. DC-MGs have several notable advantages over the
AC [3, 4], e.g., no skin effect nor power quality issues in
DC-MGs, no concern regarding frequency control, and
simpler power flow equations. Thanks to these features,
DC-MGs contribute to higher efficiency, increased reli-
ability, safety, and redundancy. As well as these technical
merits, it also involves less implementation and opera-
tional costs [5-9]. In DC-MGs, the generated power of
DERs is DC or is converted to DC through power elec-
tronics converters. DC-MGs should be controlled such
that they can operate in both islanded and grid-con-
nected operating modes [10].

In DC-MGs, two different methods are available
to establish the proposed control approach. The first
deploys communication links to transfer the required
data between the embedded elements and the control
unit. For instance, centralized control approaches require
such connections [11, 12]. To implement a novel power
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routing algorithm for a cluster of DC-MGs in a meshed
network, communication links have been deployed in
[13, 14]. In general, application of communication links
is not an economic approach and degrades reliability. In
the second method, there is no communication link and
each DER is controlled based on its local variables. In this
way, data transfer between the DERs is avoided and they
are operated in a decentralized manner. One of the most
renowned decentralized approaches is the droop control
approach which deploys the converter output voltage
and current signals for control purposes [15]. As renew-
able energy resources are featured with very low or zero
inherent inertia, this issue should be satisfied virtually
through effective droop control [16]. There are different
droop mechanisms proposed in the literature. One of
the main issues of the proposed droop-based approaches
is the voltage drop due to connection and virtual droop
resistances [17]. To eliminate the voltage drop occur-
ring in primary droop control, a secondary control loop
is contemplated to return the bus voltage to the nomi-
nal value. Different methods have been proposed for
addressing this issue in the literature.

In MGs, secondary control is also performed with two
different approaches, namely centralized and decen-
tralized [18]. In the centralized approach, the voltage
compensation command is sent from the MG central
controller (MGCC) to the primary controller through
low-bandwidth communication (LBC) links [19, 20]. This
approach is in line with a technical drawback in which
the MGCC is not highly reliable and resilient and may
bear an inherent single-point-of-failure. By contrast, the
distributed secondary control is implemented in the local
controllers and the information used in the local second-
ary control scheme is exchanged via LBC networks [21].
This can avoid the impact of single-point-of-failure in the
centralized secondary control. However, the effect of line
resistances has not been comprehensively considered.
Moreover, the current sharing accuracy enhancement
is only realized by using larger droop coefficients. There
is a lot of research dedicated to primary and secondary
control loops to yield effective and appropriate control of
DC-MGs within which not only an effective power shar-
ing task is guaranteed but also the DC bus voltage is kept
at acceptable levels [22, 23]. The point to be considered
is that the secondary control applied to MG is depend-
ent on its primary controller. Accordingly, if the primary
controller varies, a proper secondary controller should be
designed.

This paper proposes a hybrid control approach based
on primary and secondary controls for islanded DC-
MGs. It first provides an appropriate load power sharing
task between the DERs, and subsequently compensates
for the load voltage deviations. The proposed primary
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control approach is based on a generalized mathemati-
cal representation of DER equivalent circuits, one which
takes into account the presence of cable resistances. The
developed primary control approach is based on that pro-
posed in [24] which innovatively considers the sources
with different ratings and also the transmission lines with
different connection impedances. This approach has been
shown to outperform the others for the task of power
sharing between the available resources. Following the
primary control task, two different methods are devel-
oped for secondary control of DERs. The first is estab-
lished based on LBC links whereas the second deploys
only the local variables and eliminates the communica-
tion delays. Therefore, in the case of failure in commu-
nication links, the second one can play a backup role
with a short delay. Each approach is thoroughly explored
throughout the study and the corresponding results are
discussed in detail.

The rest of this paper is organized as follows: Sect. 2
addresses the proposed primary control approach along
with its mathematical basis. Two different methods are
then developed in Sect. 3 to realize an appropriate sec-
ondary control on DER converters, while the modelling
issues and technical requirements of these methods are
also considered in this section. Simulation studies are
conducted in Sect. 4 to evaluate the performance of the
proposed control approaches. Concluding remarks are
then provided in Sect. 5.

2 Applied primary control

Figure 1 illustrates a general circuit representation of a
DC-MG. As shown, a set of loads and resources form
an islanded MG where an effective control system
maintains the voltage at an acceptable level and also
shares the power between the resources considering

i, A v, |,
Reference DC VCV N ANC‘; L :L
Source
L ]
i I, R
DC Source (1) T W\ A4
. DC
O ° Loads
O ®
= R
v, I i
DC Source () | T———WWV—]

Fig. 1 General representation of a DC-MG
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their power ratings. The implemented primary control
approach is an effective recently developed one. The
substantial fundamentals of this approach have been
comprehensively described by the same research team
in a recent paper [22]. A brief overview of this study
outlines that the output voltage of one of the convert-
ers is assumed to be constant and the output voltages
of the remaining converters are determined with ref-
erence to the constant voltage. The main control mis-
sion is to share the load power between the converters
considering their rated capacities and in an appropriate
manner. Let us assume that the active power rating of
the i DER converter has the following relation to the
active power rating of the DER with constant voltage,
as:

P; = K;Pcy (1)

Here, the converter which is treated with a constant
voltage is symbolized with subscripts “cv”. Note that (1)
can be rewritten in the form of (2) based on the voltage
and current signals. (3) is formed with respect to the
circuit developed in Fig. 1.
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Vil; = KiVevlcy (2)
P; = K;Pcy 3)

where [; and V; are the output current and voltage of the
ith converter, respectively. I, and V,, are the output cur-
rent and voltage of the converter w1th constant voltage,
respectively.

As clarified, (1-3) are devised to establish an appropri-
ate power sharing task between the converters. Substitut-
ing (2) in (3) yields the following V-I droop characteristics
for the ith

converter:

Vey + Ril;
Vi=V,, cv Rz i (4)
ch + ﬁli

Here, R; is the impedance of the cable connecting the
ith converter to the load bus, and R, is the impedance
of the cable connecting the converter with constant
voltage to the load bus. In this way, the block diagram
depicted in Fig. 2 is launched for the proposed primary
control approach. As can be seen, if V,, is known, the
remaining converters deploy the local current measure-
ments at their terminals to calculate the desired reference

DC Source
Vref l Icv ch Rcv
Cv Voltage Lo Current
— -
Controller Controller PWM DCDC _9_ W\
DC Source
[
ref il I V R
y.7  Droop V1’e/ 1V 1
——  Control Voltage Current . | !
eq. (4) Controller Controller M\
T
L ]
. DC Source : A v/
. | O DC
Vg}ej- Dl‘()()p Virtf Volt i - . 52 ]i V: R, Loads
— Control oltage urren o, R DCODC i
eq. (4) Controller Controller A\’
T

Fig. 2 Block diagram of the proposed primary control approach
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voltages. Then, the measured voltage and current signals
are passed through the corresponding voltage and cur-
rent controllers to generate the required control signals
for that specific converter.

3 The proposed secondary control approaches

The secondary controller targets mitigation of voltage
deviations against the rated values. Following the pri-
mary control procedure, the load voltage might not be
tuned exactly at the rated value. To overcome the existing
fluctuations and regulate the load voltage, the reference
bus voltage denoted by subscripts “cv” should be treated
as varying with its output current. The following state-
ment is hence considered:

Vo = Va4 Roley™ (5)

where V), refers to the nominal load bus voltage. If (5) is
included in the control process, the load voltage is kept
at its rated value continuously such that the power shar-
ing is also conducted properly. However, the remaining
converters need to be informed of the updated constant
voltage at the reference bus, namely V{". To this end,
two different secondary control approaches are proposed
including application of an LBC link and without any
communication link. Both approaches are discussed in
detail in the following subsections.

3.1 Application of LBC link

Deployment of LBC links is due to lower cost and
increased reliability in MGs. In this study, such an appli-
cation is deemed to maintain the load bus bar voltage at
the rated value. In this approach, the updated constant
voltage of the reference bus that is determined in (5) is
broadcasted to the DERs through LBC links. Figure 3
demonstrates the interconnection of DERs and the com-
munication links. To model the communication time
delay in this approach, a suitable transfer function, which
has been commonly used in related literature, such as
[22, 25, 26], is considered:

_ 1
T 1+71s

Ga (6)
where 7 represents the time delay of the LBC link in sec-
onds. Although it has been clarified in the preceding
explanations, it is worth mentioning that this communi-
cation link is only deployed to transfer the updated value
of the voltage of the converter with constant voltage to
the adjacent DERs, while the other required signals are
measured locally. Likewise, the corresponding control
actions are performed in a local manner. Accordingly,
this approach provides an acceptable level of reliability.
In the presence of communication delays and errors,
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Fig. 3 The proposed secondary control approach based on LBC link

although the proposed approach demonstrates accept-
able performance, it might encounter a reduced pre-
cision. In the proposed approach, the DERs are only in
connection with the source with constant-voltage and
receive this reference value. Such an approach reduces
the transferred data to the minimum in comparison with
the previous methods. Accordingly, not only the system
complexity and its implementation cost decrease, but
also the reliability of the communication infrastructure
highly increases.

3.2 Secondary control without communication links

In this approach, the primary control is implemented
within which the reference bus voltage is kept constant
and the output voltage of the remaining converters is
determined with respect to the reference bus. With-
out using the LBC links, the voltage deviation occur-
ring in the primary control loop is then compensated
for. To this end, the relevant constant voltage should be
changed such that the load bus voltage would attain its
rated value. To do so, the constant voltage is calculated
based on (1), and if the other buses can exactly predict
this voltage, not only does the load voltage return to its
nominal value but also the power sharing task is per-
formed properly. Thus, an approach is proposed here
for the other resources to predict following the sys-
tem steady state attained by the primary control loop.
The block diagram of this approach is shown in Fig. 4.
It can be seen that once the current derivative equals
zero or becomes less than a small predetermined value,
this condition is interpreted as the steady state and the



Mortezapour et al. Protection and Control of Modern Power Systems

gooooasescsneened 8 Vrcf . V(rv I o R 9
Lpre _pew AN Primary Control &
: vl

& DC Source

A

VCV ](\
L ]
PR — .V V. I R
L e pmews, C”» Primary Control A A %
3 Vel Vel ¢ & DC Source DC
Loads

A

& DC Source
A

................. V Ve/‘ VI Il Rl
: Vref _ Vne]_mé Y Primary Control *

Fig. 4 Block diagram of the proposed secondary control approach
without any communication link

secondary control is initiated. Otherwise, the refer-
ence voltage is not updated and the remaining convert-
ers are adjusted at the previous set-points. Note that in
determination of the steady state situation, there may
be some spikes because of derivative blocks that are
removed by an internal algorithm in simulation studies.
Once the MG reaches the steady-state conditions, (1)
that defines the desired power ratio of the converters,
is substituted in (5) as the target of secondary control.
Accordingly, a quadratic relationship is obtained as
follows:
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R
Vet = Va Vgt = S Vil = 0 (7)

L

Solving (7) for Vi¢" yields the following expression:

/2 R v/t
yrew Vi + Vn +4 k; Vil, (8)
cv

2

In fact, (8) determines the reference bus voltage value
to settle the bus voltage at the rated value. If (8) coincides
with the droop characteristics revealed in (4), the ith con-
verter output voltage is represented as:

‘/'iVleW — Vy[ + RiIi}’IEW (9)

In this condition, the power sharing is influenced by
the cable impedances and hence no satisfactory perfor-
mance is achieved. In other words, the power sharing is
not fulfilled based on the rated power of the converters.
To avoid this issue, it can be seen that following the load
change, the reference bus voltage remains constant until
the steady-state condition is reached (see Fig. 4). Follow-
ing the steady-state condition, the updated voltage of
the reference bus is then determined based on (8) such
that the load voltage is settled at the nominal value. As
there is a time difference between the converters in set-
tling into the steady-state conditions, there would also
be a time difference in acquiring the updated voltage
set-points between the converters. This time difference
hinges on the time constant of different resources and
can be estimated considering their characteristics.

Herein, a hybrid control approach based on primary
and secondary controls is proposed for islanded DC-MGs
which first provides an appropriate load power sharing
task between the DERs like the conventional methods of
this era. However, the main difference is associated with
the objectives of the primary (load power sharing task
between the DERs) and secondary (recovering the bus
voltages to nominal values) controls which are realized
simultaneously and hence the system returns to its nor-
mal state as soon as possible, while the secondary con-
trol of the conventional methods cannot fully meet this
challenging task or needs extended data sharing through-
out the LBC links. Moreover, in the proposed approach,
to meet the secondary control task, only one signal is
shared among sources throughout the LBC links. This
enhances the reliability of the system, as the deployed
LBC links transfer much less data in comparison with
the methods in the literature. Furthermore, in this paper,
another communication-less secondary control approach
is devised which plays a backup role for the first in the
case of failure in communication links with a short delay.
Consequently, the proposed control approach not only
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Table 1 System data and cable impedances

Values Parameters
P, 2kW

Py 4kW

P3 3kW

Ry 0.05Q2

Ry 0.1

R3 0.075Q

Vi 100V

can fully and quickly meet the secondary control task but
also improves the reliability of the system.

4 Results and discussion

To evaluate the performance of the proposed approach,
the MG shown in Fig. 1 is simulated on the MATLAB/
Simulink platform. In the studies, three Proton Exchange
Membrane Fuel Cells (PEMFCs) are considered as the
parallel-connected DERs, and are connected to the MG
through DC-DC converters. Detailed system data and
cable impedances are reported in Table 1. Note that the
second converter is assigned as the reference bus with
V., With respect to Table 1, K; = 0.5 and K3 = 0.75. The
load is of a constant power type that is changed from 3
to 6 kW at 10 s. Performance of the proposed primary
control approach is tailored as the first case, and then the
proposed secondary control approaches are individually
explored in cases 2 and 3.

4.1 Case 1: Exploring the performance of the primary
control approach

As mentioned, the proposed primary control approach is
one which provides a proper load power sharing between
the converters in DC-MG. The established control sys-
tem shown in Fig. 2 is implemented in the simulation
studies. Figure 5 displays the results for the power, cur-
rent, and voltage signals. In this figure, the second con-
verter denoted by V2 and 12 is assigned as the reference
bus with constant voltage. Subscript “L” refers to the
load variables. Before the load change, the output pow-
ers of the converters are P; = 672.9kW, P, = 1345.8kW/,
and P3 = 1009.4kW. Following the load increase at
10 s, the output power of the converters is increased to
meet the load requirement, and hence P; = 1359%W,
Py = 2717.9kW, and P3 = 2038.4kW . This confirms the
performance of the proposed primary control approach.
As P; = k1P and P3 = k3P;, the power sharing task is
fulfilled considering their rated power ratios.

With respect to the results in Fig. 5a, it can be seen
that the power generated by the DERs is more than the
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Fig. 5 Performance of the proposed primary control method,
(@) Output power, (b) Output current, (c) Output voltages of the
converters and load voltage

required load power. The difference is due to the power
losses dissipated in the cable resistances. Note that the
proposed primary control approach properly shares the
power losses between the DERs. This is similar to that
observed on the load current sharing in Fig. 5b. How-
ever, as the objective is to share the load power, the load
current sharing is not exactly performed based on rated
power ratios, as Fig. 5c¢ reveals that the load voltage is
not exactly the nominal 100 V and has some deviations.
Moreover, the voltage deviation increases following the
increase in the load power at 10 s. To improve the load
voltage, the secondary control is triggered.

4.2 Case 2: Secondary control based on LBC link

In this case, an LBC link is deployed to transfer the
value of the reference bus voltage to the remaining con-
verters, and the control system represented in Fig. 3 is
considered. In the simulations, a time delay of 20 ms is
considered, and the results are shown in Fig. 6. From the
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Fig. 6 Performance of the proposed secondary control based on
LBC, (a) Output power of the converters and load power, (b) Output
voltages of the converters and load voltage

output power of the converters in Fig. 6a, it can be seen
that the established secondary control based on LBC link
provides satisfactory performance on the power sharing
task.

From the voltages of the DER converters and the load
shown in Fig. 6b, it can be seen that the load voltage,
as represented by the solid line, is exactly settled at the
nominal voltage following the load change at 10 s. This
confirms the anticipated performance of the proposed
secondary controller.

In the applications with LBC links, it is necessary to
explore the impact of possible communication delays
on the performance of the investigated system. Figure 7
portrays the performance of the proposed secondary
controller considering different communication delays
of 20 ms, 200 ms, and 2 s. As can be seen, for the large
communication delays of 2 s, there is a larger transient
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Fig. 7 Effect of communication delay on load voltage
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voltage deviation. However, the overall performance of
the control system is satisfactory.

4.3 Case 3: Secondary control approach without LBC links
In the case of the proposed secondary control approach
without any communication link (see Fig. 4), once the
current settles in its steady state condition, the refer-
ence voltage value is updated after 1 s time delay. It
should be noted that in the simulations, the investi-
gated DERs are of the same type with different power
ratings. Accordingly, they are aligned with similar
steady state conditions. However, if DERs are of dif-
ferent types, their steady state behaviors and time con-
stants should be carefully determined. In this way, the
considered time delay may be larger than the one des-
ignated in this study. Figure 8 demonstrates the activa-
tion time of the control circuit in each of the simulated
DER converters. As can be seen, the DERs reach their
steady-state conditions at different times and hence dif-
ferent activation times of converter control circuits are
recorded. The other important observation from Fig. 8
is that the control circuits of all DERs result in similar
reference voltages following the load change. This con-
firms the satisfactory response of the proposed control
approach. The results are shown in Fig. 9. From Fig. 9a,
following the load change at 10 s, the power contribu-
tion of each DER is initially determined based on the
established primary control approach, and their output
power changes accordingly to supply the load require-
ment. Thus this task is fulfilled considering the rated
power of each DER. However, Fig. 9b demonstrates that
the load voltage fails to follow the rated value. Then, at
around 14 s with a small delay, the secondary control
approach is triggered to return the load voltage to the
rated value. The results confirm the performance of
the proposed secondary control in providing a proper
voltage control process. It is evident that the reference
voltage of converter 2 is updated and the remaining
converters modify their output voltages accordingly.
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value
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Fig. 9 Performance of the proposed primary control approach
and the secondary control without communication link, (a) Output
power of the converters and load power, (b) Output voltages of the
converters and load voltage

4.4 Comparison

To provide a better understanding of the proposed
approach, the numerical data of the three investigated
cases, namely without the secondary control, with sec-
ondary control based on LBC links, and with second-
ary control but without LBC link, are extracted from the
simulation results in Figs. 5, 6, and 9, and reported in
Tables 2, 3, and 4, respectively.

In Table 2, the load voltage is not settled at the rated
value of 100 V and the deviation increases as the load
is increased. However, the primary control approach
has established a good power sharing task based on the
resource ratings. For the rated power in Table 1 and
the power contribution of each resource in Table 2, it
can be deduced that the load power is exactly shared
between the resources based on their rated power

Table 2 System data primary control approach

Parameter

Voltage (V) Power (W)
Time <10s >10s <10s >10s
DG1 99.33 97.98 672.7 1358
DG2 100 100 1346 2715
DG3 99.61 98.83 1009 2036
Load 99.11 97.28 3000 6000
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Table 3 System data primary and secondary control approach
with LBW communication link

Parameter

Voltage (V) Power (W)
Time <10s >10s <10s >10s
DG1 100.3 100.7 672.7 1358
DG2 101.3 102.6 1346 2715
DG3 100.8 101.5 1009 2036
Load 100 100 3000 6000

ratios. As the voltage of the second DER is at a constant
value, the load bus voltage has deviated against the
nominal value.

In Table 3, the voltages and the output power of the
resources under the operation of both the primary and
secondary control loops with LBC links are reported.
As can be seen, the load voltage is settled at its steady-
state value and the power is shared based on their
ratings. However, this approach demands a communi-
cation infrastructure based on LBC.

In Table 4, in the case of secondary control without
an LBC communication link, performed on the basis of
voltage estimation, the system response demonstrates
a 4.2 s delay in comparison to the approach based on
LBC links. In this approach, immediately following
the load switch at 10 s, the system reaches its steady-
state conditions with only the primary control loop
being active. In this process, as the voltage of the sec-
ond resource is considered as constant, the voltages of
other resources and that of the bus bar are fluctuating.
However, the power sharing task is fulfilled satisfacto-
rily. After reaching the steady-state condition at 14.2 s,
the secondary control computes the desired voltage
with respect to the new parameters and also shares the
power based on the ratings of the resources. Conse-
quently, the load voltage is retained at its rated value.

In summary, in the case where only the primary con-
trol is activated as shown in Table 2, the power sharing
task is well-performed, although the load bus voltage
is not settled at the nominal voltage. To retain the load
bus voltage at the nominal value, the secondary control
loop is triggered as shown in Tables 3 and 4 for the two
proposed approaches. The first approach necessitates
the presence of an LBC link, although only a voltage
signal is transferred. Thus, compared to similar com-
munication-based approaches, the proposed approach
results in a lower communication burden, which justi-
fies the application of LBC links with higher reliability.
In the second proposed approach, the communica-
tion infrastructure is excluded and the control system
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Table 4 System data primary and secondary control approach without communication link
Parameter
Voltage (V) Power (W)
Time <10s >10s >14.2s <10s >10s >14.2s
& &
<14.2s <14.2s
DG1 100.3 99.33 100.7 672.8 1358 1358
DG2 101.3 101.3 102.6 1346 2716 2715
DG3 100.8 100.2 101.5 1009 2037 2036
Load 100 98.65 100 3000 6000 6000

deploys the local voltage parameters to estimate the
desired voltage for the constant voltage bus. In this
case, the load voltage reaches its nominal value after
4.2 s. From Table 4, it can be seen that during the delay
time, the primary control ensures a successful power
sharing and only the load voltage has some deviations
against its nominal value. The voltage deviation is then
curbed following the activation of the secondary con-
trol loop and hence the overall performance of the
proposed control circuit is validated.

As pointed out earlier, this paper presents a com-
bined and simultaneous method for the primary and
secondary control tasks with the aim of keeping the
bus voltage at the nominal value. To investigate the
performance of this control method, the bus voltage
values in both proposed methods in this paper are also
compared with those in the conventional methods [24,
27, 28]. Considering the same testbed, in the conven-
tional control method, when the load power increases
by 70%, the bus voltage faces a 4.4% drop. In the pre-
sented approach in [27], which is based on LBC links,
although the first aim of the paper is tackled by divid-
ing the power according to the nominal values of the
sources, still the bus voltage drops by 8%. Other stud-
ies such as the one in [24] needs the sharing of the
bus voltage values among all sources in the MG. The
enhanced method in [28] cannot keep the bus voltage
at the nominal value. In contrast, our results show that
the proposed approach can meet the task of sharing
the power according to the nominal power ratings of
the sources, and recover the bus voltages to the nomi-
nal value very quickly without operator intervention.
In addition, as can be seen, only one signal is shared
among the sources in the proposed method throughout
the LBC links. In the case of failure in the communi-
cation links, the second proposed approach can play a
backup role for the first with a short delay. Therefore
the reliability of the system is enhanced.

5 Conclusion

This paper proposed a hybrid control approach for
proper load power sharing between the converters in
DC-MGs, based on their rated power ratios. In the pri-
mary control approach, the output voltage of one of the
DERs is assigned as the reference voltage and this is the
base of voltage control for the remaining converters.
Following the load change, it is shown that load voltage
deviates from its rated value and so two different sec-
ondary control loops with different topologies are pro-
posed for suppressing the load voltage deviations. In
the first approach, based on communication links, it is
shown that the LBC links provide an effective approach
to inform the DERs of the updated voltage reference.
The effect of communication delay is assessed and it
is shown that larger delay results in a longer time for
the MG to settle into its steady state conditions. In this
paper, another approach without dependency on com-
munication links is also developed, in which follow-
ing the steady state conditions of primary control, the
proposed control algorithm estimates the reference bus
voltage and updates it accordingly. It is shown that it
can effectively return the load voltage to the rated value.
Simulation results confirm the performance of the pro-
posed primary control, and the effectiveness of both
secondary control approaches in curbing the voltage
deviations. As there are different varieties of MGs with
different topologies, each of the proposed approaches
could be effectively deployed in different cases.
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