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ABSTRACT

Accurate load power sharing and bus voltage regulation are two critical control objectives for ensuring power
quality and reliable operation of DC microgrids. Although regulating the DC Bus voltage can be achieved by
adopting an external secondary control loop, inaccurate load power/current sharing among converters is a
prominent issue due to feeder resistances mismatch. This can lead to undesired overloading of converters,
triggering over-current protection relays, and potentially resulting in cascading failure of the whole system.
Existing literature uses virtual resistance techniques to improve the power sharing accuracy; however, so far,
no explicit relation between the values of the virtual resistances and the feeder resistances mismatch has been
formulated, opening the possibility to enhance power sharing even further. Therefore, this paper proposes an
accurate power sharing strategy in which the virtual resistances are chosen to account for the feeder resistances
mismatch. The proposed technique relies on the optimal tuning of the virtual resistance assigned to the local
controller of each converter. An online estimation algorithm of the physical feeder resistances, required for
virtual resistance tuning, is embedded into the control loop of each converter. Thus, prior information about the
feeder resistances in the design stage is not required. The proposed approach is validated through simulation
and experimental results from a Hardware-in-the-Loop setup of a typical islanded DC microgrid. The results
demonstrate the approach merits, achieving accurate power sharing among converters and ensuring robust
operation, even in scenarios involving communication failures.

1. Introduction

Power electronics is a crucial technology that enables the ongoing
transition to a power system based on renewables and distributed gen-
eration, including the integration of low voltage AC and DC microgrids
(DC MG)[1,2]. Microgrids aggregate sources and loads of different
natures into a single dispatchable system, and they can operate inter-
connected to a larger AC or DC network or in standalone mode. The
operation of AC microgrids is affected by power quality issues, such as
harmonics, reactive power flow, frequency synchronization, and trans-
former inrush current, which can only be mitigated by using complex
control algorithms. In contrast, DC microgrids do not have these issues,
resulting in a simpler control[3]. Nevertheless, research on DC MG has
been very dynamic in the last decade, addressing architectures, control
strategies, stability, protection, and applications [4-7].

This paper concerns the islanded operation mode of DC MG, where
the two common control objectives are load sharing (power or current)
and DC Bus voltage regulation, traditionally achieved using droop algo-
rithms at the primary control level [8]. Droop control is implemented

* Corresponding author.
E-mail address: nabil.mohammed@ieee.org (N. Mohammed).

https://doi.org/10.1016/j.apenergy.2023.121060

at the converter level and ensures power sharing and stable operation
of the DC MG without the need for communication links [4,9]. Despite
these advantages, droop control also has some deficiencies. Firstly, it
fails to regulate the DC Bus voltage to its reference due to steady-
state output voltage deviations in each converter [8], caused by voltage
drops across feeder impedances while supplying the required load
current. Secondly, droop control guarantees load power sharing only if
the feeder resistances between the DC-DC converters and the common
DC Bus are identical [10], which is unlikely to occur in practice.
In summary, droop control has an inherent tradeoff between voltage
regulation and load power sharing, which is strongly influenced by line
resistances [11,12].

On the one hand, to address the issue of DC Bus voltage regulation
in DC MG, an external control layer can be implemented using either
centralized or distributed architecture [9]. In the centralized control
strategy, a secondary outer layer of control is typically used. The
outer microgrid central controller (MGCC) senses the DC Bus voltage
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Fig. 1. Typical configuration of an islanded DC microgrid (the secondary controller is
not shown).

and compares it to the reference value. A PI controller inside the
MGCC processes the voltage error, and its output is communicated
to the local controller of each converter via a link [9]. Thus, each
converter can modify its output voltage reference in the primary (lo-
cal) controller to eliminate the DC Bus voltage deviation identified
by the secondary (common) controller. As the centralized approach
reduces reliability due to the existence of a single point of failure [8,
13], the distributed control [13-16], sparse communication network
and consensus-based algorithm [10,17,18] are proposed to compensate
the voltage deviations in DC MG. However, these control techniques
still require communication links to exchange information between
each converter with every other (or neighboring) converters in the
microgrids to determine the appropriate voltage-shifting quantity by
calculating the average values of the DC Bus voltage and load current.

On the other hand, the problem of inaccurate load power sharing be-
tween converters is mitigated if the effects of line resistance mismatches
are compensated [8]. Fig. 1 reports an example where multiple battery-
powered grid-forming DC-DC converters are connected in parallel to
provide sufficient capacity to a DC microgrid. Accurate power sharing
among these converters is crucial to prevent uneven discharging of the
battery sets [19-21] and to maximize the system lifespan. Traditionally,
achieving accurate power sharing involves constant voltage shifting
of the converter output or adjusting the droop coefficients of the
converter [17,22-24]. In [22], converters share information on droop
resistance, output voltage, and current. Each converter then calculates
the average value of these parameters to apply voltage shifting and
adjust the converter droop resistance. However, this approach requires
high-bandwidth bidirectional communication between all converters,
which is a drawback. To improve flexibility and resiliency against
communication failures, sparse communication and cooperative control
are proposed in [17,23].

Nevertheless, correcting DC Bus voltage deviations is a complex
process that relies on a sophisticated structure. A decentralized voltage
restoration strategy was proposed in [24], which adds voltage-shifting
compensation to the unit’s voltage droop control reference to ensure
zero steady-state error. However, this technique raises concerns regard-
ing line resistances, circulating currents, and the absence of a consistent
current sharing strategy. In [25], an enhanced droop control for is-
landed DC microgrids is introduced based on virtual voltage, which
replaces the actual output voltage. Although this approach ensures
equal power sharing between converters, it requires full information
on all DC-DC converters in the microgrids, including the number of
converters and the actual output voltages, to select the average value
of each DG actual output voltage as the virtual voltage.

All of the studies mentioned above achieve DC Bus voltage devi-
ations and accurate power sharing between converters through droop
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coefficient adjustment/shifting, virtual resistance, and virtual voltage.
However, none of them discuss how to assign the optimal value for
the virtual resistance of each converter. This is an important consid-
eration as there is an inherent trade-off between power sharing and
voltage deviations. For instance, a high virtual resistance value ensures
good power sharing but leads to larger voltage deviations, which
cause further voltage degradation [26]. Moreover, accurate power
sharing between converters based on droop coefficient adjustment is
not guaranteed due to the inevitable differences in line resistance in the
distributed DC microgrid [10,27,28]. Finally, the literature mentioned
above does not establish an explicit relation between the value of
the virtual resistances assigned to each converter and the mismatched
values between different feeder resistances, which are the main cause
of inaccurate current or power sharing..

This paper proposes a strategy for accurate power sharing in is-
landed DC microgrids. The proposed strategy considers the mismatched
interconnecting feeder resistances, which are the main cause of line
voltage drops and inaccurate proportional power and current sharing
between the DC-DC converters, to calculate the optimal values for the
virtual resistances of these converters. The presented control is simple
yet effective and is implemented into the conventional centralized DC
microgrid structure. Its main advantages are:

1. Achieving accurate power sharing in the presence of mismatched
feeder resistances by optimally tuning the virtual resistance of
each converter to fully mitigate the negative impact of mis-
matched values in the physical feeder resistances.

2. Estimating the physical feeder resistances in real-time using the
recursive least squares algorithm to be used in the virtual re-
sistance optimal tuning. Hence, prior information on the feeder
resistances in the design stage is not required.

3. Preventing unnecessary large voltage deviations in the DC mi-
crogrid, thereby increasing efficiency and reliability.

4. Simplicity and flexibility since it is software-based and does not
require extra hardware. It is also suitable for upgrading existing
microgrids.

5. Reducing the dependence on communication links since it en-
sures accurate load power sharing even under permanent com-
munication failure between the MGCC and the converters, mak-
ing it a fault-tolerant and reliable control approach.

The remainder of the paper is organized as follows: Section 2
presents the fundamental operational concepts of islanded DC mi-
crogrids. Section 3 illustrates the proposed converter power sharing
strategy based on virtual resistance. Section 4 presents simulations and
hardware-in-the-loop (HIL) experimental results to validate the per-
formance of the proposed control scheme. Section 5 concludes the

paper.
2. Fundamental operational concepts of islanded DC microgrids

Fig. 2 depicts the equivalent model of an islanded DC microgrid
consisting of two DC-DC converters, represented as dependent voltage
sources, and a microgrid central load. To effectively control the DC
Bus voltage and converter power sharing in such a microgrid, each
converter employs a cascaded control scheme comprising an inner
current loop and an outer output voltage loop, as described in [9]. The
reference for the output voltage controller of each converter is adjusted
using input from the external voltage controller or set point, which is
common to all grid forming converters shown in Fig. 1.

In DC microgrids, it is desired that the load power is shared be-
tween converters proportionally to their power rating. To achieve this
objective, an additional outer power droop control loop is usually
implemented [4]. Hence, equal power sharing is necessary among the
grid forming inverters to provide sufficient capacity and prevent over
discharging of individual battery sets [19-21]. If the DC-DC converters
have equal power ratings, even load sharing can be achieved without
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Fig. 2. Equivalent model of an islanded DC microgrid illustrating load-sharing between two converters (without virtual resistance).

implementing the power droop control loop, which is the scenario
considered in this paper. When all the DC-DC converters have identical
power ratings and the feeder resistances are equal, they should provide
equal power to the load. However, the equality of feeder resistances
is an ideal condition, and in reality, mismatched feeder resistances
lead to inaccurate power sharing between converters. This can result
in undesired circulating currents between converters, overloading of
specific converters, and triggering of over-current protection relays,
leading to potential cascading failure of the entire system [29,30].
Therefore, the principles that govern power sharing among identical
converters, taking into account the impact of feeder resistance, are
quantified in the following section.

2.1. Accurate power sharing with equal feeder resistances

In the circuit of Fig. 2, the microgrid load current is:
v, — i R v, — i R
[l o P el O &

@
Ry Ry,

ip =i +iy=

According to (1), the portions of load current delivered by converter
1 (i;) and converter 2 (i) are directly influenced by the resistance
values of feeder 1 (R;;) and feeder 2 (Ry,). The voltage drops across
the resistances of feeder 1 and feeder 2 can be respectively expressed
as:

{

Assuming fixed converter output voltages v, and v, with v, = v,, two
operational scenarios determine the accuracy of power sharing between
the two converters. The first scenario is when both converters are
identical (P,ycq; = Prareqz) and the feeder resistances are also identical
(R¢; = Ryy), the power sharing is given by:

Avg; = Ryyi
f1 111 @)

Avgy = Rpyiy

P _ Avg) = Avg,y
ratedl rated2 = {i, =i 3)
R¢1 = Rpy P _p
pecl — fpec2
where P, and P, represent the power delivered by each con-

verter to the load connected to the common DC Bus, i.e., the point-of-
common-coupling (PCC). The second scenario, which considers feeders
with different resistance values, will be discussed next.

2.2. Inaccurate power sharing with unequal feeder resistances

Assuming, for simplicity, that the resistance of feeder 1 is greater
than that of feeder 2 (R;; > Ry,), the resistance mismatch between the
two feeders can be expressed as:

5R; = R — Ry, 4)

Likewise, the voltage drop mismatch between the two feeders can be
expressed as:

8V = Avyy — Avpy, = f(5Ry) )

with Ry, > Ry, (5) indicates that the voltage drop across feeder 1 (4vy;)
is greater than the voltage drop across feeder 2 (4v;,) by 6V . Referring
back to (1) (with constant v; = v,), it is concluded that converter
1 will supply less current and, consequently, less power to the load
than converter 2, leading to inaccurate power sharing between the two
identical converters. The impact of unequal feeder resistances on power
sharing of the two identical DC-DC converters can be summarized in
as follows:

From (1) to (6), it is evident that unequal feeder resistances are the
primary cause of uneven power sharing among DC-DC converters in DC
microgrids. A similar conclusion was drawn in [31] for AC microgrids,
where unequal feeder impedance components (resistance and induc-
tance) negatively impacted the accuracy of power sharing between
DC-AC converters. While active load power sharing in AC microgrids
remains unaffected by mismatched feeder impedances, reactive power
is highly sensitive to such operating scenarios [31,32].

Avgy > Avg
f1 f2
Praledl = Praledz

R¢y > Ry

= (6)

iy <iy
Ppccl < Ppch

2.3. Traditional virtual resistance approach

As illustrated above, accurate power sharing among DC-DC con-
verters cannot be guaranteed under unequal feeder resistances when
the conventional control loops are being adopted. Hence, an effective
technique called virtual resistance (R,) was discussed in [9].

Considering the DC microgrid shown in Fig. 2, whose load sharing is
described by (1), the idea is to adjust output voltage of each converter
to compensate for the mismatch in the value of feeder resistance, so
that the load current is equally shared between converters, i.e., i} = iy,
despite having R;; # R;,. Compensation of the converter output voltage
occurs by means of the virtual resistance. The control law of converter
j (j =1, 2) by considering the virtual resistance and the secondary
control loop is written as follows [9]:

. Ki—sec
Upej = Upe = Ryl + (Kpsee + = )0pc = Upec) @
where v . represents the DC Bus voltage reference, Ul*)Cj is the output

voltage reference value of converter j, and R,; is the virtual resistance
assigned for the converter j. K,,_ . and K;_. are the proportional and
integral coefficients of the secondary PI compensator that is used to
restore the voltage deviation in the MG, and v,,.. denotes the measured
voltage of the DC Bus at the PCC.

Similarly, the virtual resistance R,;,; assigned to converter j + 1
drops the reference voltage of converter j+1 in proportion to its output
current, i;,;. Consequently, the negative impacts of unequal feeder
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Fig. 3. A schematic diagram of the studied islanded microgrid with the proposed optimal virtual resistance for achieving accurate power sharing among three identical DC boost
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Fig. 4. Implementation of the proposed virtual resistance for the jth converter (j = 2, 3, ....) utilizing the online estimation of feeder resistances.

resistances on power sharing accuracy can be reduced [9]. By adjusting
the output voltage of each converter to compensate for the voltage drop
across its respective feeder, the power sharing accuracy is improved.

The remaining challenge in (7) is determining the optimal value of
R,; assigned to each converter. To fully mitigated the negative impacts
of unequal feeder resistances on power sharing, optimal values for R,
and R,, must be chosen to compensate for the mismatched voltage drop
calculated in (5). As stated earlier, previous studies (e.g., [9]) have
assigned the same value of virtual resistances to all converters, greater
than the maximum expected feeder resistances. However, this leads to
unnecessary large voltage deviations in the DC microgrid [15], which
in turn decreases its overall efficiency.

Conversely, this paper proposes a new method to determine the
optimal value of virtual resistance assigned to each converter. Each
virtual resistance value is calculated based on the actual value of the
associated feeder resistances, which is obtained using an online estima-
tion technique. The details of this proposed approach are explained in
the following section.

3. Proposed virtual resistance control scheme

Fig. 3 depicts the detailed structure of the islanded DC microgrid
under investigation. The proposed optimal virtual resistance is imple-
mented at the primary level, locally in each converter. A common
outer secondary control loop is employed to regulate the microgrid
voltage (at the DC Bus) to its reference value of 400 V [9]. The control
scheme of the DC microgrid uses a low-bandwidth communication
channel, shown in green in Fig. 3. As shown in Fig. 4, it is noteworthy
that the proposed approach for tuning the virtual resistance values
relies solely on the actual feeder resistances and the converter output
current, making it a generic and scalable solution suitable for DC-DC
converters with small to large power ratings. A detailed explanation of
the proposed control strategy follows.

3.1. Online estimation of actual feeder resistance values
To obtain a simple and reliable estimation of the feeder resis-

tances without disturbing the system, the recursive least squares (RLS)
algorithm [31,33,34] is implemented into the control loop of each
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converter. This enables each converter to estimate its respective feeder
resistance online using only available measurements. For example,
converter 1 estimates the resistance of feeder 1, and so forth. The
remainder of this section elaborates on the online resistance estimation
method for feeder j by the jth converter (where j =1, 2, ...).

The steady state output voltage of converter j can be expressed as:

U; = Ryji; + Upee 8

Here, v; and i; represent the output voltage and output current mea-
surements of converter j, respectively, while v, is the voltage of the
common DC Bus. Note that, unlike the implementation of RLS in AC
microgrids [31], the proposed methodology in this paper only requires
knowledge of the feeder resistances, and thus, (8) does not include any
state variables.

Now, if we consider v; and v, as the system input variables and i;
as the output variable, Eq. (8) can express as follows:

1

ij = R_fj(Uj - Upcc) (C))

Since the controller is implemented digitally, (9) can be written in
discrete-time form as shown below:

(k) = = [0,(0) = vpee (K] (10)
Rfj

where (k) represents a sample of a measured variable.

As (10) is written in a linear regression form, Ry can be computed
online using the RLS algorithm based on the three available measured
quantities (v I and upcc). Then, the estiamted feeder resistance (ﬁfj)
in real-time by each converter controller will be used to tune the virtual
resistance (R,;) as described next. Eq. (10) highlights that the proposed
approach has a low computational cost as the calculation steps for
resistance estimation are recursively executed at every sample instance
(k) of the controller (20 kHz) [33], where only three measurements (v s
i; and vy, are required to be processed.

It is worth mentioning that the RLS estimation algorithm is only
necessary for initializing the feeder resistances. After the estimation
process, the RLS algorithm can be disabled, and the estimated values
can be stored and used in the proposed control law, as presented in
(11). Moreover, if the resistance values of the feeders are known from
the design stage, there is no need to use the RLS algorithm, and the
known values can be directly fed into the proposed control law to tune
the virtual resistances.

3.2. Optimal tuning of the virtual resistances

The online tuning procedure for derermining the optimal virtual
resistances (R,;, Ry, ...) is based on the estimated feeder resistances
(R¢1, Rp,, ...). The proposed concept is explained using the simple sys-
tem depicted in Fig. 3.

Given that R;; > Ry, and R;; > Ry, the base case is established
with converter 1 and the virtual resistance of converter 1, R, is set
to zero in order to prevent large unnecessary output voltage deviations
among the converters. Next, the estimated value of the base case, which
in this scenario represents the feeder 1 resistance (ﬁf 1), is shared with
the other converters existing in the microgrid (here, converter 2 and
converter 3).

Finally, the virtual resistances of converter 2 and converter 3 (R,,,
R,3) are set proportionally to the differences between their respective
estimated feeder resistances and the shared feeder 1 resistance. The
control law for optimizing virtual resistances to be used in (7) for the
microgrid shown in Fig. 3 is summarized as follows:

R, =0
Ry, = (Rp; = Rpy) an
Ry = (Rp — Re3)
where R,;, R,,, and R; are the proposed virtual resistance val}les
for converter 1, converter 2, and converter 3, respectively. R, Ry,
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and ﬁm are the resistance values of feeder 1, feeder 2, and feeder 3,
respectively, estimated using (10). Consequently, R,, is embedded into
the control loop of converter 2 to modify its output voltage reference
value according to (7). Similarly, R,; modifies the output voltage
reference value for converter 3, and so on. As a result, the voltage drops
across the microgrid feeders with the proposed virtual resistances are
equal, and accurate power sharing among converters is achieved. The
voltage drops between the output of each converter and the DC Bus
after enabling the proposed control strategy are expressed in (12).
{Rflil = (Rpz + Ryp)iy = (Rp3 + Ry3)is az)
Ppccl = Ppch = Ppcc3

Fig. 4 shows the detailed implementation of the proposed virtual
resistance tuning for converter j, along with the online resistance
estimation of feeder j using the RLS algorithm.

One of the main advantages of the proposed control strategy is its
reliability in the case of communication failures. If the communication
between the secondary control and primary control layers fails, the
proposed control strategy ensures that each converter supplies the same
amount of power to the load, with only a minor mismatch of the total
delivered power to the load from its desired reference occurring due
to the absence of the secondary control layer. Moreover, the proposed
virtual resistance for each converter does not require retuning after
the communication is lost, making the proposed control strategy robust
toward communication disruptions and delays.

4. Results

In this section, simulations and experimental results based on
hardware-in-the-loop (HIL) are presented to validate the performance
of the proposed control scheme.

4.1. Simulation results

4.1.1. Converters with equal power rating

To demonstrate the efficacy of the proposed control strategy, the
islanded DC microgrid consisting of three converters, shown in Fig. 3, is
considered. The system is implemented in MATLAB/Simulink software.
Table 1 lists the system parameters used in the simulations. In the
simulation, the performance of the system is tested under four different
conditions as follows:

1. Test 1 (0 < t < 1 s): the system operation without virtual
resistance (annotated in the figure as conventional control) is
examined for a microgrid load equal to P4 = 6 kW.

2. Test 2 (r > 1 s): the system operation under the proposed control
is tested, where the virtual resistances of converters 2 and 3 are
set according to (11).

3. Test 3 (t > 2 s): a step change in the microgrid load, P, ,,, from
6 kW to 9 kW is applied under the proposed control.

4. Test 4 (+ > 3 s): a communication loss is simulated under the
proposed control.

Fig. 5 illustrates the power consumed by the load and the power
delivered to the load by each converter. When conventional control
(without virtual resistance) is applied (0 < t < 1 s), even though the
6 kW load demand is met, each identical converter delivers a different
power to the load due to mismatched feeder resistance values. The
power at the PCC for each converter is P, = 0.814 kW, P, , =
1.672 kW and P,..; = 3.514 kW.

When the proposed control is enabled at + = 1 s, Fig. 5 shows
that each converter delivers 2 kW to the load, achieving the desired
objective of equal power sharing. This goal is met even when the load
at the DC Bus increases to 9 KW at t = 2 s, and each converter delivers
3 kW to the load. In the case of communication failure (i.e., secondary
control disabled), ¢ > 3 s, the power sharing among converters remains
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Table 1

Simulation parameters of the system.
Quantity Symbol Value Unit
Microgrid
Nominal voltage [ 400 A%
Initial load power P, 6 kw
Final load power P, 9 kw
Resistance of feeder 1 Ry 0.2 Q
Resistance of feeder 2 Ry, 0.1 Q
Resistance of feeder 3 Ry 0.05 Q
DC boost converters 1, 2 and 3
Nominal power Pyea 5 kW
Nominal voltage Urated 400 v
Nominal current Irated 12.5 A
Switching frequency W 10 kHz
Control parameters for individual DC boost converter
Current controller
Proportional gain Ky o 7 Q
Integral gain Ki 100 Q/s
Voltage controller
Proportional gain p—ve 1 S
Integral gain Ki_y 500 S/s
Secondary control of the microgrid
Proportional gain Ky e 1 -
Integral gain Ki . 100 1/s
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Fig. 5. Load power sharing among the three DC-DC converters under the conventional
control without virtual resistance for 0 <t < 1 s, and under the proposed control for
1<t<4s.
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Fig. 6. Microgrid current waveforms.

equal, although a slightly decreased amount of power is delivered to
the load.

Fig. 6 illustrates the current waveforms in the microgrid. As shown
in the figure, under the traditional control scheme for 0 < r < 1 s,
the magnitude of currents of the three converters are not identical.
However, after enabling the proposed control for ¢ > 1 s, the current
waveforms of the three converters have identical magnitudes, which
indicates the successful achievement of balanced current sharing.
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Fig. 8. Online estimation of the resistances of feeder 1, 2, and 3 by converters 1, 2,
and 3, respectively.

Fig. 7 presents the output voltages of the three converters. As
observed in the figure, under the proposed control with the optimally
tuned virtual resistance for 7 > 1 s, the voltage of converter 1 (v,) is the
highest. This can be attributed to the larger resistance value of feeder
1 compared to feeders 2 and 3. Moreover, Fig. 7 displays the voltage
amplitude of the microgrid load and its reference. It can be observed
that by adopting the secondary control loop, the microgrid voltage is
regulated to its nominal value of 400 V as listed Table 1.

Fig. 8 depicts the online estimation results of the feeder resistance
by converter 1. The RLS algorithm provides accurate estimation results
of the resistances after it was enabled at + > 1 s. Notably, the RLS
estimation algorithm is only required to initialize the feeder resistances.
Once estimated, the values are held and used in the proposed control
law presented in (11).

4.1.2. Performance of proposed controller during faults

In order to further validate the reliability of the proposed control
strategy, a sudden loss of converter 3 at 1.5 s is tested. The results of
this test are shown in Fig. 9. The proposed controller ensures accurate
load power sharing between converters 1 and 2 even after the loss
of converter 3 at + >1.5 s. As an example, the 6 kW load power is
distributed equally between converters 1 and 2. Furthermore, even
when the load changes from 6 kW to 9 kW at 7 >2 s, and with converter
3 is out of service, converters 1 and 2 share the load power equally. This
desirable performance further confirms the robustness of the proposed
power sharing control under abnormal operating conditions.

4.1.3. Accuracy of the estimated resistances using the RLS algorithm

The accuracy of the estimated resistance using the RLS algorithm
is tested in three conditions. While the first condition considers the
RLS parameter (forgetting factor A), the second and third conditions
investigate the effects of the communication delays in the MG links and
measurements noise.
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1. Effects of the forgetting factor of the RLS algorithm
For the online estimation of the feeders resistances, the influence
of the forgetting factor (4) of the RLS algorithm is evaluated first.
The performance of the RLS algorithm is significantly impacted
by the selection of A. As shown in Fig. 10, the estimation results
of Ry, by converter 1 using different values for A illustrate
a tradeoff between stability and tracking ability. The RLS al-
gorithm achieves good stability for A values closer to unity.
However, the tracking capability of the algorithm is reduced
[33]. Therefore, in this paper, 4 = 0.995 is chosen.

2. Effects of communication delays
Communication delays are inherent in practical applications of
hierarchical control in microgrids, regardless of whether they
use low or high-bandwidth communication networks. These de-
lays can cause control signals sent from the secondary control
to be delayed or lost in transmission, potentially impacting mi-
crogrid stability and security in the worst case scenario [35]. To
evaluate the robustness of the proposed secondary control, the
microgrid performance is investigated for a range of communi-
cation time delays [0, 1, 5, 10 ms]. Fig. 11. shows the estimated
resistance of feeder 1 after enabling the RLS estimation algo-
rithm at r = 1 s, with the different values of communication
delay (z,). It can be observed that the four different values of
communication delay affect only the transients, and the steady
state estimation results are robust. However, Fig. 11 shows
that increasing communication delays are associated with larger
transients.

3. Effects of measurement noise
In order to evaluate the accuracy of the estimated resistances
using the RLS algorithm, white noise with different amplitudes is
added to the measurements. Fig. 12 shows the obtained results,
where cases 1, 2, and 3 represent estimated resistance with noise
amplitudes of approximately 2, 1, and 0.5 V, respectively. Case
4 represents the ideal estimation with no noise. It is evident that
good estimation results are still obtained even in the presence of
noise.

4.1.4. Comparison with fixed virtual resistances method

The advanced control methods discussed in the Introduction, such
as centralized, distributed, and consensus-based algorithms, can ensure
highly accurate results, but they are often complicated and cannot
guarantee accurate power sharing during faults, such as communication
loss and sudden converter shutdown. In contrast, although it can cause
significant degradation of the PCC voltage, the fixed virtual resistance
method remains one of the most commonly used power sharing meth-
ods in the literature and can still be effective during fault events.
Therefore, this section compares the proposed method with the fixed
virtual resistance control method since they can both work during
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faults. However, the proposed method outperforms the fixed virtual
resistance method, delivering superior performance and achieving more
accurate power sharing.

In the fixed virtual resistance method, it is suggested that the
values assigned to the virtual resistances should be greater than the
maximum expected feeder resistance to minimize the negative impact
of mismatched feeder resistances. To make the comparison in this
section, three DC-DC converters are simulated in which their virtual
resistances are set to the same value equal to five times the maximum
feeder resistance, 5Ry.

Fig. 13(a) and Fig. 13(b) show the obtained results with no virtual
resistance for t < 1 s and with fixed virtual resistance for t > 1 s. It can
be observed that the control scheme with fixed virtual resistance fails
to ensure zero steady-state errors in the load power sharing between
the three identical DC-DC converters due to the mismatched feeder
resistances. Furthermore, the load voltage drops after disabling the
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Fig. 13. Performance of the DC microgrid with the fixed virtual resistance control
approach (R,; = 5R;;) without virtual resistance for 0 < < 1 s, and with fixed virtual
resistances for 1 <t <4 s: (a) Microgrid voltages (b) Power at the PCC.

secondary control at + = 3 s to 392 V, which is much larger than that
value of 398.7 V for the proposed controller shown in Fig. 7.

4.1.5. Converters with different power rating

While all case studies reported in this paper consider the converters
with the same power rating of 5 kW, this case study considers non-
identical converters with different power ratings. Two converters are
considered, where the power rating of the second converter is half
of that of converter 1, P, ;0 = 0.5P,.4 = 5 kW. Therefore, an
additional loop is required to implement the primary droop control.
In this loop, the output current is multiplied by the droop coefficients
(m;), and the output is subtracted from the reference voltage of the
inner voltage loop, U’BCJ.. The droop coefficient (m;) for each converter
is calculated based on its rated current and the maximum allowable
voltage deviations, m; = dvdc/ipyeqi [9]. Assuming the maximum
allowable voltage deviation is 1% voltage and the maximum/rating
current for converters 1 and 2 are 25 and 12.5 A at the rating voltage
of 400 V, then m; = 0.16 and m; = 0.32, respectively.

In this case study, the feeders resistances are not identical and are
equal to the values listed in Table 1. Ideally, the injected power/current
by converter 2 should be half that of converter 1. To accomplish this,
the virtual resistance value of converter 2 is increased twofold from the
value calculated in (11).

Fig. 14 shows the current and power sharing between converters 1
and 2. It can be observed that the conventional control (1 < 1 s) fails
to ensure proportional current and power sharing. However, once the
proposed control is activated at t = 1 s, the power sharing of the load
between the two nonidentical DC-DC converters is achieved accurately
and proportionally to their power rating. For instance, when the load
power is 9 kW for 1 > 2 s, converters 1 and 2 supplied 3 and 6 kW,
respectively.
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4.2. Hardware-in-the-loop experimental results

To further validate the power sharing performance of the proposed
strategy, hardware-in-the-loop (HIL) experiments were conducted. The
investigated DC microgrid consisted of two identical DC boost con-
verters. As shown in the block diagram in Fig. 15, the PLECS RT Box
from PLEXIM was used to emulate the power stage of the circuit, while
the TMS320F28069M LaunchPad from Texas Instruments was used for
real-time implementation of the control algorithm. The parameters of
the HIL test bench were selected to be identical to those employed in
the simulations presented in Table 1, except for the feeder resistance
values, which were here increased fivefold relative to the values listed
in Table 1.

In this section, two different cases have been investigated and tested
with different line resistances for feeders 1 and 2. In Case 1, the power
sharing between the two boost converters was considered while supply-
ing a common 8 kW microgrid load. In Case 2, an abnormal operation
scenario was tested with the loss of communication links between the
MGCC and the local controllers of the two boost converters.

4.2.1. Case 1 - Load power sharing

Considering that the load power is 8 kW and both boost converters
have the same power ratings of 5 kW, it is expected that each converter
would supply the load with 4 kW. However, as shown in Fig. 16, the
load power sharing is poor under the conventional control strategy,
with each converter outputting a different power level. The first con-
verter supplies only 2.6 kW due to its large feeder resistance, while
the second converter is heavily loaded with 5.4 kW due to its small
feeder resistance. At time instant 7,, marked by the red vertical line
in the figure, the proposed control strategy is enabled, whereby the
virtual resistance of the second converter is deployed to compensate
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for the mismatched resistance of the microgrid feeders. This leads to
equalization of the PCC power of both converters for ¢ > ¢,.

Fig. 17(a) illustrates the output current sharing between the two
boost converters and the microgrid load current. The conventional
control strategy shows unequal current sharing between converters,
with converter 1 supplying 6.8 A and converter 2 heavily loaded with
13 A for r < t;. However, after enabling the proposed control strategy
for t+ > t,, both converters share the load current equally, with each
supplying around 9.7 A to the load.

Fig. 17(b) depicts the terminal voltage of both converters and the
DC Bus voltage. The conventional control strategy, for ¢ < ¢,, maintains
the terminal voltages of converters 1 and 2 equal to 406.5 V. Upon
enabling the proposed control strategy for 7 > 7, these voltages are set
automatically to different values, fully compensating for the mismatch
in the value of feeder resistances.

4.2.2. Case 2 - Loss of communication links
For ¢ > 1,, Fig. 16 and Fig. 17demonstrate the experimental results
where loss of communication links between the secondary controller

and the two DC-DC converters occurred. Despite a slight drop in
the overall power supplied to the load, from 8 kW to 7.6 kW, and
the DC Bus voltage settling 10 V below its reference value, equal
current sharing between converters 1 and 2 is maintained despite the
communication link failure. This is possible because the local controller
of each converter uses the virtual resistance values assigned before the
communication failure, and there is no need to retune these virtual
resistances when communication is lost. Hence, the proposed control
strategy has the added advantage of being reliable under such abnormal
operating conditions.

It is worth noting a related concern regarding the microgrid ar-
chitecture examined in this paper, in which converters supply power
to a central load (as shown in Fig. 3). This architecture was chosen
as it is commonly used in the literature to evaluate power sharing
accuracy and the performance of secondary control in converter-based
microgrids [9]. Future research could explore alternative microgrid
architectures, including mesh-type and interconnected DC microgrids.

10
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5. Conclusion

In this paper, a strategy for achieving accurate load power sharing
for islanded DC microgrids is proposed. This strategy involves two main
stages. First, an online estimation of the feeder resistances is performed
using the recursive least squares algorithm, which is implemented into
the local controller of each converter. This avoids the need for prior
knowledge of the actual feeder resistances in the design stage. Second,
the estimated feeder resistances are used to optimally tune the virtual
resistance assigned to each converter in the microgrid, resulting in pro-
portional load power sharing among converters and avioding undesired
voltage degradation in the DC microgrid. Moreover, the proposed tech-
nique is fault-tolerant as it ensures accurate power sharing among the
converters even under permanent communication failure between the
microgrid central controller and the local controllers of the converters.
The simplicity, software-based implementation, and utilization of only
available measurements make the proposed control strategy suitable for
enhancing the performance of both new and existing DC microgrids.
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