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Abstract: Advancements in power conversion efficiency and the growing prevalence of DC loads
worldwide have underscored the importance of DC microgrids in modern energy systems. Address-
ing the challenges of power-sharing and voltage stability in these DC microgrids has been a prominent
research focus. Sliding mode control (SMC) has demonstrated remarkable performance in various
power electronic converter applications. This paper proposes the integration of universal droop con-
trol (UDC) with SMC to facilitate distributed energy resource interfacing and power-sharing control
in DC microgrids. Compared to traditional Proportional-Integral (PI) control, the proposed control
approach exhibits superior dynamic response characteristics. The UDC is strategically incorporated
prior to the SMC and establishes limits on voltage variation and maximum power drawn from the
DC–DC converters within the microgrid. A dynamic model of the DC–DC converter is developed
as the initial stage, focusing on voltage regulation at the DC link through nonlinear control laws
tailored for Distributed Generation (DG)-based converters. The UDC ensures voltage stability in the
DC microgrid by imposing predetermined power constraints on the DGs. Comparative evaluations,
involving different load scenarios, have been conducted to assess the performance of the proposed
UDC-based SMC control in comparison to the PI control-based system. The results demonstrate the
superior efficiency of the UDC-based SMC control in handling dynamic load changes. Furthermore,
a practical test of the proposed controller has been conducted using a hardware prototype of a
DC microgrid.

Keywords: DC microgrid; distributed generation; sliding mode control; universal droop control;
voltage stability; power sharing

1. Introduction

The concept of microgrid (MG) has evolved from a simple network of distributed
generation (DG) to a sophisticated, multi-mode-operated network that is automated, self-
tuning, capable of trading with the main grid, and capable of isolating faulty components
of the system [1]. Direct current (DC) MGs offer several advantages over alternating current
(AC) MGs, primarily due to the reduced need for energy conversion systems [2,3]. Most
DG sources in MGs, such as fuel cells, photovoltaics, and energy storage, inherently operate
on DC, while most load types are also being designed to operate on DC supply, and their
dominance is expected to increase in the future [4,5]. The use of DC in MGs helps to
minimize the number of conversion steps, thereby reducing energy losses associated with
power electronic conversion [6]. Furthermore, high-voltage direct current (HVDC) tech-
nology is being explored for efficient interconnection of remotely located MGs and power
systems operating at different operational standards [7]. However, the wider deployment
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of DC MGs necessitates careful consideration of factors such as voltage stability, protective
equipment, safety, and adherence to relevant standards [8–10].

In a DC microgrid (DC MG), various distributed generation (DG) units are connected
to a common DC bus using DC–DC converters, as shown in Figure 1. The key objectives
for controlling a DC MG are voltage stability and power-sharing among the connected DG
units [11–13]. Several methods have been proposed to address voltage instability and ensure
equitable power sharing in DC MGs [14–16]. The control of DC–DC converters involves the
use of both linear and nonlinear control techniques, such as PWM current or voltage mode
control based on proportional–integral (PI) control, hysteresis control, sliding mode control,
and others [17–20]. However, traditional control approaches like P, PI, and PID controllers
may struggle to handle high-load dynamics [21]. Recently, Hussaini et al. introduced an
AI-based hierarchical control scheme to improve DC microgrid current sharing and voltage
restoration. This method improves bus voltage management and dynamic performance
under varied operating situations while ensuring safety and uninterrupted operation
without extra controllers [22]. A comparison of voltage control methods and power sharing
methods is summarized in Tables 1 and 2, respectively. Table 1 compares DC microgrid
voltage control systems by hierarchy, voltage regulation effectiveness, communication
needs, parameter estimation, and control complexity. In Table 2, power-sharing control
approaches are compared. Both tables provide a comprehensive overview of DC microgrid
control techniques, including their advantages and disadvantages.
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Sliding mode control (SMC) has emerged as a promising approach to mitigate voltage
deviations during dynamic load changes [2,23]. SMC is based on the principles of variable
structure control (VSC) and is renowned for its robustness to parameter variations and
disturbances from external sources. It is widely adopted in DC–DC converters due to
its inherent robustness and ease of implementation. The design of the sliding mode
control (SMC) controller consists of switching states and control laws. In microgrid (MG)
control, SMC can be implemented using both fixed-frequency and variable-frequency
approaches. However, it is important to note that the frequency is typically kept high,
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and the control laws ensure that the controlled parameters oscillate between them at this
high frequency. While this high-frequency switching brings robustness to the system, it
can also result in power losses due to switching losses, as well as losses in transformers
and inductor cores. Moreover, the increased switching frequency can lead to a rise in
electromagnetic interference, necessitating careful attention when designing the necessary
filters. To address the challenges associated with high-frequency switching, researchers
have explored hysteresis modulation-based SMC [20]. This approach utilizes an adaptive
hysteresis band and incorporates constant timer circuits to achieve effective control while
mitigating the issues caused by the high switching frequency. Combining SMC with other
control methods, such as the state space averaging method, the equivalent control approach,
and SMC with PWM control, can achieve constant frequency operation. In the case of
the equivalent control approach, it is crucial to have a good understanding of the system
model and obtain accurate load and input parameters. Adequate knowledge of these
parameters is essential for successful control implementation. Another control method
investigated in [24] is entirely based on SMC. It utilizes a boost converter model and
employs a discontinuous control law to eliminate uncertainties in the model.

Table 1. Voltage control methods.

Control Methods Hierarchy of Control
for Voltage Regulation

Voltage
Regulation Communication

Parameter
Estimation
Required

Control
Complexity

Decentralized
control [9] Secondary control Very good Low-bandwidth

communication Yes Medium

Improved droop
control [11] Primary Good Low-bandwidth

communication No Medium

Feed-forward
control [25] Primary control Precise No No Low

Virtual resistance
control [26] Secondary control Very good Low-bandwidth

communication Yes Medium

Table 2. Power sharing control methods.

Control Methods Hierarchy of Control
for Voltage Regulation Power Sharing Communication

Parameter
Estimation
Required

Control
Complexity

Droop control [12] Secondary Good Yes No Medium
Improved droop
control [13] Primary Good Yes No Low

Virtual negative line
resistance [27] Secondary control Very good Yes No Medium

Virtual resistance [28] Primary Good Yes Yes Low

Model predictive control (MPC) has gained significant attention due to its ability to
effectively handle constraints and system nonlinearities [29]. It is particularly well-suited
for tracking and regulation problems, offering stabilization properties and high dynamic
performance. The working principle of MPC is based on optimization-based tracking,
utilizing the system model to anticipate and optimize future behavior. MPC has been
extensively employed in the process industry, where system dynamics are typically slow. It
holds great potential for power converters due to its fast and dynamic nature. Considering
its predictive capabilities and optimization approach, MPC can successfully regulate power
converters, accommodating rapid changes and disturbances in the system. However, it
requires accurate system modeling to achieve precise performance.

In this paper, we propose a universal droop-integrated sliding mode control (SMC)
technique to effectively regulate the voltage of the DC–DC converter and achieve accurate
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power sharing among the distributed generators (DGs) in the microgrid. The SMC control
offers robustness and adaptability to handle dynamic load variations, load transfers, and
power-sharing scenarios. Universal droop control enhances the power-sharing capabilities
among the DGs by dynamically adjusting the output power based on the voltage set point
and droop coefficient. This integration further improves the performance and stability
of the microgrid system, ensuring efficient utilization of the available energy resources.
To validate the effectiveness of our proposed control approach, practical implementation
is carried out on a testbed. Through extensive simulations and experimental results, we
demonstrate the superior performance of universal droop-integrated SMC control over
conventional PI control in achieving voltage stability, accurate power sharing, and smooth
load shifting in the DC microgrid.

2. Mathematical Model

The microgrid structure considered in this paper, as shown in Figure 2, consists of
two voltage-controlled DC–DC converters. These converters, along with their power
sources, are hereafter referred to as distributed generation (DG), with one powered by
renewable energy (solar PV panels) and the other by battery. Both DGs feed DC loads
through a common DC bus. The dynamic model of converters and their control structure is
presented below.
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Both DG1 and DG2 employ a control strategy that combines sliding mode control and
universal droop control. This control approach is applied consistently regardless of the
different power sources for DG1 and DG2. In this model, we are focusing primarily on
implementing the control strategy; therefore, the resistances of the feeders are not taken
into account.

2.1. Control of Distributed Generation Units

To evaluate the effectiveness of the proposed control system, despite the heterogeneity
in the sources of the distribution generation units, identical DC–DC boost converters have
been used to regulate their output voltage. The proposed control system has a hierarchical
structure and employs inner and outer control loops. In the outer loop, the universal droop
control sets a voltage set point based on characteristics like the droop coefficient and the
difference between distributed generation instantaneous power output and its reference.
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The outer loop sends this voltage set point to the inner control loop, which directly
regulates the DC–DC converters using sliding mode control. The SMC regulates the output
voltage despite of variations in the input voltage or the load current.

2.1.1. Sliding Mode Control for DC–DC Converters

Sliding mode control (SMC) is a nonlinear control technique widely known for its
robustness against system uncertainties and disturbances. It uses a sliding surface in the
system’s state space. The phase in which the control signal first reaches this surface is
called the reaching phase. To ensure that the control signal reaches the sliding surface and
remains on it during the sliding phase, the control law is established.

The modeling of the DC–DC boost converter in terms of state space and its control
parameters is a crucial step. The control of the DC–DC converter in the DC microgrid
model is simplified, as shown in Figure 3, to describe the system dynamics. The boost
converter switching states and mathematical model representation are given as follows:
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When the controlled switch is closed and the input voltage is applied to the inductor,
the inductor current increases as given by Equation (1), and energy is stored in the inductor.
Meanwhile, as shown by Equation (2), the capacitor supplies the load and discharges.
Switching to the OFF position uses the inductor’s stored energy to power the load and
charge the capacitor, as expressed by Equations (3) and (4).

dIl
dt

=
Vin
L

(1)

dV0

dt
= − V0

RC
(2)

dV0

dt
=

il
C
− V0

RC
(3)

dIl
dt

= −V0

L
+

Vin
L

(4)



Energies 2023, 16, 7038 6 of 17

L is the inductance, C is the capacitance connected across output terminals, and IL is
the inductor current. The voltage across the load (R) is expressed by the term V. Applying
Kirchhoff’s current law (KCL) to the capacitor branch node and Kirchhoff’s voltage law
(KVL) to the inductor loop will define the converter’s dynamics depending on the switching
function (u).

dV0

dt
= (1− u)

il
C
− V0

RC
(5)

dIl
dt

= −(1− u)
V0

L
+

Vin
L

(6)

where u represents the switching state of the converter switch (1 for the ON state and 0 for
the OFF state of the switch).

The dynamic model of the DC–DC boost converter for the SMC control design can be
expressed by the following state variables.

x1 = Vre f − βV0 (7)

x2 =
.

x1 =
βV0
RC

+
∫

β(V0 −Vin)u
LC

dt (8)

where Vref is the reference for the output voltage, x1 and x2 represent the voltage error
and the voltage error dynamics (or the rate of change of voltage error), β is the feedback
network ratio, and u represents the inverse logic of u. The above equations can be combined
to devise the dynamic model of DC–DC boost converter control, which is represented as

.
x2 = − x2

RC
− x1

LC
u +

(
Vre f −Vin

)
LC

u (9)

The following expression describes the switching surface. The reason for this selection
is to make sure that the voltage error, which is shown by x1, approaches zero at a certain
rate and stays on the sliding surface during the operation. The parameters α, β, and γ
determine the shape and behavior of the sliding surface.

s = x1 + αx1 + β|x1|γsign(x1) (10)

It must comply with the Routh–Hurwitz rule for achieving stability, i.e., sliding
coefficient α > 0 and 0 < γ < 1. For which the control law for reaching mode can be
presented as

u =
1
2
(1 + sign(s)) =

{
0 s < 0
1 s > 0

(11)

The control law (11) implies that the switch should be closed (u = 1) when the voltage
error x1 is positive, and the switch should be open (u = 0) when the voltage error x1 is
negative. The path of the control signal lies within the boundary defined by the sliding
surface and is presented as

0 <

(
1

RC
− α− βγ|x1|γ

)
x2 <

Vre f −Vin

LC
− x1

LC
(12)

The equivalent control function is

ueq =
LC

Vre f − x1 −Vin

(
− 1

RC
+ α + βγ|x1|γ

)
x2 + 1 (13)
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A supplementary exponential has been presented in place of reaching the law with
a constant rate to stabilize the controller from any preliminary conditions, and it is
expressed as

usw = k1·sign(s) + k2·s (14)

Considering k1 and k2 are higher than zero, the cumulative control law is presented as

u = ueq + usw (15)

Lyapunov stability is applied to check the effectiveness of the controller, and it is
presented as

V(t) =

−
(

Vre f − x1 −Vin

)
LC

(k1·sign(s) + k2·s) + d(t)

 (16)

where V(t) is the Lyapunov function, and the above relation indicates that if the system
uncertainties and disturbances, represented by d(t), are bound in such a way that

|d(t)| < V0 −Vin
LC

(k1 + k2) (17)

the derivative of the Lyapunov function will be negative-definite if the stability condition in
Equation (17) is met, indicating that it decreases over time, primarily because the values of
k1 and k2 are consistently large, positive, and definite. This shows that the implementation
of a control signal for sliding mode control (SMC) ensures that the tracked error converges
to zero within a finite time frame.

2.1.2. Universal Droop Control

Droop control is frequently used in AC and DC microgrids to regulate power sharing
among the parallel DGs. The primary advantage of droop control is that it does not
require any communication network between the DGs. It does not link to any centralized
controller and utilizes local measurements only. By implementing droop control, the DC–
DC converter will adjust its output voltage in response to changes in load current. This can
help maintain a more stable and balanced operation within the microgrid.

With the proposed universal droop control (UDC), the reference voltage for each DG is
determined by the provided reference power (Pre f ), droop coefficient (m), and the measured
output power (P) and voltage of the DG. As the output power of the DG varies, the droop
coefficient causes the output voltage to adjust. As the power consumption from the DG
rises, its output voltage declines. The integration of UDC into DC–DC converter control is
depicted in Figure 4.

Vre f = Vo −m
(

Pre f − P
)

(18)

where Vre f is the reference for the DC bus voltage calculated by the UDC loop and fed
to the SMC control as reference voltage, and Vo is the output voltage across the DC bus.
Equation (19), which describes the droop coefficient, is defined as

m =
∆V
Pmax

(19)

∆V is an allowable limit for the change in voltage, and Pmax is the maximum power
rating of the DG. The output power depends on output voltage and droop coefficient,
as shown by the droop curves presented for various droop coefficients (m1, m2. . .mn) in
Figure 5. As more power is drawn from the DG, the voltage decreases following the slop
defined by the droop coefficient. This voltage reduction helps to maintain a balance in
power sharing among multiple DGs in a microgrid. When the load increases, causing an
increase in power demand, the DG will adjust its output voltage accordingly to provide the
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required power. Droop control is an approach to ensuring that DGs share power based on
their output power levels.
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3. Simulation of Proposed Control System and Results

The performance of the proposed control system has been evaluated by modeling
the system in PSIM 2022.1 simulation software. Table 3 provides a list of the system
specifications and controller parameters. To evaluate the effectiveness of the proposed
sliding mode control (SMC) technique, simulations were conducted on a microgrid model
represented in Figure 2. Multiple loading conditions were applied, including dynamic load
changes, load transfer, and power sharing, with the aim of examining voltage stability,
precise power sharing, and seamless load shifting.

Table 3. Simulation parameters for the control of DC–DC converters.

Parameters Values

DC source voltage (input voltage) Vin = 96 V
Output voltage Vo = 200 V
Beta β = 1/6
LC values C = 220 µF, L = 450 µH
Switching frequency 50 kHz
Droop coefficient m = 0.02
Proportional gain Kp = 0.382
Integral gain KI = 0.0127
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3.1. Steady-State Analysis

The proposed control system employs a combination of sliding mode control (SMC)
and universal droop control (UDC) techniques to independently regulate multiple dis-
tributed generators (DGs) within a microgrid that share a common DC bus. Control actions
are determined within each DG controller based on local data, without the need for commu-
nication between DGs. To achieve power-sharing among the DGs, universal droop control
is implemented at a higher hierarchical level. To evaluate the performance of the proposed
control, the same MG model is also implemented with a PI controller, and the results are
then compared. Figure 6 illustrates the output voltage, current, and power distributed
among each DG unit under both control methods. The results indicate steady and reliable
performance with regard to maintaining a stable voltage and distributing power evenly.
However, it is worth noting that with a PI controller, the settling time of the voltage signal
is 30 ms, which is higher as compared to the proposed control.
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3.2. Transient State Analysis

The robustness of the individual control technique can be assessed by conducting tests
involving dynamic load changes and hot-swap operations. These tests serve to evaluate
the ability of the control technique to adapt and maintain stable performance in the case of
varying load conditions and the failure of a particular DG.
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3.2.1. Study I: Dynamic Load Changes

Figure 7 illustrates the performance of the SMC and PI techniques in terms of dynamic
stability. To evaluate how they respond to shifts in power demands, step changes are
applied to power references across DGs for both control methods at 0.5 s. The power
reference of DG 1 is doubled, and its power is increased from 300 W to 600 W, while DG 2’s
power reference is decreased from 600 W to 300 W. During this brief period, the current
rises to augment DG 1’s output power, leading to a minor dip in the output voltage, which
quickly settles within a few milliseconds. Similarly, when DG 2’s output power sharply
decreases, it results in an increase in the output voltage at DG 2’s terminals. After the
transient period, both DGs exhibit stable output current and voltage at their terminals,
effectively sharing power, according to the provided references.
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3.2.2. Study II: Load Shifting

To evaluate the performance of UDC-integrated SMC control, a hot-swap operation
was conducted on a DC microgrid model. During this test, we switched the loads between
DG 1 and DG 2. DG 1 initially fed all the load, and DG 2 was disconnected from the
microgrid. At 0.5 s, DG 1 detached from the MG, and DG 2 took over the full load. During
this transition, the current of DG 1 dropped to zero, while DG 2 increased its output current
to match the full load. The output results of the DG units using the proposed control and
PI control are depicted in Figure 8.
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during hot-swap operation.

During the hot-swap operation, both control techniques demonstrated stable voltage
and current quality. The transition time was characterized by smooth load transfers from
one DG to another. However, it is worth noting that the transient time of the PI control was
slightly longer compared to the proposed control, which highlights the suitability of the
proposed control technique for dynamic load scenarios.

The converters are designed to operate at an output voltage of 200 V. They were
tested under both minimum load (20 Ω) and maximum load (200 Ω) conditions, with step
changes in the load. During these load changes, the output voltage requires some time to
settle. However, when employing the proposed SMC control, the output voltage remains
nearly constant within the specified range of load changes. Table 4 presents the voltage
deviation observed with the proposed control, which is only 1.1 V, significantly lower than
the deviation observed with the PI control. In the case of the PI controller, the voltage
deviates by 1.88% from the nominal voltage, whereas the deviation remains negligible
with the SMC control. This comparison highlights the superior robustness of SMC over PI
control in handling dynamic loads.
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Table 4. Load regulation of SMC and PI for minimum and maximum load conditions.

Control Technique Voltage Deviation: ∆V = Vo
(200 Ω) − Vo(20 Ω)

Percentage Change: (∆Vo)/Vo
(nominal) × 100%

PI 3.76 V 1.88%
SMC 1.1 V 0.5%

4. Experimental Set-Up and Results
4.1. Experimental Set-Up

The evaluation of the proposed control has been conducted using a laboratory-scale
DC microgrid (MG) testbed. The testbed configuration, shown in Figure 9, comprises two
parallel boost converters rated at 400 W each, with each converter being independently
managed by the proposed control. Separate DC power supplies are used to provide power
to both converters. To assess the real-time performance of the proposed control, Launchpads
MCU F28379D, equipped with a TMS320F28379D dual-core high-frequency processor
operating at 200 MHz, are employed. The launchpads are directly connected to PSIM using
TI C2000 Delfino assistance from the embedded coder. Each DC–DC converter’s associated
proposed control is burned onto a separate launchpad, with a switching frequency set at
50 kHz. The PWM output ports of each Launchpad are linked to the GPIO port connected
to the system. For testing purposes, a TERCO resistive load is utilized to simulate various
loading conditions, allowing for the evaluation of the controller’s performance under
dynamic load changes, load transfer, voltage stability, accurate power sharing, and smooth
load shifting. Transducers LV 25-P and LAH 25-NP are employed to measure the output
voltages and currents, respectively.
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4.1.1. Steady-State Analysis

A load of 500 watts is evenly shared between the two converters by setting their
power references accordingly. The proposed SMC control for each converter operates
independently, but both are provided with the same power reference, ensuring equal power
sharing. This balanced power distribution is clearly depicted in the experimental results
presented in Figure 10. The output of each DG converter is measured to be approximately
250 watts, with each DG supplying 1.3 A of current while maintaining a stable voltage of
200 V at the DC bus.
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4.1.2. Transient State Analysis

The robustness of the individual control technique can be evaluated when it is investi-
gated for dynamic load changes and hot-swap operation.

Study I: Load Dynamics

Step changes are applied to the power references of both converters to evaluate their
performance under dynamic load conditions at different time intervals. Initially, the power
reference of the DG 1 converter is doubled, while the power reference of the DG 2 converter
is halved. Subsequently, a reverse step change occurs, where the power reference of DG 1
is halved and the power reference of DG 2 is doubled. As a result of these power reference
changes, the current and power of each converter vary accordingly. Figures 11 and 12
illustrate the current and power profiles of both DGs, showcasing the impact of step changes
in power references at different time instances while maintaining a stable voltage across
the DC bus.

Throughout these tests, smooth operation was observed, and despite minor deviations
in the currents during these dynamic transitions, the controller quickly and effectively
adjusted the output voltage to ensure stability.
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Study II: Load Transfer

To assess the performance of the converters in a DC microgrid during a hot-swap
operation, switches are connected at the output of the converters before the DC bus. These
switches are operated to simulate the disconnection of the DG units due to an external fault.

During this test, the complete load is shifted to a single converter. Initially, a switch
connected to DG 2 on the source side is operated to disconnect it from the MG network,
transferring the load to DG 1. As depicted in Figure 13, the current of the DG 2 converter
drops to zero, while the current of the DG 1 converter increases to accommodate the entire



Energies 2023, 16, 7038 15 of 17

load. Similarly, to swap the load to the DG 2 converter, a switch connected to DG 1 on the
source side is operated, disconnecting DG #1. As observed in Figure 14, the DG 2 converter
then supplies the full load.
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Throughout these tests, the voltage across the output of the DGs remains regulated.
During the hot-swap operation, the voltage and current exhibit stable behavior during the
transition period. The converters within the microgrid network are designed to handle a
fully connected load, ensuring their capability to handle such operations smoothly.
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5. Conclusions

This paper focuses on the implementation of two control techniques, namely, sliding
mode control (SMC) and proportional–integral (PI) control, for voltage stability and power
sharing in DC microgrids. In order to enable efficient power sharing among the distributed
generators (DGs), the proposed approach integrates universal droop control with SMC. By
combining these control techniques, the system aims to achieve optimal voltage stability
and effective power distribution among the DGs in the DC microgrid. The control signal for
the switching of DC–DC boost converters in the microgrid network has been modeled using
sliding mode control (SMC). The control signal in SMC has been defined to ensure Lyapunov
stability. Initially, the proposed SMC control has been studied and analyzed for different
operating conditions of the distributed generators (DGs) under various load scenarios.
Subsequently, the integration of universal droop control with SMC has been implemented,
enabling accurate power sharing between the DGs. Furthermore, for comparative analysis,
the SMC control has been replaced with proportional–integral (PI) control. This allows for
a comprehensive evaluation of the performance of the different control techniques in the
microgrid system. The performance and effectiveness of both control types, sliding mode
control (SMC) and proportional–integral (PI) control, have been thoroughly investigated in
various scenarios, including step-change in load, load transfer, and hot-swap operation.
The results demonstrate that the proposed SMC control exhibits superior performance
compared to PI control. Additionally, the voltage regulation capabilities of both control
types have been compared to determine the most suitable control strategy for a wide
range of load variations. It is observed that SMC control outperforms PI control in terms
of maximum load regulation while still achieving accurate power sharing between the
distributed generators (DGs).
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