
����������
�������

Citation: Rashad, M.; Raoof, U.;

Siddique, N.; Ahmed, B.A.

Equivalent Sliding Mode Controller

for Stability of DC Microgrid. Eng.

Proc. 2021, 12, 23. https://doi.org/

10.3390/engproc2021012023

Academic Editor: Shahid Iqbal

Published: 23 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Proceeding Paper

Equivalent Sliding Mode Controller for Stability of
DC Microgrid †

Muhammad Rashad 1,*, Uzair Raoof 1, Nazam Siddique 2 and Bilal Ashfaq Ahmed 1

1 Department of Electrical Engineering, The University of Lahore (UOL), Lahore 54000, Pakistan;
uzair@uol.edu.pk (U.R.); bilal.ashfaq@ee.uol.edu.pk (B.A.A.)

2 Department of Electrical Engineering, University of Gujrat (UOG), Gujrat 50700, Pakistan;
nazim.siddiq@gmail.com

* Correspondence: muhammad.rashad@ee.uol.edu.pk
† Presented at the 1st International Conference on Energy, Power and Environment, Gujrat, Pakistan, 11–12

November 2021.

Abstract: DC microgrids are gaining popularity due to their lack of reactive power compensation,
frequency synchronization, and skin effect problems. However, DC microgrids are not exempted from
stability issues. The stability of DC microgrids based on decentralized architecture is presented in
this paper. Centralized architecture can degrade system performance and reliability due to the failure
of a single central controller. Droop with proportional integral (PI) controller based on decentralized
architecture is being used for DC microgrid stability. However, droop control requires a tradeoff
between voltage regulation and droop gain. Further, global stability through PI controller cannot
be verified and controller parameters cannot be optimized with different operating conditions. To
address limitations, an equivalent sliding mode (SM) controller is proposed for a DC microgrid
system in this paper. Detailed simulations are carried out, and results are presented, which show the
effectiveness of an equivalent SM controller.

Keywords: microgrid; proportional integral controller; droop controller; sliding mode controller

1. Introduction

The distribution system is the last stage in the electric power delivery. It transfers
the electric power from the transmission system to the end-user. Power losses in the low
voltage AC distribution system and domestic appliances are a hot issue in growing energy
concerns. Due to the increased use of renewable sources for power generation and a shift
of domestic appliances from AC to DC, attracting DC distribution for power delivery to
end-user. Most of the domestic and commercial appliances directly or indirectly run on DC
power. Thus, the DC distribution can be more efficient compared to AC distribution [1,2].

A microgrid is a modern form of distribution system, which can work independently
and with the main utility grid. The main property that distinguishes the microgrid from a
conventional AC system is that it can work in the isolated mode under fault conditions.
Thus, the reliability of power delivery is increased [3]. This means that generated power
can be efficiently transferred to an end-user through a microgrid system. The distribution
system in an AC microgrid is AC, whose working principle and control is comprehensively
discussed in [3,4].

DC microgrids are gaining popularity in housing and commercial building and data
centers [5,6]. The efficiency of DC microgrids is expected to increase by 10–22% compared
to AC microgrids [7,8]. Furthermore, frequency synchronization and reactive power com-
pensation circuits are not required in DC, which have a prominent role in AC systems.
Due to these advantages, the subject of DC microgrids is attracting researchers. However,
DC microgrids are not exempted from stability issues. A coordination control in the DC
microgrid is required to deliver reliable power to the loads. Generally, the coordination
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control in microgrids is classified into centralized and decentralized control architecture.
In centralized architecture, a microgrid using a high bandwidth channel communicates
system information with a single central controller that interprets the collected information,
schedules the tasks, and directs the PE converters about the decisions [3,4]. However, if
a single central controller fails, the system performance and reliability will be degraded.
In contrast, in decentralized architecture, PE converters operate on local droop controllers
based on measured physical quantities [3,4]. Significant advantages are a low cost and
relaxed scalability. Droop controllers introduce large voltage deviations in DC buses due
to large droop values, which are required for a wide stability margin. Therefore, some
modified droop control is essential to control DC grids. In [9], a distributive control utilizing
low bandwidth communication is proposed. However, distributive control approaches
suffer the convergence speed, which is affected due to the communication delays.

Additionally, these control architectures are realized through linearized control tech-
niques that show limited operations and cannot ensure global stability of the desired
equilibrium point [4]. Hence, it is not possible to maintain the stability of the DC microgrid
system. Alternatively, nonlinear sliding mode control (SMC) based on a hysteresis band
is proposed in [4]. A hysteresis band in switching action creates an average non-zero
value that introduces error in the voltages. Further, a hysteresis controller suffers a prob-
lem of switching frequency variation [10]. To address the above-mentioned limitations,
an equivalent SM control technique is proposed for the stability of the DC microgrid in
this paper.

In Section 2, a DC microgrid model and system dynamics in the state-space form
are presented. Section 3 presents the limitations of droop control. Section 4 presents
an equivalent SM control technique for DC microgrid, and the results are presented in
Section 5. Finally, Section 6 concludes this paper.

2. Dc Microgrid Model

A generalized configuration of a DC microgrid system interconnecting different
sources with loads is shown in Figure 1. A one-source model connected with DC mi-
crogrid through PE DC to DC converter is shown in Figure 2. The differential equations of
the modeled system with one source are given in (1) and (2).

dvo

dt
=

iL − iR − i
C

, (1)

diL
dt

=
−vo + uvi

L
, (2)

where, iL, iR, i, C and L are inductor current, load current, connecting line current, ca-
pacitance, and inductance, respectively, whereas switching state is represented by u. The
dynamics of the system in the state-space form are expressed in (3).

.
x1.
x2.
x3

 =

 0 1 0
0 − 1
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 x1
x2
x3

+

 0
− βvi

LC
0

u +

 0
βvo
LC
0

 , (3)

where x1, x2, x3, and β are voltage error, rate of the voltage error, integral of voltage error,
and sensing ratio, respectively.
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3. Droop Control 
The output voltages of different sources in parallel configuration are not the same. 

This is due to the tolerance in electrical components and errors in the sensors. Due to this, 
a small difference in output voltages creates a significant difference in supplied currents 
[11]. To show the effect, a two-source DC microgrid, in which each source is modeled by 
the Thevenin circuit is shown in Figure 3. The variables Vs, i1 and i2 are the voltages and 
current of sources 1 and 2, Rd1 and Rd2 are the droop resistances, Vs1 and Vs2 are the node 
voltages of nodes 1 and 2, Rline1 and Rline2 are the connecting line resistances, Rload and Vload 
are the load resistance and voltage respectively. Figure 4 shows the output voltage devi-
ation with the supplied current. For small droop, voltage deviation is small but deviation 
in supplied current is large. And for large droop, the deviation in supplied current is small 
but voltage deviation goes high which shows that both cannot be satisfied simultaneously 
which is the main problem in droop control. 
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3. Droop Control

The output voltages of different sources in parallel configuration are not the same.
This is due to the tolerance in electrical components and errors in the sensors. Due to this, a
small difference in output voltages creates a significant difference in supplied currents [11].
To show the effect, a two-source DC microgrid, in which each source is modeled by the
Thevenin circuit is shown in Figure 3. The variables Vs, i1 and i2 are the voltages and current
of sources 1 and 2, Rd1 and Rd2 are the droop resistances, Vs1 and Vs2 are the node voltages
of nodes 1 and 2, Rline1 and Rline2 are the connecting line resistances, Rload and Vload are the
load resistance and voltage respectively. Figure 4 shows the output voltage deviation with
the supplied current. For small droop, voltage deviation is small but deviation in supplied
current is large. And for large droop, the deviation in supplied current is small but voltage
deviation goes high which shows that both cannot be satisfied simultaneously which is the
main problem in droop control.
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4. Sliding Mode Control 
The SM is a state feedback nonlinear controller, which is primarily used to control 

variable structured system. Properties of the SM include insensitivity to matched disturb-
ances and robustness against model uncertainties [12]. A conventional method of SM con-
troller implementation is through a hysteresis band. A hysteresis band in switching cre-
ates an average non-zero value, which introduces error in the voltages. Further, the hys-
teresis controller suffers from a switching frequency variation problem [12]. Therefore, an 
equivalent controller is proposed for the stability of the DC microgrid in this paper. The 
equation of the equivalent control 𝑢௘௤ is given in (4), which is derived from the system 
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To examine the performance of the SMC, a three-source DC microgrid system is sim-

ulated with droop controller through Matlab/Simulink, and node voltages are shown in 
Figure 5. Sources are simulated with 0.04 Ω, 1.9 Ω, and 0.4 Ω droop gains, respectively. 
Observed voltage regulation at nodes 1, 2, and 3 are 1.6%, 4.9%, and 6.9%, respectively. 
This shows that small droop values ensure decent voltage regulation but poor with large 
droop values, which are not accepted. Hence, a voltage regulation tradeoff is needed. 
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4. Sliding Mode Control

The SM is a state feedback nonlinear controller, which is primarily used to control
variable structured system. Properties of the SM include insensitivity to matched distur-
bances and robustness against model uncertainties [12]. A conventional method of SM
controller implementation is through a hysteresis band. A hysteresis band in switching
creates an average non-zero value, which introduces error in the voltages. Further, the
hysteresis controller suffers from a switching frequency variation problem [12]. Therefore,
an equivalent controller is proposed for the stability of the DC microgrid in this paper. The
equation of the equivalent control ueq is given in (4), which is derived from the system
model presented in (1), (2), and (3).

ueq = − βL
βvi

(
α1

α2
− 1

RLC

)
ic +

α3LC
α2βvi

(
Vre f − βvo

)
+

vo

vi
, (4)

where α1, α2, α3, and Vre f are the sliding coefficients and voltage reference, respectively.

5. Results and Discussion

To examine the performance of the SMC, a three-source DC microgrid system is
simulated with droop controller through Matlab/Simulink, and node voltages are shown
in Figure 5. Sources are simulated with 0.04 Ω, 1.9 Ω, and 0.4 Ω droop gains, respectively.
Observed voltage regulation at nodes 1, 2, and 3 are 1.6%, 4.9%, and 6.9%, respectively.
This shows that small droop values ensure decent voltage regulation but poor with large
droop values, which are not accepted. Hence, a voltage regulation tradeoff is needed.
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To compare the performance, the same microgrid system is simulated with an equiv-
alent SMC, and node voltages are shown in Figure 6. In this case, the maximum voltage
regulation observed is less than 1%, which is significantly better than droop-controlled DC
microgrid. This shows the performance of an equivalent SM controller in a steady-state
condition. Additionally, the microgrid is simulated on step load to compare the transient
response, as shown in Figure 7. The observed transient settling time with droop control is
4 ms, whereas the settling time with an equivalent controller is 0.4 ms, which is a signifi-
cantly low value compared to the droop controller. This shows the transient performance
of the proposed technique.
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6. Conclusions

Microgrids are a modern form of power delivery to the consumers, which can locally
generate and consume power. DC microgrids are attractive due to their high efficiency in
the presence of renewable sources. The centralized control architecture for DC microgrids
is not preferred, because a single-point failure can degrade the system performance and
reliability. Droop control based on decentralized architecture needs a tradeoff between the
value of droop gain and voltage regulation and not preferred for the stability of the DC
microgrid. An equivalent SM controller based on decentralized architecture is proposed in
this paper. To address limitations, an equivalent sliding mode (SM) controller is proposed,
and results are presented, which show the steady-state and transient performance of the
proposed controller.
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