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DC microgrids look attractive in distribution systems due to their high reliability, high efficiency, and easy integration with
renewable energy sources. The key objectives of the DC microgrid include proportional load sharing and precise voltage
regulation. Droop controllers are based on decentralized control architectures which are not effective in achieving these objectives
simultaneously due to the voltage error and load power variation. A centralized controller can achieve these objectives using a high
speed communication link. However, it loses reliability due to the single point failure. Additionally, these controllers are realized
through proportional integral (PI) controllers which cannot ensure load sharing and stability in all operating conditions. To address
limitations, a distributed architecture using sliding mode (SM) controller utilizing low bandwidth communication is proposed
for DC microgrids in this paper. The main advantages are high reliability, load power sharing, and precise voltage regulation.
Further, the SM controller shows high robustness, fast dynamic response, and good stability for large load variations. To analyze
the stability and dynamic performance, a system model is developed and its transversality, reachability, and equivalent control
conditions are verified. Furthermore, the dynamic behavior of the modeled system is investigated for underdamped and critically
damped responses. Detailed simulations are carried out to show the effectiveness of the proposed controller.

1. Introduction
Microgrids are a modern form of distribution systems which
can function autonomously or in combination with a main
supply grid. Microgrids can operate in a low or medium
voltage range and generate their own power, that is, renewable
sources along with energy storage, nonrenewable sources,
and power electronic (PE) controlled loads [1]. The unique
property of microgrids is that they can work in islanded
mode under faulty conditions, which increases the reliability
of the power supply [2–4]. In AC microgrids, the distribution
system is AC. AC microgrids operation and control have been
exhaustively discussed in the literature [5, 6]. DC microgrids
are paid attention from researchers due to the following
advantages:
(1) Most of the renewable sources are inherently DC or
DC friendly. So, the integration of these sources with a DC

microgrid is easy as there is no requirement of frequency
synchronization circuits.
(2) In DC microgrids, reactive power compensators are
not required. Hence, their control will be relaxed as power
flow controllers are not required.
(3) As DC electronic loads dominate today, the unnecessary AC-to-DC converters are not required in DC microgrids. This will directly affect system cost and efficiency.
(4) Skin effect problems are absent in DC microgrids.
A general DC microgrid arrangement [7, 8] connecting
different sources and loads is shown in Figure 1. To integrate
dissimilar elements, PE converters (DC-to-DC, AC-to-DC,
etc.) are included among sources, energy storage, and microgrids.
Distributed generation can be connected to the DC
microgrid through power PE converters in a parallel configuration. It is required to find efficient control to coordinate
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Figure 1: General DC microgrid arrangement [8].

among various sources, loads, and energy storage. The key
concerns of the parallel connected converter are as follows:
the first concern is the stability of the DC microgrid as
electronic loads are very sensitive to voltage deviation.
Another concern is load sharing among various sources [7–
9]. However, it is the nature of sources that only one unit
can establish the voltage level in a paralleling system. The
reason is, the output resistances of the power sources are
extremely low. Thus, even a small difference in the output
voltage between the paralleled sources will cause the one that
is a few mV higher to hog all the current. The lower the output
voltage of the module is, the more severe this problem is [10].
To address the aforementioned challenges, different control schemes for DC microgrids are reported in [7, 10–16].
Commonly, these control schemes can be categorized as
centralized and decentralized control [10–21]. In centralized
control, the controller collects system data using a high
bandwidth communication link, schedules the tasks based
on the collected information, and directs control decisions
[12, 16–18]. However, if the communication link fails, this

will degrade the system performance and reliability. Communication failure problems can be avoided in decentralized
control (droop control) [13, 14, 19, 22]. In this type of control,
PE converters operate on physical measured quantities. But
the improvement is achieved at the cost of partial stability
and losing optimum operation due to the lack of operational
information and status of the other converters [23, 24].
In [25–29], droop control for AC microgrids is reported.
Their extensive use in conventional AC systems made them
appealing to be used in DC microgrids [30–32].
Linear proportional integral (PI) controllers are used to
realize the abovementioned control schemes for proportional
load sharing and stability of DC microgrids [30–32]. Despite
the easy implementation of these controllers, they suffer poor
sharing. In many cases, the stability of PI controllers cannot
be ensured [33, 34]. Since PI controllers are linear type controllers, the control parameters of these controllers cannot be
optimized as they are tuned for specific load conditions. Further, they also exhibit a slower dynamic response [35]. Hence,
using these controllers for load sharing is not desirable.
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Sliding mode control (SMC) for proportional load sharing and stability of DC microgrids is proposed in this paper.
SMC for microgrid type systems is reported in [9, 36–
40]. SM is a controller which is used for variable structure
systems [36]. It is a nonlinear controller which shows robust
behavior to the matched uncertainties. The SM controller can
be easily implemented using integrated circuits. Hence, the
SM controller is proposed for proportional load sharing and
stability of DC microgrids.
Section 2 deals with the load sharing control schemes
used in DC microgrids. Further, a system model and its
analysis through the SM controller are presented. Furthermore, this section deals with system stability and dynamic
behavior design. Detailed simulation studies are performed
in Section 3. Section 4 concludes this paper.

2. Load Sharing Control in DC Microgrids
The objective of the control in DC microgrids is to achieve
load sharing and maintain precise voltage regulation among
the sources. The sharing control can be categorized into the
following types.
2.1. Centralized Control. In this type of control, the controller
collects system data using a communication link and directs
control decisions. This type of control scheme is reported
in [12, 16–18] and is shown in Figure 2. The PE converter
of each source contains primary control and inner voltage
and current control. Centralized control gives directions
and control decisions to the other primary controllers. The
voltage of the DC microgrid is communicated to the central
controller, where it is compared with the reference voltage.
The error produced is transferred to the PI controller whose
output is communicated to the primary controller of each
source as shown in Figure 2. However, if a single point
failure occurs, this will degrade the system performance and
reliability. Hence, using centralize control for load sharing
and voltage regulation in DC microgrids is not attractive.
2.2. Decentralized Control. Single point failure problems can
be avoided in decentralized control (droop control) [13, 14,
19, 22]. In this type of control, PE converters operate on local
physical measured quantities. This does not require a separate
central controller. Decentralized control sets the values for
droop control which derives the inner voltage and current
control of the PE converters as shown in Figure 3.
Droop control cannot achieve load sharing and voltage
regulation simultaneously. Limitations of the droop control
are examined below.
2.2.1. Current Sharing Inaccuracy. Current sharing will be
affected due to the voltage error in parallel connected DCto-DC converters. This problem becomes challenging due
to the extra voltage drop across the line connecting parallel
sources or when the characteristics of different sources are
not the same. Hence, current sharing among various sources
is deteriorated. To analyze this problem, a DC microgrid
with two sources is shown in Figure 4, where each source is
modeled by its Thevenin equivalent circuit.

3
The droop control used in DC systems can be expressed
as
V𝑠𝑗 = V𝑠 − 𝑖dc𝑗 𝑅𝑑𝑗

where 𝑗 = 1, 2,

(1)

where V𝑠𝑗 , V𝑠 , 𝑖dc𝑗 , and 𝑅𝑑𝑗 are node voltage, source voltage,
source current, and virtual resistance of each source, respectively. The virtual resistance defined in (1) is equal to the
output resistance and the output voltage of each source is
equal to V𝑠 , as shown in Figure 4. Consider the load is drawing
rated current and the system has reached a steady state. The
following can be derived from Figure 4:
Vload = V𝑠 − 𝑖dc1 𝑅𝑑1 − 𝑖dc1 𝑅line1

(2a)

Vload = V𝑠 − 𝑖dc2 𝑅𝑑2 − 𝑖dc2 𝑅line2 .

(2b)

After simplification, these equations can be written as
𝑖dc1 𝑅𝑑2 𝑅line2 − (𝑅𝑑2 /𝑅𝑑1 ) 𝑅line1
=
+
.
𝑖dc2 𝑅𝑑1
𝑅𝑑1 + 𝑅line1

(3)

The above equation shows that, in droop controlled DC
grids, the current of both sources is inversely proportional
to their virtual resistance. Usually, it is assumed that DC
microgrids are small-scale grids and the connecting lines will
contain resistance of a small value. Hence, virtual resistance
𝑅𝑑𝑗 can be selected large. Since 𝑅𝑑𝑗 ≫ 𝑅line , the above
expression can be written as
𝑖dc1 𝑅𝑑2 + 𝑅line2 𝑅𝑑2
=
≈
.
𝑖dc2 𝑅𝑑1 + 𝑅line1 𝑅𝑑1

(4)

But the abovementioned assumption is suitable for large 𝑅𝑑𝑗 .
For small 𝑅𝑑𝑗 , precise current sharing cannot be ensured.
Meanwhile, voltage regulation cannot be ensured with large
virtual resistance. This is graphically shown in Figure 5.
2.2.2. Output Voltage Deviation. Node voltage deviation can
be written as
ΔV𝑗 = V𝑠 − V𝑠𝑗 = 𝑖dc𝑗 𝑅𝑑𝑗

where 𝑗 = 1, 2.

(5)

Figure 6 shows the voltage deviation with different virtual
resistances. Voltage deviation is of zero value when the
sources operate in an open circuit mode (source currents are
zero) as shown in Figure 6. When the current by the sources is
not zero, voltage deviation appears, and its value varies with
the variation in load. To limit the output voltage deviation
within acceptable levels, the droop coefficient 𝑅𝑑𝑗 should be
limited as
𝑅𝑑𝑗 ≤

ΔVmax
,
𝑖fl𝑗

(6)

where 𝑖fl𝑗 is full-load current of source-j.
2.3. Distributive Control. Disadvantages associated with the
decentralized (droop control) and centralized control can
be adjusted using distributed control which is an alternative
solution to achieve efficient load sharing. As a substitute of

4

Mathematical Problems in Engineering

VG-ref
+
PI

`

Centralized
control

VG

−

Communication

Droop control
Inner control
PEC-1

Droop control
Inner control
PEC-3

Droop control
Inner control
PEC-2

DC microgrid

Load-2

Load-1
DC power flow
Information flow

Figure 2: Centralized control in a DC microgrid.

Droop control
Inner control
PEC-1

Droop control
Inner control
PEC-2

Droop control
Inner control
PEC-3

DC microgrid

Load-2

Load-1
DC power flow
Information flow

Figure 3: Decentralized control.

Mathematical Problems in Engineering

5

Node-1

Node-2

idc1

idc2
Rd1

Rline1

+

Rline2

+

Rd2
+

+
−

+

Vs

Rload

Vs1
−

Vload

Vs2

−

−

Vs

−

Figure 4: Thevenin equivalent circuit of a DC microgrid with two sources sharing the same load.

Small droop
Rd1 + Rline1
load
Voltage

Rd2 + Rline2
Large
droop

load

Current

idc2

idc2 idc1

idc1

Figure 5: Current sharing inaccuracy using droop control [7].
Δ1 , Δ2 = 0

Voltage deviation

s

Source voltage

Δ2

Δ1

Rd1

s2

sources, loads, and storage because DC bus voltage cannot be
allocated unlimitedly. Furthermore, some extreme situations
(e.g., overvoltage/current and fully charged/undercharged
battery) are not addressed in DBS. In [41], a current sharing
line is proposed and distributed, in which the average current
is communicated among converters for operation. In DC
microgrids, sources are displaced from each other over a
region. Thus, the current sharing bus needs to be distributed
over the region with the power lines. This may inject substantial noise which can degrade the system performance.
In [42], a distributive secondary control using power line
signaling (PLS) is presented. The major problem in PLS is
that it is has slow communication. Further, electromagnetic
compatibility issues need to be addressed when using it with
electronic devices.
In this paper, a distributive control for DC microgrids
using low bandwidth communication is proposed and is
shown in Figure 7.
To determine the value of current to be shared by each
source, the controller of each source communicates among
the other sources and informs about the per-unit (p.u.) current supplied by it. This information is used by each controller
to determine the total current supplied by all sources, which
is given as

s1
pu

𝑛

pu

𝑖𝑇 = ∑ 𝑖𝑗 ,

Rd2

(7)

𝑚=1

pu

where 𝑖𝑗 is the p.u. current of source-j and 𝑛 is the number of
sources. The reference current of each source 𝑖𝑗ref is calculated
as
0

idc2

idc1

Source current

Figure 6: Voltage deviation with a variation in droop resistances [8].

the single central controller, distributive control is distributed
among every PE converter. In [24], DC bus signaling (DBS)
is proposed for distributed control in which DC voltage
is used to communicate the decision about the converters’
operation. In DBS, every entity in the system senses the DC
voltage level for operation and decisions, which limits the

pu

𝑖𝑗ref = 𝑘𝑗 𝑖𝑗rated 𝑖 ,
𝑇

(8)

where 𝑘𝑗 and 𝑖𝑗rated are the load sharing factor and rated
current of source-j, respectively.
In the architecture shown in Figure 7, the p.u. current
of each source is shared. Hence, the data transmitted over
the communication link by each source is 2 bytes and the
total data transmitted is 2𝑛 bytes. Data read by each source is
2(𝑛 − 1) bytes. Hence, the technique used for communication
has to manage small data, and thus a low bandwidth communication is feasible. So, computer area network (CAN) based
communication is used for DC microgrids in this paper.
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2.3.1. Sliding Mode Control. Each source in a DC microgrid
consists of a PE converter. Linear controllers (PI, PID, and
lead-lag) are being used to control the PE converters for
the load sharing problem in DC microgrids [30–32]. These
controllers require a linearized model of the system, which
makes it difficult for them to show good power sharing
performance and stability in all operating conditions [33–
35]. So, an SM controller is alternatively proposed in [36–
40, 43] which ensures stability in all operating conditions.
Hence, in this paper, an SM controller technique is proposed
for proportional load sharing and stability of DC microgrids.
(1) Modeling. A generalized DC microgrid architecture is
shown in Figure 1. An equivalent model of one source with
DC microgrid through DC-to-DC PE converter is shown
in Figure 8. The source is modeled as voltage source V𝑠
with current 𝑖𝑠 , whereas the DC bus of the microgrid is
modeled through capacitor 𝐶 and its associated connecting
line current 𝑖dc . The source and DC microgrid are interfaced through the DC-to-DC PE converter. The differential
equations describing the system dynamics of this model are
expressed as follows:
𝑑𝑖 −Vdc + 𝑢V𝑠
=
,
𝑑𝑡
𝐿

switch is “OFF”.

(11)

(2) Sliding Mode Controller Analysis. In sliding mode, most of
the controllers include error of one or multiple states of the
system in the sliding surface (e.g., inductor current or capacitor voltage) [44, 45]. Furthermore, some controllers include
error and both of the time derivative and the integral of the
error in the sliding surface to stabilize the system [38]. In
this case, the sliding surface can be represented as a secondorder differential equation for which extensive mathematical
analysis is required to guarantee system stability. Another
surface is defined in [46] for the improvement in the steadystate error and settling time, which includes voltage error and
square of the capacitor current of the system.
This paper proposes an SM controller which is designed
to achieve both proportional power sharing and dynamic
stability of DC microgrids. The sliding surface is selected to
ensure load sharing and precise voltage regulation. Thus, it is
formed using the bus voltage error, current error, and integral
of the bus voltage error. This way, the SM controller can detect
and minimize the voltage and current errors. Further, the
integral action is included to reduce the steady-state voltage
error. The proposed sliding surface Ψ is given in
Ψ = 𝛼𝑒V + 𝛽𝑒𝑖 + ∫ 𝑒V 𝑑𝑡,

(12)

where
ref
,
𝑒V = Vdc − Vdc

𝑒𝑖 = 𝑖 − 𝑖ref ,

(13)

ref
, and 𝑖ref are voltage error, current error,
whereas 𝑒V , 𝑒𝑖 , Vdc
reference bus voltage, and reference inductor current, respectively, while 𝛼 and 𝛽 are parameters of the sliding surface.
Figure 9 shows the block diagram of the SM control system.
The derivative of the sliding surface is used to ensure the
existence of SM which is given as

𝑑V
𝑑Ψ
𝑑𝑖
= 𝛼 dc + 𝛽 + 𝑒V .
𝑑𝑡
𝑑𝑡
𝑑𝑡

(14)

Substituting (9) and (10) into (14) leads to

(9)

𝛽
𝑑Ψ 𝛼
= (𝑖 − 𝑖dc ) − (Vdc − 𝑢V𝑠 ) + 𝑒V .
𝑑𝑡
𝐶
𝐿

(10)

For the existence of SM, the conditions described in (16)
need to be fulfilled [47], which ensures that, in steady-state
ref
and 𝑖 = 𝑖ref . Hence, voltage and current
condition, Vdc = Vdc
achieve the desired reference.

where Vdc = Vline + V𝐺, and
𝑑Vdc 𝑖 − 𝑖dc
=
,
𝑑𝑡
𝐶

switch is “ON”

where 𝑖, Vdc , Vline , V𝐺, 𝑖dc , 𝐿, and 𝐶 are inductor current, bus
voltage (capacitor voltage), connecting line voltage, grid voltage, line current, inductance, and capacitance, respectively,

(15)

Ψ = 0,
𝑑Ψ
= 0.
𝑑𝑡

(16)
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To ensure the existence of SM (i.e., guaranteeing (16)), the
transversality, reachability, and equivalent control conditions
must be guaranteed.
(i) Transversality Condition. The transversality condition
describes the system controllability. Thus, this condition must
be satisfied to allow the system dynamics to be affected by
the SM controller [47]. It ensures that the control variable is
present in the derivative of sliding surface. It can be expressed
as
𝑑 𝑑Ψ
(
) ≠ 0.
𝑑𝑢 𝑑𝑡

(17)

𝑑Ψ 
 > 0,
Ψ→0 𝑑𝑡 𝑢=1
𝑑Ψ 
lim+
 < 0.
Ψ→0 𝑑𝑡 𝑢=0
lim−

(18)

Equation (18) depends on the value of 𝛽. Section 3.3
determines that the value of 𝛽 must be positive to guarantee
a stable system behavior. Moreover, V𝑠 and 𝐿 are positive
quantities. Hence, (17) will be fulfilled and the transversality
condition of the system is satisfied.
(ii) Reachability Condition. The reachability condition describes the system’s ability to reach the sliding surface [47, 48].
Thus, the reachability condition ensures that the system will

(19)

Substituting (15) into (19), it can be expressed as
𝛽
𝛼
(𝑖 − 𝑖dc ) + (V𝑠 − Vdc ) + 𝑒V > 0
𝐶
𝐿
𝛽
𝛼
− (𝑖dc − 𝑖) − Vdc + 𝑒V < 0.
𝐶
𝐿

Substituting (15) into (17) results in
𝛽
𝑑 𝑑Ψ
(
) = (V𝑠 ) ≠ 0.
𝑑𝑢 𝑑𝑡
𝐿

always be directed towards the sliding manifold. Mathematically, it is described in

(20)

The conditions in (20) must be fulfilled to guarantee that
the SM will exist, and the system will be derived to the desired
operating condition.
(iii) Equivalent Control Condition. The equivalent control
condition defines the local stability of the system and enables
that system to remain trapped inside the sliding surface [47,
48]. Mathematically, the equivalent control condition can be
expressed as in
𝑑Ψ 
= 0 →

𝑑𝑡 𝑢=𝑢eq
0 < 𝑢eq < 1.

(21)

8

Mathematical Problems in Engineering

Substituting 𝑢 = 𝑢eq in (15) and equating to zero result in
the following expression:
𝑢eq =

Vdc 𝛼 𝐿
𝑖 − 𝑖dc
𝐿
− ( )(
)−
𝑒.
V𝑠
𝛽 𝐶
V𝑠
𝛽V𝑠 V

(22)

Fulfilling the reachability condition also verifies the
equivalent control condition.
(3) Sliding Mode Dynamics. The inequalities in (20) generally
describe the existence of SM. These inequalities do not give
information about the selection of the sliding parameters
𝛼 and 𝛽. This section deals with the selection of sliding
parameters based on the desired dynamic behavior. Thus, the
stability of the system is fulfilled. For this purpose, closed
loop dynamics in time domain of the system are achieved by
putting sliding surface Ψ = 0 in (12). The dynamics are given
in
𝛼
1
𝑒V + ∫ 𝑒V 𝑑𝑡.
𝛽
𝛽

𝑒𝑖 =

(24)

Formerly, the voltage dynamics of the DC bus defined in (10)
are imposed by (24). Further, to find complete closed loop
dynamics of the system, (10) can be expressed in Laplace
domain as
𝐶𝑠Vdc (𝑠) = 𝑖 (𝑠) + 𝑖dc (𝑠) .

(25)

Finally, combining (24) and (25), the complete closed
loop dynamics of the DC bus voltage can be expressed as
Vdc (𝑠) = −

𝛽𝑠
𝑖 (𝑠)
𝐶𝛽𝑠2 + 𝛼𝑠 + 1 dc

+

1 + 𝛼𝑠
Vref (𝑠)
𝐶𝛽𝑠2 + 𝛼𝑠 + 1 dc

+

𝛽𝑠
𝑖ref (𝑠) .
𝐶𝛽𝑠2 + 𝛼𝑠 + 1

(26)

It is shown in (26) that closed loop dynamics depend
on the perturbation introduced by the DC bus current and
the reference. Since the reference is a constant value and
the DC bus current depends on the source and load power
requirements, (26) can be expressed as (27) which is used to
design sliding parameters 𝛼 and 𝛽 of the SM controller.
Vdc (𝑠)
𝑠
=− 2
.
𝑖dc (𝑠)
𝐶𝑠 + (𝛼/𝛽) 𝑠 + 1/𝛽

𝑠2 + 2𝜁0 𝑠 + 20 = 0,

(27)

Finally, it is established in (27) that both sliding parameters 𝛼 and 𝛽 must have a positive value to ensure stable
SM dynamics; otherwise, the system will show an unstable
behavior.
(4) Design of Sliding Mode Dynamic Behavior. The dynamics
shown in (27) demonstrate that the SM controller will

(28)

where 𝜁 and 0 are the damping ratio and undamped
natural frequency, respectively. Comparing (28) with the
denominator of (27), 𝜁 and 0 can be calculated as
0 = √

1
𝛽𝐶
(29)

𝛼 1
.
𝜁= √
2 𝛽𝐶

(23)

The closed loop dynamics in Laplace domain are given in
𝑒𝑖 (𝑠) 1 + 𝛼𝑠
=
.
𝑒V (𝑠)
𝛽𝑠

compensate any perturbation produced in the bus current 𝑖dc
(i.e., limΨ→∞ (Vdc (𝑠)/𝑖dc (𝑠)) = 0). However, large undershoots
and overshoots in bus voltage can turn off or destroy the
load. Therefore, the dynamics of the bus voltage should be
controlled. The characteristic polynomial in the denominator
of (27) shows that it is a second-order system of the form
given in

𝜁 and 0 can control the response of the system. Two types
of responses are considered in this paper: underdamped and
critically damped response. The characteristics of these are
discussed below.
(i) Underdamped Response. In this type, the controller enables
the system response to reach the desired voltage faster. But
this faster response is achieved at the expense of oscillation
around the desired voltage. The loads that are sensitive to
the voltage drops but not sensitive to the oscillations are
suitable to be controlled using underdamped response (e.g.,
microprocessors) [49].
(ii) Critically Damped Response. In this type, the controller
enables the system response to avoid oscillations. But the
response will experience a longer delay reaching the desired
voltage level. The loads that are sensitive to the oscillation
but show tolerance to the voltage drops are suitable to be
controlled through critically damped response (e.g., variable
frequency drive motors) [50].
An overdamped response is not considered in this paper
because it does not achieve any improvement over the
critically damped response.
(a) Underdamped Response. The underdamped time domain
response of the system presented in (27) is given in (30) for
the values of 𝛼 and 𝛽 that will lead to the underdamped
response. The condition to guarantee the underdamped
response is given in (31). Hence,
Vdc (𝑡) =

−Δ𝑖dc
2

𝐶 (√(𝛼/2𝛽𝐶) − (1/𝛽𝐶))

𝑒((𝛼/2𝛽𝐶)𝑡)
(30)

⋅ sin (√ (
𝛼2
< 𝛽,
4𝐶

2

𝛼
1
) −(
))
2𝛽𝐶
𝛽𝐶
(31)
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where Δ𝑖dc represents the step change in the DC bus current.
Percentage overshoot for underdamped response is given in
(−𝜁𝜋/√1−𝜁2 )

% OS = 100𝑒

.

(32)

𝜋2

ln (% OS/100)
.
+ (ln (% OS/100))2

(33)

The settling time of the underdamped response is given
in
ln (tolerance f raction)
𝑇𝑠 =
.
𝜁0

(34)

(b) Critically Damped Response. Critically damped time
domain response is given in (35) while ensuring that the
values of 𝛼 and 𝛽 will lead to the critically damped response.
The condition for this response is given in (36). Hence,

𝛽=

−Δ𝑖dc
(𝑡) 𝑒((𝛼/2𝛽𝐶)𝑡)
𝐶

(35)

𝛼2
.
4𝐶

(36)

Finally, the constraints defined in (20) must be satisfied for
the existence of SM. Further, (36) must be satisfied for the
critically damped response.
(5) Sliding Mode Hysteresis Control. In an ideal situation,
the SM controller will switch the DC-to-DC converter at
infinite frequency with system trajectories moving along the
sliding surface when the system enters the SM operation. This
condition is shown in Figure 10(a). However, the practical
switch of the DC-to-DC converter will experience some
switching imperfections and time delays. This will produce a
dynamic behavior in the locality of the sliding surface which
is identified as chattering as shown in Figure 10(b) [47, 48].
If the chattering produced in the sliding surface is left
uncontrolled, the converter will start self-oscillating at a high
frequency. This behavior of the converter is not desirable
due to the high switching losses. Further, the exact switching
frequency in the produced chattering cannot be predicted.
Therefore, the converter design and component selection will
turn out to be difficult. To solve these issues, the control law
𝑢 is redefined as
0 = “OFF” when Ψ > 𝑘
{
{
{
{
𝑢 = {1 = “ON”
when Ψ < −𝑘
{
{
{
{unchanged otherwise,

Value

Desired voltage

48 V
10 kHz

Inductor, 𝐿

100 𝜇H

Capacitor, 𝐶

4000 𝜇F

Table 2: Node parameters of DC microgrid.
Parameters

Node-1

Desired voltage

(37)

Node-2
48 V

Source rated power

Equations (32) to (34) can be used to design the SM controller
for specific design parameters. Finally, the constraints in (20)
must be satisfied for the existence of the SM. Moreover, the
selected values of 𝛼 and 𝛽 must satisfy the constraint in (31)
which is the condition for underdamped response.

Vdc (𝑡) =

Parameters
Switching frequency

Conversely, the damping ratio 𝜁 for a specific percentage
overshoot is given in
𝜁=√

Table 1: DC-to-DC converter parameters.

250 W

Load resistance
Voltage and current regulation required

500 W
6
≤±5%

Table 3: Connecting cable parameters of DC microgrid.
Parameters
Current rating
Cable resistance

Branch-12

Branch-23
20 A

205 mΩ

2 mΩ

where 𝑘 is a positive number. Usually in SMC, a hysteresis
band is introduced to tackle the chattering problem. With this
alteration, the converter switch will turn on when Ψ < −𝑘 and
turn off when Ψ > 𝑘. In the region −𝑘 ≤ Ψ ≤ 𝑘, the converter
switch remains unchanged and maintains its former state.
Therefore, introducing a region −𝑘 ≤ Ψ ≤ 𝑘 in which no
switching occurs, the switching frequency can be controlled
by varying the magnitude of 𝑘.

3. Results and Discussion
To examine the load sharing performance among parallel connected sources, a DC microgrid with two sources
connected in a parallel configuration to the load through
connecting lines is proposed and shown in Figure 11. This
type of configuration can be easily extendable for more
sources and microgrids in parallel configuration. This type of
system is attractive for remote areas where the national grid
cannot be easily extendable due to the high cost associated
with the installation of new transmission lines. Thus, a twosource DC microgrid system for load sharing is simulated
using MATLAB/Simulink. Each source consists of a DC-toDC converter. The parameters of the DC-to-DC converter
are selected to support maximum voltage and current levels
equal to 50 V and 10 A, respectively. Therefore, the converter
supports a maximum power of 500 W. The parameters for the
DC-to-DC converter are given in Table 1.
3.1. Results Using Droop Control. The details of nodes and
connecting lines are given in Tables 2 and 3, respectively. Each
source using droop control is shown in Figure 12.
A two-source DC microgrid shown in Figure 11 is
simulated using droop control. To observe the steady-state
behavior, assume that the load is drawing rated current and
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Sliding surface

Sliding surface

System trajectory
System trajectory
(a)

(b)

Figure 10: System trajectory with (a) ideal SM and (b) practical SM.

Node-1

Rline2

V1 Rline1

Source-1

i1

Node-2
V2
i2

idc1

Source-2

idc2
Load

Rline

Vref

+

PI

+
−

48
47
46
0.2

−

0.4

0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
Time (seconds)

0.4

(b) V2

Droop

Figure 12: DC-to-DC buck converter using droop control.

the steady state is reached. For equal load sharing, source-1
and source-2 are simulated for the same power rating. Thus,
droop gains 𝑅𝑑1 = 𝑅𝑑2 = 0.2 Ω are selected for equal load
sharing. Node voltage and current by each source are shown
in Figure 13.
For droop gain 0.2 Ω, the steady-state current supplied
by source-1 and source-2 is 2.9 and 4.9 A, respectively, as
shown in Figure 13. For equal load sharing, the desired
current to be supplied by each source is 4 A. The maximum
deviation observed in the supplied current is 27.5%. Steadystate node voltages at source-1 and source-2 are 47.4 and
46.8 V, respectively. The deviation observed in node voltages
at no load and full load is 2.5%. These results show that
small droop gains ensure decent voltage regulation, but the
load sharing performance is not acceptable. For a large droop
gain of 1.9 Ω, the current supplied by source-1 and source-2
is 3.8 and 4.2 A, respectively. The observed deviation in the
supplied currents is 5%, which is acceptable and lower than
in the earlier case. But the deviation in node voltages has
increased to 16% which cannot be acceptable for the loads.

Current (A)

PI

0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
Time (seconds)
(a) V1

4
3
2
0.2

0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
Time (seconds)

0.4

(c) idc1

Current (A)

PWM

−

48
47.5
47
0.2

Voltage (V)

C

D

− +

Vi

DC microgrid

L

S

Voltage (V)

Figure 11: A two-source DC microgrid.

6
5
4
3
0.2

0.22 0.24 0.26 0.28 0.3 0.32 0.34 0.36 0.38
Time (seconds)

0.4

(d) idc2

Figure 13: Node voltages and source currents with droop gain 0.2 Ω.

3.2. Results Using Sliding Mode Control. Figure 14 shows each
source with distributed control using the SM controller. The
p.u. value of each source current is communicated to the
other sources every 10 ms. The total communication delay is
around 0.1 ms.
To observe the steady-state behavior with distributed
architecture using SM controller, the two-source DC microgrid shown in Figure 11 is simulated and the results are shown
in Figure 15. The current supplied by source-1 and source-2 is
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Figure 14: DC-to-DC buck converter with a distributed architecture using SM controller.

3.91 and 3.92 A, respectively. The observed deviation in the
supplied currents is 2.08% which is a significantly low value
compared to the droop controlled DC microgrid. Further, the
node voltages at source-1 and source-2 are 47.78 and 47 V,
respectively. The deviation observed in the node voltages
is 2.25%. This confirms the steady-state load sharing and
voltage regulation performance of the proposed distributed
SM controller.
Further, Figure 16 shows that source-1 is sharing 25% and
source-2 is sharing 75% of the rated load current. The current
deviation observed is 4.1% which shows the effectiveness
of the proposed architecture using the SM controller. In
addition, simulations are carried out to see the effect of
connecting line resistance and the results are summarized in
Table 4. Each column represents the fixed value of connecting
line resistance of source-1, 𝑅line1 , and each row represents the
fixed value of connecting line resistance of source-2, 𝑅line2 .
Each entity in Table 4 represents voltage and current sharing
deviation. It can be observed that connecting line resistance
affects the load sharing between sources.
To observe the transient condition, a step load of 3 Ω is
applied at 0.5 s when the system is operating in steady state
at the rated load, as shown in Figure 17. At the instant when
a step change in load is applied, node voltages drop shortly
as shown in Figure 17. However, within 25 ms, node voltages
of source-1 and source-2 settle down to 49.29 and 46.83 V,
respectively. This corresponds to a voltage deviation of 2.68%.

The currents supplied are 11.96 and 11.45 A. The deviation in
the supplied currents is 4.5%.
Furthermore, the dynamic behavior of node voltage is
investigated for underdamped and critically damped responses. The sliding parameters 𝛼 and 𝛽 are selected positive
according to the conditions defined in (31) and (36). The
values of 𝛼 and 𝛽 are listed in Table 5. Figure 18 shows node
voltage when the load resistance is changed from 6 to 3 Ω
at 0.5 s with sliding parameters that show underdamped and
critically damped responses. The results of settling time are
summarized in Table 5. It can be observed that as the value
of 𝜁 is increased from 0.1 to 0.6, the underdamped response
is improved with smaller settling time. This response is in
good agreement with the presented theory. Additionally,
for 𝜁 = 1, the response is critically damped with further
improved settling time as presented in theory. These results
show the good dynamic performance of the SM controller
with distributed architecture.
3.3. Fail-Safe Performance of Distributed Control Architecture.
A significant improvement in the distributed architecture is
that it provides high reliability. To prove this claim, a threesource DC microgrid shown in Figure 19 is simulated for fault
condition and shown in Figure 20. The parameters of each
source are the same as given in Table 1. Source-1 and source-2
are connected to the load through connecting line resistances.
But source-3 is directly connected to the load. At steady state,
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Figure 17: Transient response when a step load of 3 Ω is applied at
0.5 seconds.
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Figure 15: Node voltages and source currents with a distributed
architecture using SM controller.
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Figure 16: Source 1 with 25% and source 2 with 75% load sharing of
the rated load.
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the voltage across the load is 47.04 V. The three sources supply
3.915, 3.91, and 3.93 A. The maximum deviation observed in
the supplied currents is 2.25%.
If one source becomes faulty, the capacity of the other
two sources is enough to satisfy the load. Failure of source2 is simulated by removing its power supply at 0.5 s. Under
this fault, the voltage across loads and the supplied currents
by sources are shown in Figure 20. After this fault, the
system reaches the steady state in about 25 ms. The voltage
across loads is maintained at 47.35 V. The supplied current

48
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46
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0.5

0.55

0.6
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(d) Critically damped response (damping ratio = 1)

Figure 18: Voltage response of a source when load resistance is
changed from 6 to 3 Ω at 0.5 seconds.
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Figure 19: A three-source DC microgrid.
Table 4: Connecting cable parameters of DC microgrid.
𝑅line1 = 0.5 × 205 mΩ
1.92% V/V, 1.9% A/A
1.95% V/V, 1.925% A/A
1.99% V/V, 1.95% A/A

48
47
46
0.4

𝑅line1 = 1 × 205 mΩ
2.05% V/V, 2.24% A/A
2.08% V/V, 2.25% A/A
2.12% V/V, 2.75% A/A
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Time (seconds)

0.65

0.7
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0.6
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Current (A)
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0.3998

0.39985
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0.39995
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Figure 21: Sliding surface with chattering and control law.
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Figure 20: Transient response during fault on source-2 at 0.5
seconds.

by source-1 and source-3 is 5.91 and 5.93 A, respectively.
This corresponds to 1.5% deviation in the supplied current.
This confirms the performance of the distributed architecture
using SM controller during source failure. To show the effect
of chattering produced, the sliding surface of a source is
simulated and shown in Figure 21. Figure 21(a) shows the

produced chattering which is controlled using a hysteresis
band as defined in (37). The value of 𝑘 is selected as 100 based
on the criteria reported in [51]. Figure 21(b) shows the control
signal which is used to operate the converter switch.
3.4. Problems in Distributive Sliding Mode Application. The
delays in the communication channel will directly affect
the transient behavior of the system, while the steady-state
response is not affected by the communication delays. Further, the SM controller is realized through analog integrated
circuits. The following are some design issues in analog
implementation.

14

Mathematical Problems in Engineering
Table 5: Voltage dynamic behavior for different values of 𝜁.

Damping
ratio 𝜁

Sliding
parameter
(𝛼, 𝛽)

𝜁 = 0.1

(0.28, 100)

0.05 s

Response type
Underdamped

(50 ms)

𝜁 = 0.3

(0.85, 100)

𝜁 = 0.6

(1.7, 100)

𝜁=1

Settling
time

0.04 s

Underdamped

(40 ms)
0.03 s

Underdamped

(30 ms)
(2.85, 100)

0.02 s
(20 ms)

Critically
damped

(i) Selecting the variables is a serious concern because
selecting more variables results in more computations
and sensing required which will increase the complexity of the system.
(ii) Selecting the integral and derivative of the variables
involves noise sensitivity. These variables are desired
to be indirectly controlled; for example, 𝑑𝑉𝑐 /𝑑𝑡 can be
achieved through sensing capacitor current.
(iii) The produced chattering is a big challenge in SM.
It produces excessive switching losses and limits the
selection of the switching device.
(iv) Restrictions of the analog components (e.g., slew rate,
bandwidth, and saturation limits) need to be carefully
considered for the proper control operation.

4. Conclusion
A distributed architecture using an SM controller is proposed
for proportional load sharing and stability of DC microgrids.
DC microgrids are a reliable method to provide efficient
power to the consumer in the presence of renewable sources.
Droop controllers which are local controllers can achieve
good load sharing at the cost of voltage regulation. Further,
voltages at different nodes of the DC microgrid are not the
same. So, it is difficult to achieve load sharing when the connecting line resistances among the sources are considerable.
A centralized controller can achieve these objectives using a
high speed communication link. However, it loses reliability
due to the single point failure. Additionally, these controllers
are realized through proportional integral (PI) controllers
which cannot ensure load sharing and stability in all operating conditions. To address limitations, a distributed architecture using an SM controller utilizing low bandwidth communication is proposed for DC microgrids in this paper. A
system model is developed and its transversality, reachability,
and equivalent control condition are verified. Furthermore,
the dynamic behavior of the modeled system is investigated
for underdamped and critically damped responses. Detailed
simulation results showed good performance of the proposed
controller.
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