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Sliding Mode Control Strategy for DC Microgrid Powered
by Wind Energy, Diesel Generator and Energy Storage
System with Pulsating Loads
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Abstract — This paper examines the use of sliding mode control (SMC) to enhance the operation of a DC Microgrid
that includes wind energy, a diesel generator, and battery backup. The integration of renewable sources like wind
introduces instability due to their intermittent nature. To address this, the Microgrid incorporates a diesel generator
and battery backup to improve reliability and resilience during periods of low renewable energy. SMC is proposed as
an effective control strategy for managing these challenges, offering benefits such as disturbance rejection and quick
response. Through detailed simulations, the study demonstrates that SMC significantly improves the stability and
performance of the Microgrid under various conditions. This approach highlights the potential of SMC to create

more efficient and sustainable energy management systems in Microgrids with diverse energy sources.
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1. INTRODUCTION

The integration of RES into microgrid systems has
drawn a lot of attention lately because of the increased
demand for robust and sustainable energy solutions. DC
microgrid offer a promising platform for integrating
varied energy sources, such as PV system, wind energy
systems etc. while ensuring efficient power distribution
and management. However, the intermittent nature of
RES poses difficulties to the stable and reliable
operation of Microgrid, requiring the incorporation of
supplementary energy sources like diesel generators and
battery backups. Conventional control strategies for
microgrid often struggle to effectively manage the
dynamic and uncertain nature of renewable energy
generation, leading to suboptimal performance and
reduced system stability. In this context, sophisticated
control techniques, like sliding mode control (SMC),
have emerged as promising solutions for addressing
these challenges. SMC offers robustness against
uncertainties and disturbances, making it well-suited for
regulating the operation of microgrid with intermittent
renewable energy sources.

Several studies have investigated the application of
sliding mode control in various power system scenarios,
demonstrating its effectiveness in achieving desired
control objectives. For instance, proposing a SMC
strategy for wind energy generation systems with PMSG
(permanent  magnet  synchronous  generators),
highlighting its capacity to enhance system stability and
execution [1]. Advanced control architectures for
intelligent Microgrid, emphasizing the role of control
strategies in improving power quality and energy
storage management [2].
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Despite these advancements, there remains a need
for further research to explore the execution of SM
control specifically in DC microgrid systems with
multiple energy sources, including wind, diesel, and
battery storage.

This paper seeks to close this gap by looking into
the use of sliding mode control in optimizing the
operation of a DC microgrid incorporating a diesel
generator system, wind energy system and battery
backup. The effectiveness of the suggested sliding mode
control strategy will be assessed via in-depth simulation
studies and experimental validation, with an emphasis
on improving system stability, efficiency, and reliability.

By leveraging the advantages of sliding mode
control and integrating it into DC microgrid systems,
this study aids in the advancement of more robust and
resilient energy management solutions capable of
accommodating diverse renewable energy sources.

In this research gap is available as the wind energy
module is used to serve the system load and the
generator is used in combination. The controller
robustness makes the controller more accurate for the
DC microgrid the behavior pattern is studied in this
paper with wind and the diesel generator.

2. DC MICROGRID MODELLING AND
CONFIGURATION

2.1 DC Microgrid Configuration

DC microgrid systems are structured configurations
designed to efficiently distribute and manage power
within a localized area. These systems are composed of
various components interconnected through a DC bus,
facilitating streamlined power transfer and enhanced
controllability [3]. Key elements of a typical DC
microgrid include loads, power sources, and energy
storage systems. The power sources in a DC microgrid
often comprise renewable energy generators like
photovoltaic (PV) arrays, fuel cells, and wind turbines,
along with conventional sources such as batteries or
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diesel generators [4]. The PV array, for instance,

converts solar energy into electrical power, while the

fuel cell system utilizes chemical reactions to generate

electricity [5]. Wind energy is transformed into

mechanical power by the wind turbine, and converters

convert this power to electrical power.
Figure 1 shows a overall schematic construction of

the DC microgrid, which includes:

a. DC sources: These comprise diesel generators with
the appropriate converter and wind turbines.

b. DC storage units; These comprise BESs and
supercapacitors that have converters added.

c. Empties among these are DC-compatible loads.
Through charge and discharge, the BES serves as
the primary component for voltage regulation of a
DC microgrid, maintaining power balance of
system [6].
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Fig. 1. Configuration of DC microgrid.

In a DC microgrid, excess electricity causes a
surge in bus voltage and vice versa [7]. As a result, the
controller keeps the DC microgrids power balance stable
by discharging the BES when there is deficit power and
charging it when there is extra power. The equation that
follows can be used to express power balance on a DC
microgrid:

M

Where, Peergy storager Fsource aNd Progq are the power of

loads, DC sources, and battery energy storage devices,
in that order.

PE:lzs:l'g_}'Sro:l'ﬂgs = P_E'ou:l'cs - PL-oﬁd

2.2 Modeling of DC MG Components
2.2.1Modeling of wind energy conversion system

Figure 2 depicts the wind power generation module
model. It is a system that uses a generator to produce
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electrical energy and transform wind energy into
mechanical energy. The electrical DC grid side and the
generator side make up the two main sections of this
system. The generator side control is the main topic of
this work.

T T
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Wind Turbine
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Fig. 2. Wind turbine with PMSG.

2.2.2Mathematical modeling of wind turbine

Equations (2) and (3) can be used to express the wind's
kinetic energy and power,

E =-my? [pAvt)vz = —pA'u t

2

)

F, = % = %PAVB = p(mR, )v* = %anbzva 3)
Where E,;, is the wind's potentially useful power, Ry, is
the wind power turbine's radius, A is the area the wind
travels over, v is the wind's velocity, and t is the time. E
is also the wind's kinetic energy. The wind's power as
indicated in Equation (3) only represents the wind's
maximum potential power. Actually, only a portion of
this potential power can be generated by the wind
turbine into electrical energy. The Cp (power

coefficient ) is the ratio of the power produced by the

module of wind to the mechanical power that the turbine

can produce. The output coefficient has a maximum

value of 59.26%, often known as Betz's limit. However,

its real value falls between around 25 and 45%, as

shown in the following expressions [8, 9].
P

c
PP,

(4)

]

c @ﬁ)—fl( Caﬁ_fq)e 4,
1 1

B 0.035
A, A+0088 pBP+1

(®)

In this case, B is the blade pitch angle, A is the tip
speed ratio, £1=0.5, £3=116, €3=0.4, c4=5, and c5=21.
The mechanical energy that can be recovered from the
wind for wind power turbines can be expressed using
Equations (3) and (4), as shown below:

P = 3PTR, G, (4, f)V ®)

Figure 3 depicts the power output for each wind
speed based on how quickly the rotor rotates.
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Turbine Power Characteristics (Pitch angle beta = 0 deg)
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Fig. 3. Turbine speed v/s output power.

As may be observed, Figure 3 shows how wind
speed affects the maximum output energy. The
generator rotational speed at its highest output energy is
known as the optimal rotor speed (Wgopt = Wrep).

MPPT (highest power point tracking) is a technique
used to maintain this speed at each wind speed in order
to acquire the maximum output energy [10, 11].

One of the key components in MPPT algorithms.
Figure 4 is the voltage reference (v,.f ). Vy.or provides a
stable reference voltage against which the voltage output
of the wind module is contrasted, enabling the MPPT
controller to adjust the operating point of the solar
panels accordingly. Through constant monitoring of the
maximum power point (MPP), of the wind module,
MPPT controllers ensure the system functions as
efficiently as possible, thereby maximizing the energy
yield.

The fundamental idea behind MPPT with V,..¢ is to
alter the wind module operating point and track the
resulting shift in power output. To accomplish this
optimization, a number of methods have been devised,
including fractional open circuit voltage, perturb and
observe (P&O) and incremental conductance. To set the
reference voltage for comparison and decision-making,

these algorithms rely on Vy.o 7 [12].

Reading V(k).I(k)
Power P{k)=V(K)*I(k)
AV =V(K)-V{k-1)
dP= P(k)-P(k-1)

Fig. 4. MPPT algorithm.

2.2.3Modeling of diesel generator (DG)

Like a lot of electromechanical systems that generate
electricity, a DG may be broken down into three
fundamental components (Figure 4a): the automated
voltage regulator (AVR), the prime mover (PM) and the

synchronous generator (SG), which is made up of an
engine and a speed governor (Figure 4b). A steady speed
operation is guaranteed by the speed governor, while the
AVR maintains the generated voltage under various load
conditions.
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Fig. 4a. Diesel generator interconnection, 4b. diesel prime
mover block

2.2.4Prime mover modeling

A simplified representation of the prime mover structure
is provided in Figuredb. First-order transfer functions
that are basic and have temporal constants T1, T4, and
T3 are used to simulate speed sensing, crankshaft
dynamics, and the fueling actuator in that order,
respectively. With the integrator and proportional gains
kp and k;, respectively, the governors, it is described as
a straightforward Pl controller [13] — [16]. As the
current study focuses on the formulation of the diesel
generator's state model, the TF G1(s), G2(s), and G3(s)
shown in Figure 2 are arranged in a compact space form.

pXp = ApXp+ BplUp

)
Yp =Cpkp

di=*
Where,p =% the derivative operator is this. The

linear system theory's observable canonical realization is
used to obtain (7). The matrices and model vectors
(state, input, and output) are provided by (8)—(10).

Xp =[x - x5:|T; Up = [Qyer T (8)

Every quantity is stated using the per unit approach. The
state space variables x;, X3 and X5 are respectively,
three factors: crankshaft rotation speed, fuel rack
position, and mechanical torque, while x;and x4 are
some intermediate state variables.
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2.2.5Synchronous machine modeling

Large disturbance tests that synchronous generators are
known to be safe to use, like load rejection and open
armature circuit field short-circuit test, have been
selected for this investigation [17]. As a result, this work
provides an overview of the model of the SG known as
the hybrid state, which was created in [17] and is ideally
suited for estimating performance following the
previously specified decrement tests. It is possible to
express the SG flow and voltage equations in matrix

forms (11)—(12).
gl a

* Flux equations:
vl [wnz 053 D[‘}’s]
+
] (ﬁdn 032 O3l 1%, (12)

A

* Voltage equations:

7= [o. %
v.|=lo., R,

Where:
Y=g Y7 5 Wr=[r ¥p Pol” (13)
V, =[vq4 UQ]T i V.= [vf 0 O]T (14)
I =[ig ig]" ; Ly=1[i ip ig]" (15)

Using (11)—(12) and the technique established in [17],
the so-called synchronous machine hybrid state model is
stated in state space compact form (16):

pXg = AgXg +BgUg

(16)

With,

XG = l‘pr

Yo =[i; vq (17)

The primary matrices of this state model, AG, BG,
CG, and DG, are provided in [17]. The reality that the
state apparatus (7) is unbending is an intriguing
observation. In actuality, the speed dynamic and the
electrical torque in (7) are a straight line, as seen in [17]
for the full load rejection test.

©)

3. CONTROLLER METHODOLOGY FOR
DIFFERENT SOURCES

3.1 SMC Methodology for Wind Energy

A design process that ensures null overshoot, the
intended settling time, and system stability is required
for the SMC to operate. Therefore, during this design
phase, every part of the control feedback loops,

including the requirements of the MPPT Vp.r

algorithm, SMCs, gains, etc. must be taken into account.
Wind voltage behavior can also be explained by
including the reference and derivative of voltage error in
the switching function, or V4. The input capacitor's

current (icm)can be measured to determine the

voltage derivative. The MATLAB/SIMULINK Model
presented in Fig 6. The primary benefit of using such a
switching function is that it allows for wind voltage
regulation without the need for extra controllers that rely
on linearized models. Therefore, the surface and
switching function are given in Equation (18) form the
basis of this work and enable the investigation of wind
voltage stability when load, environment, and reference
fluctuations are present.

Y = (Vyina — Vrsf}'kl tig, ks A @={¥=0} (18)

It is important to notice that this kind of switching
function, ¥, is similar to the equivalent switching
function used in [18]. To ensure stable SMC behavior
and accurate MPP tracking, this design, however,
focuses on offering a novel analytical and draft approach
for the controlling, eschewing all of the simplifications
employed in [19].1t is noteworthy to mention that this
type of switching function, is comparable to the one
used in [20], which is an equivalent switching function.
To ensure stable SMC behavior and accurate MPP
tracking, this design, however, focuses on offering a
revised procedure for control system analysis and
design, excluding all of the simplifications employed in
[20].

. d .
ICE-,! =Cz'n' Zi _Iwmd — 1 (19)
di.
W ZL'.::_:LZ winda — Vp-(1 —u) (20)

Capacitor current modeling could be done using
the untangled single diode model [19], [18]. The thermal
voltage in this model is dependent on the wind
temperature and is represented by the variables i..
(short-circuit current) and ,- (diode saturation current)
[20]. This model's parameters can be calculated using
the numbers on the data sheet and the operating state, as
mentioned in [19], where the irradiance and the short-
circuit current are about proportionate, or iy, = k.. S.

i ige — Ig.(eYwing — 1) (21)

wind —

The wind turbine system model and the SMC
structure are included in the control system block
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diagram (Figure 5). The variable u is created by means
of a comparator that has a zero centre.
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Fig. 6. Wind turbine MATLAB model with SMC.
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Fig. 7 (@) Wind turbine power for 5KW load, (b) wind
current for 5KW load and (c) DC BUS voltage.

3.2 SMC Methodology for Diesel Generator

Sliding mode control (SMC) systems are a method for
building systems that can withstand changes in
parameters and external load disruptions. A high-speed
switching control rule is used to carry out the strategy. It
makes the path of the module follow a predefined course
in the state variable space, also called a switching or
sliding surface (a two-dimensional line). Reaching mode
is defined as the control that is aimed toward the
switching surface before the system actually reaches it.
When a system is in sliding mode, its response is
impervious to external perturbations and changes in
specific parameters [18-21]. Nonlinear systems have
been studied via the lens of the variable structure system
(VSS) hypothesis. Its primary characteristic is that the
error can be driven to a switching surface to initiate
sliding mode. Sliding mode controllers (VSCs) are
another name for variable structure controllers.
Essentially, VSC is made up of several discrete
continuous functions that connect the plant's status to a
control surface represented by equation,

xlt) = Ax(t) + Bu(t) (22)
Which can be stated as
x(t) =f(xtuw) (23)

The function vector is represented byf, and x
denotes the state vector, and the control input, which is
supplied to the switch, is symbolized by u. If S(x) = 0 is
the so-called sliding surface where the function vector is
discontinuous in sliding mode, then

_(ffxtu) if s=0
f(x’t’u)_{f[x,t,u) if s<0

Finding a control input u that will cause state

vector x to follow the intended trajectory x* is the
control challenge in sliding mode theory. Shape-wise,
the sliding surface is

Sx)=x, —x," (24)

If the initial condition is not met, tracking is not
possible in order to compel the sliding surface of the
system. You can accomplish this by
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Ss= —nl$| (25)

Where n depicts the positive constant and S is the
switching surface which fixes the output trajectories and
hits it in a finite amount of time [21].

4. SMC CONTROLLER MODELING
This is the condition that the controller is trying to give:

imV,(t) =V, (26)

=0

If V. represents the output reference DC voltages
and the controller's staging is independent of both abrupt
disturbances and system parameters in step-up
converters.

A sliding surface for sliding motion must be
identified for the purpose to implement a sliding control.
For this reason, the sliding surface described in equation
(27) is adopted.

S(x) =ky(x; — 1)+ ka(x2 — V) (27)

Where 1, and V.. are the fuel cell's reference current and
voltage, and k; and k, are the sliding surfaces constants.
The sliding mode is present when

S(x)=5S(x)=0 (28)

Two components make up the general control
structure U and u,,Ueq the equivalent control
component.

U=1u, + Uggq (29)
The equivalent control is obtained using
8s -1 ras
Uy =—[2B@] (Eax) (30)

Equation (27) can be differentiated with regard to
X; we may obtain the values of A, B, and S(x) in this
way S(x) as

Z = ks k] (31)

After solving we get

(705) [Epm——)

T [(ky Cxy—koLxy)]

And,

85 [~k XaRC+KaL(kyR—%5C
E‘q(x) - [ RLC } (33)

Put Equations (17) (18) in (15) we get u,, as

kX RC+HkAL (K R—25C)
k,xoRC—Eox, RL

ueqz[

] (34)
Similarly,
Uy = k3sign(s(x)) (35)

When S is set from (27) to (28), the resulting controlling
signal is

= [—klxgnc+;:gm.—ln—x3q
kyxnRC—kpx, RL

The combined MATLAB/Simulink Module of SM
Controller with diesel generator and buck converter is
depicted in Figure 8.
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Fig. 8. Diesel generator model on MATLAB/ Simulink with
buck converter.
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Fig. 9. Diesel generators output results (a) current of
generator, (b) power of generator, (c) output DC bus
voltage with SMC and PI control..

5. MATLAB/SIMULATION RESULT

]+k35ign(5(x) (36) MATLAB/ Simulink is employed to evaluate the

system's performance and model the overall system. As
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seen in Figure 10, the primary energy sources are wind
energy and diesel generator, with storage systems
consisting of a battery and super capacitor. The SMC
enables the DC grid voltage to revive again immediately
and to maintain the DC grid voltage at 150V. The wind
module is of total 12.3KW in combination with diesel
generator of 30KW energy source. The pulsating loads
attached with the microgrid at 1sec 5KW load is
attached, the current of the DC grid is increased to
33.33A.the result of output DC grid voltage and current
is shown in Figure 11. On 2sec another 10KW load is
added on now the total load on the system is 15KW the
current of the DC grid is increased 100A. On 3sec time
another pulsating load of 15KW is attached on the load
now the total load on the system 30KW now the current
of the system is increased to 200A.the total generation
of energy source is 42.3 KW and the combined load on
the module is 40KW.the SMC is the robust control
which maintain the DC grid voltage to a certain level of
150V. In order to maintain the grid voltage, the battery
and super capacitor's current, voltage, and SOC%
fluctuate together. Figures 12, 13, display the battery
and super capacitor's output waveform.

Fig. 10. Matlab/Simulink model of combined wind and
diesel generator with pulsating loads.

T

DG GRID VOLTAGE (V)
5

g
T

DG GRID CURRENT (A)
E 8 %
T

= 8
i

s
Time {seconds)
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Fig. 13. Super capacitor current, voltage and SOC.

6. CONCLUSION

This study shows the effectiveness of sliding mode
control in ensuring robust and reliable operation of DC
microgrid with a variety of energy storage devices and
RES, particularly in the presence of pulsating loads. In
the conclusion, SMC for a DC microgrid powered by
diesel generator, wind turbine, with energy storage
system on pulsating loads is discussed. We have
demonstrated through rigorous simulations and analysis
that, as compared to typical Pl control approaches,
sliding mode control delivers higher performance in
monitoring  intended  set  points,  minimizing
disturbances, and enhancing system stability. The
knowledge gathered from this study not only advances
microgrid control strategies but also has practical
applications that could lead to more robust and
sustainable energy systems. Moving forward, further
investigations could focus on refining control
algorithms, integrating advanced predictive techniques,
and validating experimental results to accelerate the
transition towards smarter and more efficient microgrid
solutions in the renewable energy landscape.

7. FUTURE SCOPE

In future the combination of solar PV, fuel cell, wind
generator and diesel generator is used and controlled by
sliding mode control to check the voltage regulation.
System stability and robustness of the controller to
maintain the grid voltage in different loading conditions
(under load, full load and over load) as well as the input
change to RES (irradiance change with time to solar
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module, air wind speed changes with time to wind
module and hydrogen rate change to fuel cell module)
the controller behavior to maintain the grid voltage and
different comparative study with different controllers
like droop, adaptive droop, etc.
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