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Abstract.

This article is designed to control the stability and the effective operation in
a different entity of DC microgrid(MG) under varying climatic and load con-
ditions. The proposed MG contains primarily renewable sources including
photovoltaics (PV) commanded by a DC-DC boost converter additionally the
wind power conversion system with a turbine wind, a permanent magnet Syn-
chronous Generator (PMSG), a three-phase diode rectifier, and ultimately a DC-
DC buck-boost converter. In addition, this system also includes a battery energy
storage system (BESS) with a bidirectional DC-DC. The last component is the
variable DC charge. The general purposes of this paper are the following firstly,
obtaining the maximum power from PV and wind energy by using the perturb
and observation method and by operating the boost converter and the buck-
boost. Second, maintain the DC bus voltage as a constant value. Lastly, the
management of energy and storage by controlling the bidirectional converter.
The structure of energy conversion is elaborated by the mathematical model,
controlled by a nonlinear technique which is the integral sliding mode control
(ISMC). The robustness, performance, and efficiency are demonstrated with a
simulation in MATLAB/SIMULINK.

1 Introduction

The constant evolution of the energy sector has led to the development of innovative solutions
to meet the growing demand for electric energy while adhering to a set of key parameters.
The concept of microgrid (MG) has recently gained popularity due to its ability to integrate
distributed renewable energy resources, such as photovoltaic and wind systems, efficiently
and reliably [1]. Depending on the voltage of the connected bus, MG can be represented as a
DC, AC, or hybrid AC/DC MG type [2]. With the rising presence of DC-output renewable
energy sources and DC loads in MG, DC MG has progressively gained attention as a more
appropriate power supply mode for integrating DC components, providing greater stability
and commandability, which can solve the problem of fluctuating renewable energy output on
the distribution grid [3].

It is widely recognized that wind turbines and photovoltaic (PV) units are the most
popular renewable energy sources (RES) in an MG, with their varying power according
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to irradiance and wind speed. Moreover, the Battery Energy Storage System (BESS) has
become a crucial element of MG, as it helps to stabilize RES fluctuations by keeping the
excess energy and discharging it based on load requirements and also can help to maintain
a stable voltage on the DC bus [4], [5]. Successful control of a DC MG, is necessary to
manage these converters Effectively [6].

The integral sliding mode control (ISMC) is a nonlinear control method, that offers a
different advantage, including robustness, fast response, elimination of external perturbations,
and an easy implementation [7]. This article aims to design and implement an Integral Sliding
Mode Controller (ISMC) to optimize the operation of a microgrid that includes photovoltaic
(PV) panels, wind turbines, and Battery Energy Storage Systems (BESS). The study seeks to
improve the microgrid stability and reliability by ensuring that the ISMC effectively manages
the variation of power from the PV panels, wind turbine, and DC load while optimizing
the use of the BESS for energy storage. The article will also assess the ISMC’s robustness
against disturbances and uncertainties through simulations to validate its performance across
various weather and load demand conditions. All the diver’s objective is obtained by the
implementation of ISMC, firstly, for the boost converter with the PV generator to maintain
that the voltage output of the PV panel follows the reference, which is obtained with the
MPPT. In addition, the regulation of the buck-boost converter in order to get an optimal
angular speed that is generated by the MPPT. And finally, the control of the bidirectional
DC-DC converter ensures the stability of the DC-bus at the desired value. The structure of
this article is presented in Section 2, also in this section, we will present the configuration and
the model of the isolated DC MG. The objectives and the conception of the nonlinear controls
for all the components are presented in Section 3. The simulation results are developed in
Section 4, and a conclusion is submitted at the end.

2 System configuration and modeling

The following figure represents the general structure of our DC MG, which is composed
of a photovoltaic unit connected to the DC bus with a DC-DC boost converter bias and a
wind power generation connected to the DC bus through a diode rectifier and DC-DC buck-
boost converter. Additionally, a BESS unit is utilized, and it is connected to the DC bus
through a Bidirectional DC-DC converter, which can operate in charging or discharging mode
respectively to the charge demand. Variable DC charge is connected to the DC bus. The DC
bus has a Nominal voltage of 200 V.

BESS Bidirectional DC-DC converter

Figure 1. The general structure of MG.
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2.1 Functional principle

The proposed MG operates in Island mode, the DC bus voltage and the power stability are
maintained by a bidirectional DC-DC converter based on a different operation in the MG.
Power should be regulated under varying load demands, which can be presented as follows:

Puina + va + Pbattery = Proad (1)

Where Pina, Ppy »Ppasiery and are used to express the power of the wind generator, PV
generator, power of battery and power of DC load respectively. The dynamical model of all
the components of our MG are presented in the following sections.

2.2 Modeling of PV unit with the DC-DC boost converter

Based on Fig.1, the dynamical model of the PV system related to the DC-DC boost converter
can be illustrated by the succeeding differential equations. [8]:

dvp, . .
dt = C_pv'(lpv - leU) 2
diL v 1 . .
d_tp = L_~(vpv —lpy — va~lev = (1 = u1).vac) 3
pv

Where v), is the output voltage and i, is the output current of the PV unit, iy ,is input
current, C), represent the filtering capacitor, R, is the internal resistor and i, is internal
inductor of the boost converter,u; is the PWM input control signal, vy, illustrate the DC-bus
voltage and C,, is the DC-bus capacitor.

2.3 Modeling wind turbine and PMSG with a buck-boost converter

The aerodynamic power obtained from the wind turbine is expressed in by the mathematical
relations below [9]:

1

P, = E.Cp(/l, B).¢.n.R* v 4)
1 Q.R 5
Uy

Where v, is the wind speed, C,, is the power coefficient, R is the blade radius, 8 represent the
pitch angle, is the tip speed ratio, Q is angular speed and ¢ is the air density. Equation.5 shows
that the power will reach its maximum for a given wind speed when the power coeflicient C),
= Cpmax - The power coefficient of the turbine is a non-linear function of A and 3 [10].

116

— -
1 1 0,035
L A+0088 B +1

For =0, 8 = 0 the maximum power coefficient takes the following value C,= 0.5278 which is

equivalent to A,pima= 8.016. The PMSG modeling in two-phase reference d-q is presented
in [11].

C, =0,576.( 0,48 - 5)exp (6)

N
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The rotational dynamic law for the mechanical shaft is the following:

dQ

J== = Ty = Ty = ®)
Where T, is the mechanical torque, T, is the electromagnetic torque, J is the inertia
and f is the viscous damping. The dynamic model of PMSG in the two-phase d-q reference
frame is developed in [12]. As shown in Fig.1 the AC power which is generated by the PMSG
is converted through a diode rectifier to DC power. Subsequently, this power is delivered to
the DC-bus via the DC-DC buck-boost converter. Consequently, the dynamic model of the

buck-boost converter is characterized as follows [13].

dv, 1 . :

E = C—m-(lr — U.iry) 9
dip, 1
7 L—w-(uw.vr (u2 = 1).vac) (10)

Where the v, is output DC voltage of the diode rectifier and i;,, is the current witch crosses
the L,, inductance and u, is the PWM input control signal. Remark 1. The optimal angular
speed method is used in this article to obtain the MPPT due to its rapidity and simplicity [9].

2.4 Modeling the BESS unit with the bidirectional DC-DC converter

The fig.1 depicts the electrical circuit of the BESS unit in combination with the bidirectional
DC-DC converter. The dynamic model of this converter is the following [5]:

di 1

% = L—h,(Ub - Rb.ib - u3~UdC) (1 1)
doge 1 o
% - Cue (1 = u3).ip = ijpaa + iopy + low) (12)

Where v, is the battery’s output voltage, i, is the converter output current, L, and R;, are
the inductance and the resistor successively and u3 is the input of control for bidirectional
converter. The dynamical models of the different MG components are used to design the
controllers; the full controller design process is covered in the following section. Remark 2.
In this article, we will use a lithium-ion battery and constant voltage (CV) mode [14].

3 Control structure design

The principal objectives for the ISMC are to reduce the steady-state error and to improve
the robustness. The proposed ISMC in this section aims to generate the PWM input control
signals for all the converters in our MG architecture. These subsections present the ISMC
design for all the components in our MG.

3.1 Control design for the boost converter with PV unit

The main objective of the boost converter interfaced control is to maintain the output voltage

of the PV generator at the reference value v),,, which is specified by the perturb and observe

MPPT algorithm. the proposed sliding surface is:

51=K1.€1+K2.f62 (]3)

4
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Where K; and K, are a positive constants and e is steady-state error witch equals :

er = vp = vy, (14)
Let’s examine the Lyapunov function and its derivative:
1
V(S)) = E.S% (15)
V(S1) =51.51 (16)
From the equations.2 and 3 we found:
S1= C_]-(lpv - lev) + KZ'[Uva + va~lpv + (1 = up).vge — Upv] (17
pv
K. . .
V(Sl) = Sl[C_~(lpu - lev) + K2~[Uva + va-lpv + (1 - ul)~vdc - Upv]] (]8)
pv

The condition of stability is V(S;) <0

Let’s choose the control law S ; such that the time derivative of are governed by:
St =—Ks.sign(S) 19)

according to equations.17 and 19,the general law command is:

1 , . K. . K3 .
U = J.[(UL[,U + Rpu~leU - vpv) + m.(ll,v - leU) + Estgn(Sl)] (20)

3.2 Regulation design for the buck-boost converter interfaced with the wind
generator

The major goal of DC-DC buck-boost converter regulation is to preserve the following ref-
erence angular speed Q,psima by the MPPT algorithm and to maintain the output voltage of
diode rectifier at the reference value . The proposed sliding surface is:

S, = Ky.er + Ks. fe3 (21)

Where K4 and K are a positive constants and , are the steady-state errors witch equals :
e =0, — U, (22)
e3=Q— Qo;xotimal (23)

Remark 3. The electrical power P, at the output of the diode rectifier, in the case of a negli-
gible joule losses is equal to:
P,=-P, =v,., 24)

Where is P, the power extracted with the turbine, then the calculation formula of the

voltage reference v is:
—P.
o= (25)
iy
Remark 4. We applied the same Lyapunov stability demonstration as previously discussed
in part 3.1. on the wind generator with buck-boost converter, we found the following general

command law:

iy C )
Uy = 2 4 U Ky sign(S2) + Ks.e3] (26)
lLw K4-le

Where is positive constant.
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3.3 Regulation design for the bidirectional DC-DC converter of BEES

The primary purpose of the bidirectional DC-DC converter control is to regulate the DC-bus
voltage at the desired value ( v}, =200V ) and to manage the power demand between the
power generators and the variable power load. The ISMC control strategy applied is the
following:

We define the steady-state error with:

e4 = Vge — Uy 27)

c

Defining the sliding surface:

S3 = Kq.e4 + Kg. f€4 (28)

Where K; and Ky are a positive constants.Remark 5. We applied the same Lyapunov
stability demonstration as previously discussed in part 3.1. on the BEES with a bidirectional
DC-DC converter, we found The general law command is:

iopv + iow + iload + Cdc
ip Koy

uz =1+ [Kg.eq + K9.sign(S 3)] (29)

Remark 6.The global Lyapunov function is the sum of the Lyapunov function for the three
systems, the following function present Vyopar:

Vytobar = 77 V(S)). (30)
|
Voioha = 5- %2 87, 31
The derivative of the Lyapunov function is:
|
Viohat = 5 288 (32)

The condition of stability is Vyppu < 0
The global sliding mode control law is presented by:

S giobar = —K3.5ign(S 1) — Ke.sign(S2) — Ko.sign(S3) (33)
By substituting equation (32) in equation (31) we found:
Vgiovat = S 1(—K3.5ign(S1)) + S 2(=Ks.sign(S»)) + S3(=Kyg.sign(S 3)) (34)

Since S;.sign(S;) = |S;| with (i=1,2,3) and the |S;| is the absolute value of §; the equation
become:
Vgiobar = (=K3.1S 1] — Ke.|S 2| — Ko.IS3]) (3%

We have K3, K¢, K9 are positive constants and [S ], [S [,|S3/>0 .This shows that V. < 0
that improve the system stability.

4 Examination of the controller performance

The performance examination of the proposed control structure for our isolated DC MG, as
illustrated in Fig.1, was done in MATLAB/SIMULINK software. The control parameters,
DC block diagram, and multiple case studies of the test MG system are presented in the
following subsections.
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Parameters Values or Type

PV generator Photovoltaic module 1Soltech 1STH-215-P
Parallel strings, series-connected 14,4
Ximum output power P, 10.43 kw

Cpu > va’ va

200 uF,5mH,10 mQ.

‘Wind unit R,v,, Puing 4 m,12 m/s, 25.5 kW
PMSG R, Ly L, 50 m, 0.6 mH

oy 1.7 Vs

Cy,Ly 500 uF, 1 mH
Battery lithium  v,0) 100V, 100 Ah

Rb,Lb 1mQ, 10 mH

Ude 200V

Cac 5000 u.F

DC Load 10Q,6 Q

Table 1. Electrical parameters of DC microgrid.

4.1 Simulation parameters

The following table (Table.1) presents the set of electrical parameters for the DC microgrid:
The following table shows the ISMC parameters control: In this work, to confirm the

J (PWM)

10 KHz

DC-DC boost converter (ISMC)

K] =40 ,K2=50 ,K3=100

DC-DC buck-boost converter (ISMC)

K4=1.33%10""2 K5=10""% ,K(=2.10°

Bidirectional DC-DC converter ISMC

K7;=10"% K3=10"° ,Ky=2.10"

Table 2. ISMC parameters.

efficacy of the developed controller in regulating the DC-bus voltage while delivering power
to load, we chose a diver state of a variable generation and load power in the following sub-
section. The variable weather conditions during the simulation are presented in the following

table:
Time (s) 0-07 07-1 1-2 2-25
PV generator  Solar irradiation( w/m?) 1000 200 200 200
Temperature (deg) 25 25 25 25
Wind unit Wind speed (m/s) 10 10 8 8

Table 3. Weather conditions.

4.2 Simulation results

The following figure shows the regulation results of PV output voltage, before 0.7s with
an irradiance equals to 1000 (w/m2) the voltage closely follows the reference voltage v, .
After an irradiance change to 200 (w/m2) at 0.7s, fluctuations increase but remains near the
reference For the wind regulation, the results of the simulation for the angular speed and
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Figure 4. The rectifier output voltage.

output voltage of the rectifier are shown in the following figures respectively:

The angular speed in Fig.3 illustrates precise tracking of the optimal speed generated by
the MPPT. Similarly, in Fig.4 the voltage output follows its reference, maintaining consistent
regulation despite the variation in wind speed from 10m/s to 8m/s. This shows the robustness
of the ISMC, ensuring that both mechanical and electrical parameters adjust effectively to

changes in wind conditions.

For the simulation results for the BESS unit with the bidirectional DC-DC converter, the
following figures show the variation of power flow under the weather the demand of load
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during the time, and the DC-bus voltage respectively: The following table presents a full

x10*

2 Phbattery | |
——Ppv
15 ’I‘ J ——FPload | |
Pwind
= 1 4
£ )
-
5 0sf u -
2
o
o 0 -
A |
-1 \4 //T—‘——‘ 1 I 1 =
[ 05

Time({s)

Figure 5. Powers.

200 - T I I T

150 |- .

S 0l |
T 100} 1

Time{s)

Figure 6. Common DC-bus voltage.

overview of the set variation for power during the time: Fig.5 and Fig.6 show that the bus

Time (s)
Power flows (Kw) 0-0.7 0.7-1 1-2  2-25
P, 10.43  2.050 2.050 2.050
Puina 14.7 14.7 7.560 7.560
Pratiery -5130 3250 10.39 -2944
Piowd 20 20 20 6.666

Table 4. Power flow.

voltage regulation accurately tracks the reference value of 200V, showcasing the performance
of the ISMC. Additionally, energy management between demand and generation is efficiently
maintained through the bidirectional DC-DC converter, which enables the battery to adjust to
energy fluctuations by either charging or discharging as required, thereby ensuring microgrid
stability.
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5 Conclusion

In conclusion, the implementation of ISMC has effectively achieved all the set objectives,
proving its capability to optimize the performance of our MG system. Through the applica-
tion of ISMC to the boost converter connected to the PV generator, the output voltage was
accurately regulated to track the reference derived from the MPPT algorithm. Moreover,
the buck-boost converter was successfully managed to maintain the optimal angular speed
of the wind turbine, ensuring maximum power extraction. Finally, the bidirectional DC-DC
converter effectively stabilized the DC-bus voltage at the desired level, enhancing the over-
all stability of the microgrid under varying weather conditions. Simulations confirmed the
ISMC resilience and fast response, making it a robust control method for managing power
fluctuations from renewable energy sources and optimizing the use of Battery Energy Storage
Systems (BESS).
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