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Abstract: This paper investigates the design of a robust non-linear backstepping controller for the DC-AC microgrid 

comprising a photovoltaic source and a battery energy storage system with grid integration, all feeding a non-linear 

load, to improve its power quality and dynamic stability. A unidirectional DC-DC boost converter and a bidirectional 

back boost converter are used on the DC side to connect the photovoltaic module and battery storage to the DC bus. 

The three phases of the voltage source inverter are connected to the electrical grid via an inductive filter on the AC 

side. The control objectives are fourfold: i) Produce the maximum power from the photovoltaic system regardless of 

variations in weather conditions (temperature and irradiation); ii) Keep the DC link voltage constant and close to a 

given reference value under various conditions to ensure a balance of power between the DC and AC sides; iii) Active 

power control by injecting excess power into the grid; iv) Propose an energy management strategy to optimize the 

energy consumption of each source: the solar source, the grid, and the battery storage. Simulation results under 

different operating conditions, parameter variations, and load disturbances are presented and discussed to verify the 

performance satisfaction of the proposed controllers. An improvement in the overall dynamic performance of the 

microgrid is demonstrated, with a reduction in voltage overshoot (4.8%) and settling time (5.6ms) on the DC bus, 

along with reduced total harmonic distortion (THD) in grid current  (0.29%) when compared with the other controllers 

in this work: the proportional integral controller (voltage overshoot (5.8%), settling time (15.5ms); grid current THD 

(6.53%)) and sliding mode controller(voltage overshoot (4.6%), settling time (15ms), grid current THD (3.53%). 

finally, several tests have been conducted on the proposed microgrid to evaluate the controller's efficiency in 

maintaining power balance during irradiation distortion and non-linear load imbalance. 

Keywords: Energy storage system, Buck-boost converter, Energy management, Renewable energy system, Robust 

control. 

 

 

1. Introduction 

Renewable energy sources (RES) are widely 

recognized for their effectiveness and resilience in 

reducing environmental pollution and promoting the 

generation of clean electrical energy. For example, 

Morocco has the goal to accomplish 52% of 

renewable energy by 2030 [1, 2]. However, due to the 

unpredictability of renewable energy sources, it is not 

possible to use them autonomously without 

integrating energy storage systems [3–5]. Batteries 

are widely used in microgrids due to their ease of 

implementation and availability, making them the 

most common energy storage technology. [6–8], as 

we need to store the surplus energy produced by RES 

and use it when production is insufficient to meet 

electricity demand. DC and AC converters are 

essential components in photovoltaic systems 

connected to microgrids. They serve as intermediary 

power supply units for storing the energy generated 

by the photovoltaic system [9, 10]. A unidirectional 

DC/DC Boost converter is included on the DC side to 

guarantee that the PV generator produces the 

maximum amount of power possible [11]; The 

battery storage system (BSS) is controlled by 

integrating a bi-directional buck/boost DC/DC 
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converter for charging and discharging. [12]. A three- 

 

 
Figure. 1 Detailed structure of the proposed microgrid system 

 
phase DC/AC voltage source inverter (VSI) is used 

on the AC side to ensure energy conversion and 

enhance the quality of the electricity [13].  

To guarantee the quality and efficiency of energy 

transfer, the operation of DC/AC microgrids requires 

complex energy control and management techniques. 

In DC microgrids, DC bus voltage stability is crucial 

[14], making it one of the principal objectives. 

Numerous linear control techniques have been 

proposed [15, 16] to enhance DC bus voltage stability. 

However, the proposed models ignore the non-linear 

nature of DC-DC converters, and their operation is 

limited to a small region. However, DC microgrids 

encounter dynamic operating points due to the 

intermittency of renewable energy sources. Thus, 

linear controllers are inadequate to handle fast 

transients, such as a sudden change in load demands 

or a sudden generation loss. In [17, 18], a nonlinear 

sliding-mode controller is utilized to regulate the DC 

bus voltage and control the amount of power injected 

into the grid to ensure the stability of a three-phase 

grid-connected PV system. Nevertheless, the 

controller exhibits reduced sensitivity to external 

disturbances and encounters a chattering 

phenomenon. 

In this paper, a robust backstepping control for 

grid-connected PV systems with battery energy 

storage is advanced to realize the following 

objectives:1) produce maximum power for the PV 

system. 2) Optimize the energy storage and buck-

boost converter regulation.3) Regulate the DC bus for 

power balance regardless of load changes, the 

unpredictability of renewable sources, and external 

disturbances.4) Guarantee the overall stability of the 

microgrid despite variations in photovoltaic power 

and non-linear load conditions. The system topology, 

including PV, battery, boost converter, buck-boost 

converter, and voltage source inverter, is simulated 

and analysed in MATLAB/Simulink. The proposed 

control is shown to have good tracking, with reduced 

overshoot, chattering, and settling time. 

This document is structured as below: Part 2 

describes the mathematical modelling of the DC/DC 

and DC/AC components of the microgrid. Part 3 

explains the control strategy of the power converter. 

Part 4 describes the formulation of the power 

management algorithm. Part 5 presents the 

simulation results of the proposed control method. 

Finally, part 6 summarizes the paper. 

2. The design of the proposed AC/DC 

microgrid system and the dynamic 

modelling of its components 

This section provides an analysis of system 

resources with modelling of their DC-DC and DC-

AC power converters, including mathematical 

expressions for resource output voltages and power 

converter state-space models. 

The system includes a PV module (100kw) and a 

lithium-ion battery connected to the common DC bus 

through a unidirectional boost converter and a 
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bidirectional buck boost converter as shown in Fig. 1. 

The converter is linked to the AC microgrid through 

a three-phase voltage-source inverter and an 

inductive filter, ultimately connected to the PCC. All 

these components supply power to a non-linear load. 

2.1 Modeling of solar PV unit with unidirectional 

boost converter 

2.1.1. PV array modeling 

The photovoltaic module comprises solar cells 

linked in series and parallel. Series connection 

ensures the necessary output voltage, while parallel 

connection boosts the output current. Various solar 

cell types are employed in photovoltaic systems, 

including the single diode and the double diode. The 

single diode is the most widely used circuit model, 

extensively studied in numerous research [19]. 

The mathematical equation describing the 

current-voltage characteristics of the PV module is as 

[20]: 

 

Ipv=Iph− Is (e
Vpv+RsIpv

aVt − 1)− 
Vpv+RsIpv

Rsh
            (1) 

 

Where: Iph , Is , and Ipv  represent the current 

generated by incident solar irradiation, diode reverse 

leakage current, and terminal current of the PV 

module. Vpv and Vt denote the thermal voltage of the 

PV module, which is calculated as Vt=kT/q; where q 

represents the charge of an electron (1.6 x 10-19 C); 

K is Boltzmann’s constant (1.380 × 10−23 J/K); T 

represents the module working temperature. Rp and 

Rs correspond to the Shunt and Series resistances of 

the PV module, respectively. Finally, a signifies the 

ideality factor.  

2.1.2. Model of DC-DC boost converter  

Boost converters are a type of switching DC-DC 

converter that step effectively step up the input 

voltage to a higher output voltage. This DC-DC boost 

converter is often utilized to match the PV generator 

with the DC bus while ensuring that the PV generator 

operates at its maximum power point (MPP) through 

the duty cycle (u). The following dynamic equations 

can be formed by successively applying the 

Kirchhoff laws with u = 1 and u = 0 to the boost 

converter circuit shown in Fig. 1. [21] 

 
dVpv

dt
= 

1

Cpv
Ipv − 

1

Cpv
iL               (2) 

 
diL

dt
= 

1

L
Vpv− 

1

L
(1-u)Vdc               (3) 

 
Figure. 2 Dynamic model of lithium battery 

2.2 Modeling of battery energy storage system 

with a bidirectional buck-boost converter  

Various energy storage technologies are available, 

each with distinct characteristics such as the storage 

medium used, response time, power density, energy 

density, lifetime, and efficiency [22,23]. The main 

objective of this study is to examine the applications 

of BES, which is one of the fast-response energy 

storage technologies. 

2.2.1. Battery energy storage modeling 

Battery energy storage is widely recognized as 

the oldest and most established storage system, where 

electrical energy is stored in the form of chemical 

energy [6]. A battery energy storage (BES) system 

comprises multiple cells connected in series and 

parallel. Each cell consists of a cathode and an anode, 

separated by an electrolyte. As the battery charges or 

discharges, electrochemical reactions occur within 

the individual cells, allowing the battery to either 

absorb or supply energy from/to the grid. 

The equivalent circuit diagram of a battery can be 

seen as a simple electrical model of a battery cell. It 

consists of the electromotive force E in series with the 

internal resistance indices  𝑅𝑏  of the battery. 

Applying Kirchhoff's law, we obtain the modeling of 

this battery where the voltage source E is described 

in Fig. 2. [24] 

 

Vb=E-Rbib               (4) 

 

E=E0-K
Q

i

Q- ∫ ibdt
+AeB ∫ ibdt             (5) 

 

𝐸0  represents the constant battery voltage. E 

denotes the open-circuit voltage. Q is the battery 

capacity, K is the polarization voltage, A is the 

amplitude of the exponential zone, I represent the 

current, idt is the actual battery charge, and b is the 

inverse of the time constant of the exponential zone. 

2.2.2. Bidirectional buck-boost converter modelling 

The battery is connected to the DC bus via the 

buck-boost converter, which consists of the inductor 
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𝐿𝑏 with its equivalent series resistance 𝑅𝑏 and two 

IGBT switches S1 and S2 as shown in Fig. 1. 

A bidirectional DC-DC converter is used with the 

BESS to maintain the balance between supply and 

demand in the DC microgrid by controlling the 

charging and discharging processes by applying a 

binary signal to the switch’s gates  𝑢𝑏 {0,1}. 

According to the SoC and load demand, it can work 

in either buck or boost mode When the battery is 

operating in discharge mode, the DC-DC converter is 

in boost mode (𝐼𝑏𝑟𝑒𝑓 > 0) and supplies power to the 

DC bus. At this moment, S2 is switched off and S1 is 

ON. When the battery works in the charging mode, 

the energy is transferred from the DC bus to the 

battery side. At this point, the DC-DC converter is in 

the buck mode (𝐼𝑏𝑟𝑒𝑓 < 0), where S1 is turned off 

and S2 is ON. 

we can get the whole mathematical model of the 

bidirectional DC-DC converter expressed as: 

 
dIb

dt
= 

1

Lb
(Vb − RbIb-ubVdc)              (6) 

 
𝑑𝑉𝑑𝑐

𝑑𝑡
= 

1

𝐶𝑑𝑐
(u

b
Ib−Idc)               (7) 

 

Where 𝐼𝑏  denotes the current output of the 

converter, VB represents the voltage at the battery 

terminal, 𝐿𝑏 signifies the inductance of the converter, 

𝑅𝑏  represents its internal resistance, and ub denotes 

the input converter command received by the 

controller. 

2.3 Modelling of voltage source inverter and filter 

The three-phase inverter is used to transform the 

voltage from DC to three-phase AC voltage [25]. The 

differential equations for each phase model the AC 

side of the conversion system. Considering inductor 

unsaturation and disregarding iron and copper losses 

due to skin effects, the filter equation Lf becomes:  

 

Va = Ria+Lf  
dia

dt
+ ea              (8) 

 

Vb = Rib+Lf  
dib

dt
+ eb              (9) 

 

Vc = Ric+Lf  
dic

dt
+ ec            (10) 

 

Using vector notation, these equations can be 

expressed in the frame of the d-q rotation as follows: 

Vd = RId + L
f
 
dId

dt
+LfwIq + Ed            (11) 

 

Vq = RIq + L
f 

dIq

dt
− LfwId + Eq            (12) 

 

According to the following equation, the 

converter's DC side is represented: 

 

Cdc
 dVdc

dt
= iL −  idc             (13) 

 

The DC link's current can be determined by the 

power on the AC side. Where: idc = 
2

3

Ed

Vdc
Id 

Since it is necessary for the power on the DC side 

to be equal to that on the AC side of the converter, 

the principle of power balance can be reformulated as 

follows, assuming that the converter suffers no power 

loss. 

 

Pdc = Pg  ,  Vdcidc = 
2

3
EdId            (14) 

 
 dVdc

dt
= 

1

Cdc
(iL-(

3

2
) 

Ed

Vdc
Id)            (15) 

 

Thus, the following equation can be utilized to 

represent the state space in d-q coordinates for the 

VSI, which is connected to the electrical grid via the 

L filter. 

 
 dVdc

dt
=

1

Cdc
(iL− 

3

2Vdc
EdId)            (16) 

 
dId

dt
= wIq− 

R

Lf
 Id − 

Ed

Lf
+ 

Vd

Lf
            (17) 

 
dIq

dt
= − wId− 

R

Lf
Iq− 

Eq

Lf
+

Vq

Lf
            (18) 

3. Proposed controller design  

This section presents the design of the proposed 

non-linear controller for grid-connected photovoltaic 

systems with energy storage batteries, as shown in 

Fig. 1. The control circuit is intended to accomplish 

three main objectives. 

Firstly, it aims to ensure that the photovoltaic 

module generates the maximum available power. 

Secondly, it maintains the intermediate circuit 

voltage at a fixed value to ensure power balance in 

the system, and finally manages energy by storing 

and releasing excess energy. Six control loops were 

used to achieve these objectives. Cascade current and 

voltage control loops on the PV side, intermediate 

circuit voltage control loops, active and reactive 

power control loops on the inverter side, and battery 

current on the storage side. The system is divided into 

sub-systems. The stability of each subsystem is  
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Figure. 3 Controller Bloc for boost MPPT 

 

obtained using the Lyapunov stability approach at 

different stages of the design process. 

3.1 Boost converter control design 

The primary concept of the nonlinear 

backstepping controller (BSC) is to iteratively create 

a control law. This approach aims to follow the 

maximum power point of a photovoltaic system (PV) 

and to adjust the output voltage of the PV generator 

according to the reference voltage produced by the 

widely used MPPT algorithm perturbation and 

observation (P&O), This is achieved by controlling 

the duty cycle μ of the boost power converter. 

Consequently, the boost converter control input is 

achieved using the dynamic model described by the 

Eqs. (2) and (3) 

The input command is expressed as follows using 

the backstepping technique [26], as in Fig. 3. 

 

u=
L

Vdc
[-C2Ɛ2+

1

Cp
Ɛ1− 

1

L
(Vp− Vdc)+α1̇]          (19) 

 

with: Ɛ1=Vpv− Vref; α1= Ipv+ Cpv(C1Ɛ1− Vref
̇ ); and 

Ɛ2 = IL− α1 

where C1 et C2 are the positive performance 

parameter of the backstepping controller. 

3.2 Bidirectional buck boost converter control 

design 

The dynamical model outlined by Eq. (6) is used 

to design the switching control input for the 

bidirectional buck-boost converter, see Fig. 4. To 

design the controller, the objective now is to find a 

suitable 𝑢𝑏 such that 𝑒𝑏 is 0. 

Step 1 

The tracking error between the battery current 

and its reference value is defined as follows: 

 

eb= Ib - Ibref              (20) 

 

The derivative of the tracking error with respect 

to time can be expressed as follows: 

 

eḃ=
1

Lb
(Vb − RbIb-ubVdc)-Ibref

̇            (21) 

 

Lyapunov candidate function and its time 

derivative 

 

Vb(eb)=
1

2
eb

2             (22) 

 

Vḃ(eb)= ebeḃ=eb[
1

Lb
(Vb − RbIb-ubVdc)-Ibref

̇ ]    (23) 

 

The command 𝑢𝑏  is chosen to obtain the 

following expression: 

 
1

Lb
(Vb − RbIb-ubVdc)-Ibref

̇  = -Kbeb           (24) 

 

The non-linear backstepping control law can be 

deduced as follows. 
 

ub=
1

Vdc
[Vb-RbIb+Lb(Kbeb-Ibref

̇ )]       (25) 
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Figure. 4 Controller bloc for buck-boost converter 

 

3.3 Voltage source inverter control design 

To ensure a smooth transfer of surplus power 

from the photovoltaic panel to the grid, the voltage 

source inverter is controlled by cascading the control 

of the DC link voltage and grid currents. This enables 

operation with a unity power factor. 

In the d-q synchronous reference frame (Eq=0), 

the mathematical model simplifies the injected 

powers, allowing active and reactive powers to be 

controlled by  𝑉𝑑𝑐   , Id and Iq respectively: 

 

P = 
3

2
(E

d
 Id + Eq Iq) =  

3

2
𝐸𝑑𝐼𝑑               (26) 

 

Q=
3

2
(E

d
 Iq − Eq Id ) =  − 

3

2
 𝐸𝑑𝐼𝑞          (27) 

 

The control block diagram using the 

backstepping strategy proposed in this article is 

shown in Figure 6. According to the mathematical 

equation in Eqs. (16-18), which models the dynamics 

of the converter, the following elements are 

considered: Voltages Vd and Vq are input commands, 

while the bus voltage DC and currents id and iq are 

regarded as outputs. The tracking errors of the the DC 

bus voltage, dq current axis are identified as the 

difference between the actual value of Vdc, id and iq 

and their references. 

Step 1: DC link voltage control 

The main purpose of the controller in this 

subsystem is to regulate active power while 

maintaining a constant DC link voltage at a reference 

value, regardless of any system disturbances. 

However, the reference value of the grid current Id 

depends on the total amount of active power provided 

to the grid, which is also related to the voltage of the 

DC link reference value. 

In the first step, the DC link voltage is stabilized 

by introducing the tracking error below: 

 

Ɛ3 = Vdc − Vdcref            (28) 

 

Time-derivative of the of the error dynamic (28) 

is defined as follows: 

 

 Ɛ3
̇  = 

1

Cdc
 (i

L
 −

3

2Vdc
Ed Id)            (29) 

 

Using Eqs. (28) and (29) Lyapunov function and 

its time derivative are rewritten as: 

 

𝑉3 =
1

2
Ɛ3

2
, V3̇ = Ɛ3Ɛ3̇ = Ɛ3 (

iL

Cdc
−

3

2Vdc
EdId)    (30) 

 

Tracking error Ɛ3  is stabilized at zero by 

considering Id as a virtual control input. It must be 

chosen in such a way that 𝑉3  becomes a negative 

definite function. If the virtual value of Id is 𝛼2 , it 

can be chosen as follows. 

 

α2=(Id)
d
  ,  α2 = 

2CdcVdc

3Ed
(C3Ɛ3 + 

iL

Cdc
)           (31) 

 

The choice of the virtual control input 𝛼2 

guarantees that Eq. (30) produces a negative 

semidefinite function, as demonstrated in the 

following equation:       V3 ̇ = - C3. Ɛ3

2
 

Step 2: active power control  

The virtual control 𝛼2 is not equal to the d-axis 

current in the first step, there is an error between 

them .to correct this error, another tracking error for 

the d-axis current and its time derivative as shown 

below: 

 

Ɛ4=Id − α2 ,   Ɛ4=̇  wIq-
R

Lf
Id-

Ed

Lf
+

Vd

Lf
- α2̇           (32) 

 

The Lyapunov candidate function and the time 

derivative can be defined as: 

 

V4 = 
1

2
Ɛ4

2 + V3 ,  V4̇ =  Ɛ4Ɛ4̇ + V3̇            (33) 
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Figure. 5 Controller bloc diagram for VSI 

 

 

 
Figure. 6 Flowchart of energy management 

 

 

By substituting Eqs. (30) and (32) into Eq. (33), 

the time derivative of the LCF can be expressed as 

follows: 

 

V4̇ = -C3Ɛ3
2+ Ɛ4[-

3

2Vdc

Ed + wIq − 
R

Lf
Id − 

Ed

Lf
 

 + 
Vd

Lf
-α2̇]  (34) 

 

For the stability purposes,𝑉4̇ should be negative, 

so: V4̇ = -C3Ɛ3
2-C4Ɛ4

2 

The 𝑉𝑑 control law can be designed as follows to 

stabilize the tracking error dynamics of Vdc and the 

1d-axis current. 

 

Vd=Lf[-C4Ɛ4+
3

2Vdc
Ed-w Iq+

R

Lf
 Id+α2̇]           (35) 

 

Step 3: reactive power control 

The desired reactive power can be expressed as 

follows: Q
ref = -

3

2
Ed. Iqref 

The inverter should supply the required reactive 

power. As a result, the tracking error and its 

derivative for the q-axis current using the equation 

(18) can be written as: 

 

Ɛ5=Iq− Iqref , Ɛ5̇= − wId − 
R

Lf
 Iq− 

Eq

Lf
+ 

Vq

Lf
-Iqref

̇   (36) 

 

The time derivative of the Lyapunov candidate 

function corresponding to Ɛ5  is as follows: 

 

V5̇=Ɛ5 [ − wId − 
R

Lf
Iq− 

Eq

Lf
+ 

Vq

Lf
 −Iqref

̇  ]          (37) 

 

𝑉5̇  should be negative as follows to ensure the 

stability of this subsystem, thus: 𝑉5̇ = −𝐶5Ɛ5
2, and 

the expression of the effective control law, is given 

by: 

 

Vq=Lf [ wId + 
R

Lf
 Iq+  

Eq

Lf
 + Iqref

̇  − C5Ɛ5 ]     (38) 

 

The control laws Vd and Vq are converted into 

three modulation signals (Va, Vb, and Vc) using 

inverse DQ/ABC transformation. These modulation 

signals are then utilized to produce gate signals (Q1, 

Q2, Q3, Q4, Q5, Q6) through pulse-width modulation 

(PWM), as illustrated in Fig. 5. 

4. Energy management strategy 

Energy storage management systems are defined 

as structured processes for managing energy 

quantities according to consumer demand. In this way, 

they are used to increase overall system efficiency. 

The selection of appropriate energy management 

strategies depends on the type of energy system and 

its components. The proposed connected PV system 

with storage, battery charge, and discharge 

management is based on the power difference 

between the PV system and the load on the one hand 

while monitoring the state of charge on the other. The 

flowchart is shown in Fig. 6:  
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Table 1. Parameters of the solar PV unit 

Component Values 

Vmp: Voltage at Max Power (V) 29 

Imp: Current at Max Power (A) 7.35 

Voc: Open Circuit Voltage (V) 36.3 

Isc: Short Circuit Current (A) 7.84 

 
Table 2. Parameters of DC-DC boost converter 

Components Values 

Maximum output power, Ppv (KW) 100 

Inductance of boost converter (mH) 1.45e-3 

Input capacitance of converter (µF) 1000 

Resistance of converter (Ohm) 1e-3 

Fsw (Boost switching frequency) (Hz) 5e3 

 
Table 3. Parameters of battery energy storage system 

Components Values 

Battery type L-Ion 

Maximal Power of batteries charge 

(KWh) 

36 

Rated capacity, Qb (Ah) 100 

Nominal voltage of the BESS, 𝑉𝑏 360 

Resistance of buck boost converter Rb 1e-3 

Inductance of buck boost converter Lb 

(mH) 

13e-3 

Fs (buck-Boost switching frequency) Hz 5e3 

 
Table 4. Parameters of bus DC  

DC bus Capacitor Cdc (µF) 3227 

DC bus nominal voltage, (𝑉) 600 

 
Table 5. Parameters of ac microgrid 

Ac_load (load active power) (KW) 15 - 65 

Filter inductor, Lf (mH) 3.5 

Fpwm (inverter PWM frequency) (Hz) 5e3 

 
Table 6. backstepping controller gains values 

Boost Backstepping controller 

k1 100 

k2 1e6 

Buck boost backstepping controller  

Kb 1e5 

Inverter Backstepping controller 

c1, 1e5 

c2, 5e5 

c3 2e7 

5. Simulation result 

A simulation model was developed using 

MATLAB/Simulink to validate the proposed grid-

connected photovoltaic system with electric energy 

storage on lithium batteries.  

all the values of the principal components used in 

our PV system and controllers are mentioned in the 

Tables 1-6. 

Several scenarios are considered to observe the 

behavior of controllers designed to manage the 

energy exchange between the photovoltaic plant, the 

electrical network, the storage unit, and the load. 

Therefore, the proposed microgrid was simulated 

under steps with varying loads. Solar irradiation in 

the solar photovoltaic unit depicted in Fig. 7 is being 

considered for evaluating the performance of the 

proposed controller. Fig. 8 illustrates how the battery 

is charged and discharged by increasing and 

decreasing the state of charge. The different cases of 

power flow are presented as follows and illustrated in 

Fig. 9. To facilitate understanding, Table 7 provides 

an overview of the power flow in Fig. 9. 

 

 
Figure. 7 Solar irradiation profile. 

 

 
Figure. 8 Battery state of charge  

 

 
Figure. 9 Power flow at the different cases of the 

proposed microgrid using a backstepping controller 
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Table 7. Power flow of figure 9 

Power Flow 

(KW) 

Time Intervals (s) 

0 to 0.042 After 0.042 After 0.105 After 0.18 After 0.25 After 0.35 

PV 46.2 46.2 - 57 57 33 22 0 

Load 0 65 32 32.3 32.3 16 

Battery 19.7 0 20 0 10.1 15.6 

Grid 26 20 - 8 3.7 0 0 0 

 

 

 
Figure. 10 Tracking performance of the DC bus voltage 

under change of generated power and load demand 

 

Table 8. Analysis of DC bus voltage in quantitative form 
 Transient Time (s) 
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Back 

stepping 
4.8 5.6 1.6 < 1 1 <1 

Sliding 

Mode 
4.6 15 3 1 2 4 

PI 5.8 15.5 − 3 4 2.4 10 

 

Case 1: In case of no-load, the PV system 

provides energy to charge batteries whose state of 

charge is below the minimum threshold of 30 %, in 

our system, and injects the rest of the generated 

energy into the electricity grid. Initially, between t=0 

s and t=0.042 s, the electrical consumption of the load 

is zero. The approximately photovoltaic power (46.2 

kW) is distributed between the battery storage system 

(19.7 kW) and the nearby reception network (26 kW), 

the difference represents the filter loss to maintain the 

voltage of the constant DC bus (0.5 kW) 

Case 2: (The load is supplied by the network and 

the PV system, the battery is inactive) From t = 0.043 

to t = 0.105 s, the power required from the load is 

significantly higher than the power delivered by the 

power system (65 KW). The power plant is 

approximately (46.2 - 57 KW) corresponding to the 

new irradiation amplitude (440-530 W/m2), the 

battery has a reduced SOC so it cannot generate 

energy. As a result, the grid will supply the load with 

the lack of electricity generated by the photovoltaic 

battery system. 

Case 3: Between t = 0.105 s and 0.180 s, the PV 

system continues to generate power (57 kW). 

Following the decrease in non-linear load power 

demand to (32 kW), the PV remains in constant 

production, divided between battery recharging (20 

kW), public grid injection (3.7 KW), and load supply. 

Case 4: (Load supplied by PV system, battery, 

and grid inactive) From t = 0.18 s to 0.25 s, the PV 

system displays reduced power at (33 kW) 

corresponding to an irradiance of 310 W/m2), the 

non-linear load now consumes (32.3 KW), and the 

grid does not supply the load and the battery remains 

charged. They can therefore be completely 

disconnected from the system. 

Case 5: The state of charge has now reached its 

maximum value (80%) in the proposed system. From 

t = 0.25 s to t = 0.305 s, Load power remains constant 

at (32.3 kW) and the power of the photovoltaic 

system decreases to almost (22 kW) after the solar 

irradiation decreases. In this case, the non-linear load 

is powered by two energy sources: a photovoltaic 

system (22 kW), and batteries (10.1 kW). 

Case 6: Finally, between t = 0.35 s and t = 0.4 s, 

the load drops almost to (16 kW). The battery delivers 

full power at load (15.6 kW), which corresponds to 

the battery's rated capacity given the limitation of the 

current delivered at load to a value of 40 A, slightly 

lower than the battery's rated discharge current 

selected in the proposed system. The photovoltaic 

storage system and the power plant emit no energy (0 

kW) to ensure the balance between the energy 

generated by the photovoltaic system, grid, storage 

system and the load demand. 

Fig. 10 shows the DC bus voltage control 

performance of the proposed controller in contrast to 

the PI and Sliding mode controls, regarding 

percentage overshoot and settling time across 

different operating modes. According to this figure 

and table 8, overshoot at transient 2 for the proposed 

control is approximately 1.6%, indicating that the  
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Figure. 11 grid current of phase A under irradiance 

variations and change of load demand 

 

Table 9. THD values of the existing and proposed 

controllers 

 PI  
Sliding 

Mode  

Proposed 

Back-

Stepping  

Fundamental 

(50 Hz) 
83.16 A 85.1 A 85.79 A 

THD (%) 6.53 3.53 0.29 

 

 
Figure. 12 Active powers injected into the grid with 

variation in generated power and variation in load 

demand 

 
Figure. 13 Variation profile of actual irradiance 

 

 

output voltage is kept below +2% of the reference 

voltage and has fewer exceeds. and reduced settling 

times of less than 1ms for the same transient. 

 
Figure. 14 Power flow (Pv power, battery power, load 

power and grid power) under a real irradiation variation 

curve 

 

Fig. 11 shows the current of the grid under 

variation of the generated power and change of load 

demand, when using the conventional PI controller, 

the sliding mode controller and the proposed 

backstepping controller. In comparison, it is clear that 

the grid current of the proposed control has lower 

harmonics and current overshoots. 

Table 9 displays the FFT analysis of grid current, 

indicating a THD value of 0.29% with the 

backstepping controller. In comparison, the grid 

current THD is around 6.53% and 3.53% with the 

proportional-integral controller and sliding mode 

controller, respectively, under identical conditions.  

These results clearly show that the quality of the 

grid current with the proposed backstepping control 

method is significantly improved and its THD is 

reduced from 6.53% and 3.53% to 0.29%.  

The active power injected into the grid varies 

according to different operating scenarios, as shown 

in Fig. 12. We observe that its magnitude changes in 

each of the previous case studies (generated power; 

load demand; charge battery), utilizing existing and 

proposed controllers. However, this figure indicates 

that using a PI controller and a sliding-mode 

controller gave satisfactory results, but with lower 

performance (increased fluctuations and overshoots) 

compared to a backstepping controller. 

In this case study, the actual irradiation curve 

profile is considered to assess the performance and 

efficiency of the proposed microgrid system, as 

depicted in Fig. 13. Fig. 14 illustrates a scenario 

where energy flow is exchanged among all system 

components: the photovoltaic system, the battery, the 

load, and the power grid. 

6. Conclusion 

In this paper, we propose developing a non-linear 

backstepping controller for the different components 

of the microgrid-connected photovoltaic system. The 
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goal is to regulate the voltage of the DC link voltage 

loop, the active and reactive loops, the MPPT loop, 

and the battery current loop. We perform a stability 

analysis using a composite Lyapunov function to 

ensure the overall stability of the AC-DC microgrid. 

This paper also includes multiple case studies to 

assess the efficiency of the suggested controller in 

terms of maintaining power balance amidst changes 

in irradiation and imbalances in non-linear loads. 

Simulation results confirm that the controller 

optimizes power flow by ensuring a good balance 

between the different parts of the microgrid, i.e., solar 

PV, BESS, grid, and non-linear load, while keeping 

DC bus voltage levels within specified boundaries. 

Based on the simulation results and numerical 

comparison, it can be inferred that all three 

controllers can meet the control objective. 

Nevertheless, concerning dynamic stability (settling 

time and overshoot) and current quality across 

various conditions, the suggested controller 

outperforms the PI and Sliding Mode controllers. 
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