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 The focus in this study is on an islanded microgrid based on hybrid 

renewable energy sources and storage systems. This latter is considered as 

an essential element for all off-grid autonomous systems to offer a reliable 

and stable operation. The proposed system is composed of a photovoltaic 

system, a wind power system based on a synchronous generator and a 

storage system. The proposed control strategy is intended to control, through 

the load side converter (LSC), the AC bus voltage in terms of amplitude and 

frequency under different operating conditions, and to obtain, through the bi-

directional battery side converter (BSC), a better regulation between the 

available production and the global load demand. The proposed strategy also 

contributes to the power quality improvement in the AC bus by controlling 

the PV inverter to work as a shunt active power filter to provide the required 

harmonic current component to non-linear loads. A new robust control 

strategy for internal current and voltage control loops is proposed in this 

research paper, it’s the active disturbance rejection control (ADRC) and it is 

based on the extended state observer which allows to estimate all 

disturbances affecting the control, such as modeling errors and parameter 

variations. 
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1. INTRODUCTION  

With the large-scale interconnection and expansion of the power network, the fragility of the 

traditional power system has become more prominent, and it cannot cope with the reliability and diversity 

needs of users. At the same time, the intensification of global environmental problems and the continuous 

reduction of fossil fuel reserves have promoted the rapid development of renewable energy power generation 

technology [1]. Distributed power generation units such as photovoltaic power generation systems, wind 

power generation systems, micro gas turbines, and fuel cell power generation systems are used in modern 

power systems [2] and the medium penetration rate continues to increase [3]. 

The concept of microgrid is proposed to effectively integrate and utilize renewable distributed 

generations (DGs), energy storage systems, electric vehicles, controllable loads and users at the medium and 

low voltage level [4]. One of the key characteristics of the microgrid is that it can be regarded as a 

https://creativecommons.org/licenses/by-sa/4.0/
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controllable entity from the perspective of the public grid. Relying on the point of common coupling (PCC) 

and switch, the microgrid system can run in grid-connected mode or island mode [5]. During grid-connected 

operation, it is necessary to achieve controllable tie-line power flow and maximize the use of renewable 

distributed power sources; In the island mode, the stable operation of the microgrid autonomous system 

needs to be ensured, it is called a weak microgrid due to the lack of inertia, and therefore it requires the 

introduction of a robust control system in order to form and maintain the constant voltage and frequency for 

any operating condition (grid forming) [6]. Therefore, in order to improve the reliability of the system, it is 

essential to integrate different sources of renewable energy working in a complementary way as wind and 

solar energy [7] and also to implement a robust control strategy to handle the different uncertainties and 

disturbances that can be faced in a complex microgrid [8].  

In general, a range of traditional control methods, including PI/PID, sliding mode, and linear quadratic 

control with set parameters for a certain operating point, have been used in microgrid applications. With the 

control system parameters set to the recommended values in this situation, proper steady-state performance can 

be obtained. However, these techniques are only able to guarantee a satisfying dynamic performance 

compromise when the operating conditions are highly variable. As a result, it is necessary to update the control 

parameters [9]. Due to the low inertia, uncertainties, and intermittent nature of RES, one of the primary hurdles 

for autonomous microgrids is stability and control issues [10]. This calls for the creation of brand-new, cutting-

edge control structures to maintain desired performance in face of unforeseen disturbances and model 

uncertainty. With only three parameters to optimize, PI/PID control may deliver good performance with a 

straightforward structure that is extensively applicable in industrial process systems. Nevertheless, due to 

complex systems and quick changes in operating points, the PI/PID controller with fixed gains is unable to 

handle the control difficulties [11]−[13]. In contrast to PI/PID control, which can have an ideal solution in terms 

of weighted matrices, the linear quadratic controller (LQR) is more stable and robust. However, it has some 

drawbacks, such as the requirement that all system states be measurably, the inability to manage system 

restrictions and disturbances, and the difficulty of obtaining an analytical answer to the Riccati equation [14]. 

Because it is robust to disturbances and model errors, sliding mode control (SMC) is preferable to the LQR 

approach. Although it occasionally exhibits poor performances in terms of uncertainties and mismatched load 

variations, its principal drawback is the chattering phenomena brought on by the discontinuous terms [15], [16]. 

Model predictive control (MPC) is a commonly used, quick computing system that can forecast how a system 

will behave dynamically over a finite time horizon and is immediately applicable to big and multivariate 

processes. Because it can manage state and control restrictions, variable interactions, and system complexity, it 

has an advantage over the LQR. The MPC's major drawback, meanwhile, is that it has to accurately identify the 

process model [17]. Additionally, because of its significant reliance on the model, it is unable to deal with 

unknown parameters, and performance analysis is therefore highly challenging. Particle swarm optimization 

(PSO), fuzzy logic, and neural networks are three examples of heuristic algorithms that have been extensively 

utilized for parameter tweaking and learning the behavior of dynamical systems. However, their fundamental 

flaw is that they only look for the almost ideal answer and are unable to keep the ideal solution [18]−[20]. In 

comparison to the aforementioned control strategies, the robust controllers as 𝐻∞ control provide a number of 

advantages [21]. In fact, it is highly helpful when working with MIMO models, which can simultaneously 

satisfy a number of control objectives. However, it has certain downsides, including the requirement for 

adequate mathematical proficiency and the likelihood that it is unfeasible for large-scale systems [22], [23]. 

Based on the preceding research, we propose the ADRC control strategy in this paper as an optimal 

and robust solution to problems related to model uncertainties and external disturbances for Microgrid 

applications [24]. The ADRC system obtains the data about any disturbances directly from the input and 

output signals of the controlled system. It then promptly eliminates the disturbance by applying control 

adjustments. This proactive approach is superior to the traditional PID control method, which is considered 

passive in comparison. Imagine the disturbance as an illness, while PID control treats the symptoms, ADRC 

prevents it from occurring in the first place [25]. Currently, ADRC has been widely adopted in various fields, 

such as wind energy systems, robotics, and drone control [26]−[28]. 

The studied autonomous microgrid in this paper is illustrated in Figure 1. It is based on a 750 kW wind 

power conversion chain integrating storage batteries and on a 100 kW photovoltaic conversion chain. The 

suggested control system includes five distinct controllers, namely the machine converter (MSC) controller, 

load converter (LSC) controller, battery side converter (BSC) controller, PV chopper (PVC) controller, and the 

parallel active filter (SAPF) controller located on the photovoltaic system side. The MSC controller allows the 

wind turbine to operate in a way to extract the maximum power (MPPT) and to limit the power to its maximum 

value during gusts (pitch control). The LSC controller sustains the voltage amplitude and frequency in the AC 

bus, enabling stable performance under varying load conditions. The BSC controller manages the battery 

charging and discharging to keep the DC bus voltage consistent and balance the power generation and demand. 

The PVC controller allows the extraction of the maximum power and the SAPF controller provides the required 
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harmonic current components in the AC bus to reduce the THD and have a good power quality. The paper is 

summarized into four sections, with the first providing an overview of the article, the second introducing the 

modeling and design of the autonomous microgrid components, the third delving into the ADRC strategy and 

the design of the five controllers, and the fourth presenting simulation results and discussions. 
 

 

 
 

Figure 1. Topology of the proposed autonomous microgrid 
 

 

2. DESING AND MODELING OF THE AUTONMOUS MICROGRID COMPONENTS 

The studied system is based on two wind and photovoltaic conversion chains and on a battery 

storage system that allows to balance the generation and consumption of power, the photovoltaic conversion 

chain is controlled in a way to work as a parallel active filter in order to improve the power quality and to 

wind chain to supply the loads and charge the storage system in case of surplus. The modeling and design of 

the components utilized in this paper are presented in this section, the wind system and the PV system 

modeling are not given and they can be found in our previous paper [28]. 

 

2.1.  Battery storage modeling 

A general lead-acid battery model is utilized in this work since it is more feasible for renewable 

systems due to its low cost and wide availability. The lead-acid battery (LAB) is represented using the charge 

and discharge equations [29]: 
 

𝑉𝑏𝑎𝑡 = 𝐸 − 𝑅𝑏𝑖 (1) 
 

𝐸 = 𝐸0 − 𝐾
𝑄

𝑄−𝑖𝑡
𝑖𝑡 − 𝐾

𝑄

𝑄−𝑖𝑡
𝑖∗ + 𝐸𝑥𝑝(𝑡) (2) 

 

𝐸 = 𝐸0 − 𝐾
𝑄

𝑄−𝑖𝑡
𝑖𝑡 − 𝐾

𝑄

𝑖𝑡−0.1𝑄
𝑖∗ + 𝐸𝑥𝑝(𝑡) (3) 

 
𝑑𝐸𝑥𝑝(𝑡)

𝑑𝑡
= 𝐵|𝑖(𝑡)|(−𝐸𝑥𝑝(𝑡) + 𝐴𝑢(𝑡))    (4) 

 

The discharge model and the characteristic of the LAB storage system are given in Figure 2. 
 

2.2.  Battery side bidirectional converter design BSC 

A buck-boost converter was chosen in this application to serve as a battery controller to connect the 

DC bus of the wind string to the storage battery. Its topology is simple with a reduced number of elements. 

The circuit consists of an inductor 𝐿𝑏, a capacitor 𝐶𝑏, and two IGBTs with antiparallel diodes that are 

controlled complementary to ensure current bidirectionality. It can operate as a step-down converter (switch 

𝑆1) in charge mode and as a step-up converter (switch 𝑆2) in discharge mode. The circuit is shown in  

Figure 3.  The parameters of 𝐿𝑏 and 𝐶𝑏 can be calculated as (5) and (6) [30]. 
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𝐿𝑏 =
𝑉𝑑𝑐2−𝑉𝑏

2∆𝑖𝐿𝑓𝑠
𝐷𝑏𝑢𝑐𝑘 =

𝑉𝑏

2∆𝑖𝐿𝑓𝑠
𝐷𝑏𝑜𝑜𝑠𝑡  (5) 

 

𝐶𝑏 =
∆𝑖𝐿

8∆𝑣𝑐𝑖𝐿𝑓𝑠
 (6) 

 

  
 

Figure 2. The discharge model and the characteristic of the LAB storage system 
 

 

 
 

Figure 3. Bidirectional converter circuit diagram 
 
 

2.3.  Load modeling 

In this study, a dynamic load is used to illustrate the operation of balanced/linear type AC loads. It is 

formed by a resistor 𝑅𝐿 and an inductance 𝑙𝐿, which are given by theses expressions as a function of the 

required active and reactive powers 𝑃𝐿  and 𝑄𝐿 . 
 

{
𝑅𝐿 =

𝑉𝑐
2𝑃𝐿

𝑃𝐿
2+𝑄𝐿

2

𝑋𝐿 = 𝐿𝐿𝜔𝐿 =
𝑉𝑐
2𝑃𝐿

𝑃𝐿
2+𝑄𝐿

2

 (7) 

 

Also, a nonlinear load is considered in this study, in order to demonstrate the effectiveness of active filtering 

by SAPF, so a bridge rectifier with RL load is used. 
 

2.4.  Modeling the RLC filter 

The conversion from the DC voltage supply of the wind turbine to AC power for the load is 

facilitated by a three-phase voltage source DC/AC converter, also known as an LSC. In order to produce a 

nearly sinusoidal voltage for the load, it is necessary to include an RLC filter between the LSC and the power 

receiver. The RLC filter, as depicted in Figure 1, can be represented through the following set of equations, 

disregarding mutual inductances. 

 

{
 
 
 

 
 
 
𝑑𝑖𝑑𝑓

𝑑𝑡
= −

𝑅𝑓

𝐿𝑓
𝑖𝑑𝑓 +𝜔𝐿𝑖𝑞𝑓 +

1

𝐿𝑓
𝑉𝑑𝑖 −

1

𝐿𝑓
𝑉𝑑𝑠

𝑑𝑖𝑞𝑓

𝑑𝑡
= −

𝑅𝑓

𝐿𝑓
𝑖𝑞𝑓 − 𝜔𝐿𝑖𝑑𝑓 +

1

𝐿𝑓
𝑉𝑞𝑖 −

1

𝐿𝑓
𝑉𝑞𝑠

𝑑𝑉𝑑𝑠

𝑑𝑡
=

1

𝐶𝑓
𝑖𝑑𝑓 + 𝜔𝐿𝑉𝑞𝑠 −

1

𝐶𝑓
𝑖𝑑𝐿

𝑑𝑉𝑞𝑠

𝑑𝑡
=

1

𝐶𝑓
𝑖𝑞𝑓 − 𝜔𝐿𝑉𝑑𝑠 −

1

𝐶𝑓
𝑖𝑞𝐿

 (8) 
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3. PROPOSED ADRC CONTROL STRATEGIES FOR THE FIVE CONVERTERS 

The control strategy known as ADRC has been created by Han as a dependable solution to the 

problems associated with conventional PID control methods [24]. The ADRC approach is known for its 

robustness, despite the lack of clarity and predictability in the process model and controlling coefficients. The 

design of the ADRC regulator includes three key components: the tracking differentiator (TD), the extended 

state observer (ESO), and the non-linear state error feedback (NLSEF) control law. Depending on the design, 

the ADRC can be classified as linear or non-linear. For instance, if non-linear elements are included, it is 

referred to as non-linear ADRC, whereas if linear elements are used, it is referred to as linear ADRC. The 

structure of the ADRC regulator is depicted in Figure 4. The mathematical detail of the ADRC control can be 

found in our previous paper [28]. As mentioned earlier, the proposed control approach encompasses five key 

control circuits: the MSC controller, the CPV controller, the BSC controller, the LSC controller, and the 

SAPF controller. The functions and workings of each circuit will be explored in subsequent sections.  
 

 

 
 

Figure 4. Bloc diagram of nonlinear and linear ADRC 
 

 

3.1.  MSC control circuit 

The main objective of the machine-side converter control is to operate the synchronous wind turbine 

to extract the maximum power (MPPT) and limit the power to its maximum value during bursts (Pitch 

control), the detail of this control is already elaborated in our previous paper [28], where the linear ADRC is 

used to regulate the stator currents at their references, in such a way that the current 𝑖𝑑𝑠 is fixed at zero and 

the current 𝑖𝑞𝑠 follows its reference obtained by the OTC technique, moreover the value of the extracted 

power is controlled, through the pitch control actuator, in such a way as not to exceed the nominal power of 

the generator in case of strong wind speed. The equivalent control circuit is given in Figure 5. 
 

 

 
 

Figure 5. Proposed linear ADRC MSC control circuit 
 

 

3.2.  CPV control circuit 

To achieve optimal operation of the photovoltaic string during climate change, the PV-side chopper 

is controlled to operate around the maximum power point, this is achieved by the two-stage control 

strategy [31]. An adaptive MPPT based algorithm is used to generate the reference voltage 𝑉𝑀𝑃𝑃 which is 

then regulated by the linear ADRC controller. The control circuit is given in Figure 6. For more details about 

the design of this controller please refer to our previous paper [32]. 

 

3.3.  BSC control circuit 

The primary goal of this control is to manage the power flow of the batteries to maintain the wind 

source DC bus voltage and ensure power balance between production and demand. When a battery is drained, 
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the bi-directional converter on the battery side enters "boost" mode, allowing energy to flow from the battery to 

the DC bus. When the battery is charging, the bi-directional converter runs in "buck" mode, allowing power to 

flow from the DC bus to the battery. The BSC control circuit that was constructed for this work is depicted in 

Figure 7. The DC voltage is kept at a set level by an external control loop. The battery current reference is 

limited to a specific maximum or minimum current through the use of an ADRC controller (𝐼𝑏𝑎𝑡𝑡
𝑚𝑎𝑥  discharging 

and 𝐼𝑏𝑎𝑡𝑡
𝑚𝑖𝑛   for charging). The charge current is limited based on the chemical properties of the battery, with a 

limit of 𝐶/10 for lead-acid batteries where 𝐶 is the nominal capacity. The internal control loop, utilizing an 

ADRC controller, manages the battery current to reach its reference [33]. The direction of the current reference 

determines whether the system is in charge or discharge mode. If the reference is positive, the DC bus needs 

more power, causing the bi-directional converter to work in boost mode by draining the battery (Switch  𝑆2). On 

the other hand, if the current reference is negative, an excess of power needs to be removed, and the bi-

directional converter operates in step-down mode to charge the battery (Switch  𝑆1) [34]. 
 

 

 
 

Figure 6. DC-DC chopper linear ADRC based control 
 

 

 
 

Figure 7. Proposed BSC ADRC based control circuit  
 
 

In order to develop the ADRC controller of the external voltage loop, we establish the expression 

modeling the DC bus, and we have: 
 

𝑉𝑑𝑐2 =
1

𝐶
∫ 𝑖𝑐𝑑𝑡 =

1

𝐶
∫(𝑖𝑒𝑜𝑙 − 𝑖𝑏𝑢𝑠 − 𝑖𝑏𝑎𝑡𝑡)𝑑𝑡 (9) 

 

neglecting the initial conditions, we have: 
 

  
𝑑𝑉𝑑𝑐2

𝑑𝑡
=

1

𝐶
(𝑖𝑒𝑜𝑙 − 𝑖𝑏𝑢𝑠 − 𝑖𝑏𝑎𝑡𝑡) (10) 

 

so, the ADRC controller is designed as follows: 

 

{
 

 𝑓𝑉𝑑𝑐2(·) =
1

𝐶
(𝑖𝑒𝑜𝑙 − 𝑖𝑏𝑢𝑠) + ∆(−

1

𝐶
)

𝑏0𝑉𝑑𝑐2
= −

1

𝐶

𝑢𝑉𝑑𝑐2 = 𝑖𝑏𝑎𝑡𝑡

 (11) 

 

Similarly, for the internal current loop we express the equation connecting the storage batteries to 

the bidirectional converter through the inductive filter, hence the dynamic equation of the battery current is 

expressed as follows: 
 

𝐿𝑏𝑎𝑡𝑡
𝑑𝑖𝑏𝑎𝑡𝑡

𝑑𝑡
= 𝑉𝑏𝑎𝑡𝑡 − 𝑉𝑚𝑑𝑐 (12) 
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and so, the ADRC controller corresponding to this equation is given by: 
 

{
 
 

 
 𝑓𝑖𝑏𝑎𝑡𝑡(·) =

𝑉𝑏𝑎𝑡𝑡

𝐿𝑏𝑎𝑡𝑡
+ ∆(−

1

𝐿𝑏𝑎𝑡𝑡
)

𝑏0𝑖𝑏𝑎𝑡𝑡
= −

1

𝐿𝑏𝑎𝑡𝑡

𝑢𝑖𝑏𝑎𝑡𝑡 = 𝑉𝑚𝑑𝑐

 (13) 

 

3.4.  LSC control circuit 

A bi-directional DC-AC converter is used to connect the DC bus of the wind chain and the AC bus 

of the microgrid. The output terminals of this converter are connected to the AC bus by a coupling filter 

(𝐿𝑓 , 𝐶𝑓) whose voltage and current provided by the converter can be regulated. While the system studied here 

is a stand-alone microgrid that is not interconnected to the electrical grid, this converter is therefore 

controlled to behave as a voltage source with a determined voltage amplitude and frequency, this type of 

control is known as (grid forming) [35]. The control circuit implemented for this study is shown in Figure 8. 

The AC bus voltage is controlled during the variation of the power generated by the autonomous system or 

that required by the load. Therefore, we are interested in developing two control loops, an external voltage 

loop and an internal current loop. 
 

 

 
 

Figure 8. Proposed LSC based ADRC control  
 
 

To design this control circuit, it is crucial to determine the references for the voltages and currents. 

The voltage references 𝑉𝑑𝑠𝑟 and 𝑉𝑞𝑠𝑟 are obtained by a park transformation of a 3-phase voltage with a 

frequency of 50Hz and an amplitude of 220V. The reference currents required by the load are given as (14). 

 

{
𝑖𝑑𝐿

∗ =
𝑃𝐿𝑉𝑑𝑠𝑟+𝑄𝐿𝑉𝑞𝑠𝑟

𝑉𝑑𝑠𝑟
2+𝑉𝑞𝑠𝑟

2

𝑖𝑞𝐿
∗ =

𝑃𝐿𝑉𝑑𝑠𝑟−𝑄𝐿𝑉𝑞𝑠𝑟

𝑉𝑑𝑠𝑟
2+𝑉𝑞𝑠𝑟

2

 (14) 

 

According to the RLC filter model, the voltage equations in the d-q frame are given as follows: 

 

{

𝑑𝑉𝑑𝑠

𝑑𝑡
=

1

𝐶𝑓
𝑖𝑑𝑓 + 𝜔𝐿𝑉𝑞𝑠 −

1

𝐶𝑓
𝑖𝑑𝐿

𝑑𝑉𝑞𝑠

𝑑𝑡
=

1

𝐶𝑓
𝑖𝑞𝑓 − 𝜔𝐿𝑉𝑑𝑠 −

1

𝐶𝑓
𝑖𝑞𝐿

  (15) 

 

These expressions correspond to the canonical form of the ADRC and thus, the controllers can be 

designed as follows: 

− For the d-axis: 
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{
 
 

 
 𝑓𝑉𝑑𝑠(·) = 𝜔𝐿𝑉𝑞𝑠 −

1

𝐶𝑓
𝑖𝑑𝐿 + ∆(

1

𝐶𝑓
)

𝑏0𝑉𝑑𝑠
=

1

𝐶𝑓

𝑢𝑉𝑑𝑠 = 𝑖𝑑𝑓

 (16) 

 

− For the q-axis: 

{
 
 

 
 𝑓𝑉𝑞𝑠(·) = −𝜔𝐿𝑉𝑑𝑠 −

1

𝐶𝑓
𝑖𝑞𝐿 + ∆(

1

𝐶𝑓
)

𝑏0𝑉𝑞𝑠 =
1

𝐶𝑓

𝑢𝑉𝑞𝑠 = 𝑖𝑞𝑓

  (17) 

 

Thus, the expressions of the circulating currents in the RLC filter are expressed as (18). 
 

{

𝑑𝑖𝑑𝑓

𝑑𝑡
= −

𝑅𝑓

𝐿𝑓
𝑖𝑑𝑓 + 𝜔𝐿𝑖𝑞𝑓 +

1

𝐿𝑓
𝑉𝑑𝑖 −

1

𝐿𝑓
𝑉𝑑𝑠

𝑑𝑖𝑞𝑓

𝑑𝑡
= −

𝑅𝑓

𝐿𝑓
𝑖𝑞𝑓 − 𝜔𝐿𝑖𝑑𝑓 +

1

𝐿𝑓
𝑉𝑞𝑖 −

1

𝐿𝑓
𝑉𝑞𝑠

  (18) 

 

So, the corresponding ADRC regulators are given by: 

− For the d-axis: 
 

{
 
 

 
 𝑓𝑖𝑑𝑓(·) = −

𝑅𝑓

𝐿𝑓
𝑖𝑑𝑓 + 𝜔𝐿𝑖𝑞𝑓 −

1

𝐿𝑓
𝑉𝑑𝑠 + ∆(

1

𝐿𝑓
)

𝑏0𝑖𝑑𝑓
=

1

𝐿𝑓

𝑢𝑖𝑑𝑓 = 𝑉𝑑𝑖

  (19) 

 

− For the q-axis: 
 

{
 
 

 
 𝑓𝑖𝑞𝑓(·) = −

𝑅𝑓

𝐿𝑓
𝑖𝑞𝑓 − 𝜔𝐿𝑖𝑑𝑓 −

1

𝐿𝑓
𝑉𝑞𝑠 + ∆(

1

𝐿𝑓
)

𝑏0𝑖𝑞𝑓
=

1

𝐿𝑓

𝑢𝑖𝑞𝑓 = 𝑉𝑞𝑖

  (20) 

 

3.5.  SAPF control circuit 

The main objective of this controller is to provide the required current harmonic components in the 

AC bus in order to reduce the THD and have a good power quality. To do this, the DC/AC converter of the 

photovoltaic chain is controlled to work as a parallel active filter (SAPF), its operating principle is to 

generate harmonic currents in phase opposition to those existing in the AC bus of the autonomous microgrid. 

To do this, several control techniques have been proposed in the literature, in this thesis, we are interested in 

the control technique known as P-Q Theory proposed by Akagi and Nabae [36]. The working principle of 

this control algorithm is detailed below and the different steps to obtain the harmonic components of the 

current are illustrated in Figure 9. This technique relies on the measurement of the three-phase momentary 

variables in the AC bus of the microgrid, the voltage and the load currents are detected and transformed into 

a fixed two-phase coordinate system (𝛼 − 𝛽) (Clarke's transformation) [37]. 

The governing equations of this transformation are given by the following expressions [36]: 

 

[
𝑣𝛼𝑠
𝑣𝛽𝑠
] = √

2

3
[
1 −

1

2
−
1

2

0
√3

2
−
√3

2

] [

𝑣𝑎𝑠
𝑣𝑏𝑠
𝑣𝑐𝑠

]              (21) 

 

[
𝑖𝛼𝐿
𝑖𝛽𝐿
] = √

2

3
[
1 −

1

2
−
1

2

0
√3

2
−
√3

2

] [

𝑖𝑎𝐿
𝑖𝑏𝐿
𝑖𝑐𝐿

]       (22) 

 

The vectors of voltage and current are: 
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𝑣⃗ = 𝑣𝛼𝑠 + 𝑗𝑣𝛽𝑠  (23) 

 

𝑖⃗ = 𝑖𝛼𝐿 + 𝑗𝑖𝛽𝐿  (24) 

 
 

 
 

Figure 9. SAPF ADRC control based on the P-Q theory algorithm 
 

 

Therefore, by taking into account the complex power 𝑆 = 𝑣⃗𝑖, and considering the previous 

transformations, the active power P the and the reactive power Q can be determined by [37]:  

 

[
𝑃

𝑄
] = [

𝑣𝛼𝑠 𝑣𝛽𝑠
−𝑣𝛽𝑠 𝑣𝛼𝑠

] [
𝑖𝛼𝐿
𝑖𝛽𝐿
]  (25) 

 

Replacing the 𝛼-𝛽 voltages and currents by their equivalent values, we have: 

 

𝑃 = 𝑣𝛼𝑠𝑖𝛼𝐿 + 𝑣𝛽𝑠𝑖𝛽𝐿 = 𝑣𝑎𝑠𝑖𝑎𝐿 + 𝑣𝑏𝑠𝑖𝑏𝐿 + 𝑣𝑐𝑠𝑖𝑐𝐿 (26) 

 

𝑄 = 𝑣𝛼𝑠𝑖𝛽𝐿 − 𝑣𝛽𝑠𝑖𝛼𝐿 = −
1

√3
[(𝑣𝑎𝑠 − 𝑣𝑏𝑠)𝑖𝑐𝐿 + (𝑣𝑏𝑠 − 𝑣𝑐𝑠)𝑖𝑎𝐿 + (𝑣𝑐𝑠 − 𝑣𝑎𝑠)𝑖𝑏𝐿] (27) 

 

from the (25), we put: 

 

∆= 𝑣𝛼𝑠
2 + 𝑣𝛽𝑠

2 (28) 

 

and we obtain: 

 

[
𝑖𝛼𝐿
𝑖𝛽𝐿
] =

1

∆
[
𝑣𝛼𝑠 −𝑣𝛽𝑠
𝑣𝛽𝑠 𝑣𝛼𝑠

] [
𝑃

𝑄
]  (29) 

 

where: 

 

[
𝑖𝛼𝐿
𝑖𝛽𝐿
] =

1

∆
{[
𝑣𝛼𝑠 −𝑣𝛽𝑠
𝑣𝛽𝑠 𝑣𝛼𝑠

] [
𝑃

0
] + [

𝑣𝛼𝑠 −𝑣𝛽𝑠
𝑣𝛽𝑠 𝑣𝛼𝑠

] [
0

𝑄
]} = [

𝑖𝛼𝑃𝐿
𝑖𝛽𝑃𝐿
] + [

𝑖𝛼𝑄𝐿
𝑖𝛽𝑄𝐿
] (30) 

 

with: 

𝑖𝛼𝑃𝐿 =
𝑣𝛼𝑠

∆
𝑃; 𝑖𝛼𝑄𝐿 = −

𝑣𝛽𝑠

∆
𝑄; 𝑖𝛽𝑃𝐿 =

𝑣𝛽𝑠

∆
𝑃; 𝑖𝛽𝑄𝐿 =

𝑣𝛼𝑠

∆
𝑄 

 

when the voltages are sinusoidal and supply a non-linear load, as is the case in our system, the powers P and 

Q can be given as follows: 

 

{
𝑃 = 𝑃̅ + 𝑃̃

𝑄 = 𝑄̅ + 𝑄̃
                                                 (31) 
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with, 𝑃̅, 𝑄̅ are the average active and reactive powers related to the fundamental component of the current, 

𝑃̃, 𝑄̃ are the oscillating powers related to the harmonic component of the current. Considering equations (29) 

and (30), we can separate the current in the (𝛼 − 𝛽) frame to the sum of three current components. The active 

and reactive elements related to the fundamental frequency and the component related to harmonics. This 

results [37]: 
 

[
𝑖𝛼𝐿
𝑖𝛽𝐿
] =

1

∆
[
𝑣𝛼𝑠 −𝑣𝛽𝑠
𝑣𝛽𝑠 𝑣𝛼𝑠

] [
𝑃̅

0
]

⏟          
𝐴𝑐𝑡𝑖𝑣𝑒_𝐶𝑢𝑟𝑟𝑒𝑛𝑡

+
1

∆
[
𝑣𝛼𝑠 −𝑣𝛽𝑠
𝑣𝛽𝑠 𝑣𝛼𝑠

] [
𝑄̅

0
]

⏟          
𝑅𝑒𝑎𝑐𝑡𝑖𝑣𝑒_𝐶𝑢𝑟𝑟𝑒𝑛𝑡

+
1

∆
[
𝑣𝛼𝑠 −𝑣𝛽𝑠
𝑣𝛽𝑠 𝑣𝛼𝑠

] [
𝑃̃

𝑄̃
]

⏟          
𝐻𝑎𝑟𝑚𝑜𝑛𝑖𝑐_𝐶𝑢𝑟𝑟𝑒𝑛𝑡

    (32) 

 

To counteract the reactive power and harmonic currents generated by the nonlinear loads, the 

reference signal for the parallel active filter must encompass the reactive current and the harmonic current. 

Also, to compensate for the switching losses in the converter and to keep its DC bus voltage constant, the 

SAPF consumes a small amount of active power (𝑃𝑑𝑐) that must be taken into account when generating the 

reference currents. This value is obtained through the regulation of the DC bus voltage by the ADRC 

regulator [38]. As a result, the reference currents are: 
 

[
𝑖𝛼𝑐

∗

𝑖𝛽𝑐
∗] =

1

∆
[
𝑣𝛼𝑠 −𝑣𝛽𝑠
𝑣𝛽𝑠 𝑣𝛼𝑠

] [
𝑃̃ + 𝑃𝑑𝑐
𝑄̅ + 𝑄̃

]  (33) 

 

Applying the inverse Clark transformation, the reference compensation currents are: 
 

[
𝑖𝑎𝑐

∗

𝑖𝑏𝑐
∗

𝑖𝑐𝑐
∗

] = √
2

3
[

1 0

−
1

2

√3

2

−
1

2
−
√3

2

] [
𝑖𝛼𝑐

∗

𝑖𝛽𝑐
∗]        (34) 

 

To isolate one of the three components, such as harmonic currents, it is necessary to differentiate the 

oscillating parts of the active and reactive powers from their steady parts [39]. This differentiation can be 

achieved by utilizing one of the two filtering devices depicted in Figure 10. 

The relationship between the active power absorbed by the capacitor and the voltage at its terminals, 

which is necessary for the design of the ADRC controller for the DC bus voltage, is given by (35). 
 

𝑃𝑑𝑐 =
𝑑𝑊𝑑𝑐

𝑑𝑡
=

𝑑

𝑑𝑡
(
1

2
𝐶𝑑𝑐𝑉𝑑𝑐1

2)     (35) 

 

This equation is adapted to the canonical form of the ADRC: 
 

𝑑𝑉𝑑𝑐1
2

𝑑𝑡
=

2

𝐶𝑑𝑐
𝑃𝑑𝑐  (36) 

 

and we get: 
 

{
 
 

 
 𝑓𝑉𝑑𝑐1(·) = ∆(

2

𝐶𝑑𝑐
)

𝑏𝑉𝑑𝑐1 =
2

𝐶𝑑𝑐

𝑢𝑉𝑑𝑐1 = 𝑃𝑑𝑐

  (37) 

 

 

 
 

Figure 10. Filters used to extract Oscillating components 
 
 

4. RESULTS AND DISCUSSION  

In order to verify the efficiency of the proposed configuration, an extensive simulation was performed 

in MATLAB/Simulink software for different operating conditions. The solar radiation profile was modified in 

time to emulate the comportment of the sunlight and also the wind speed profile. Similarly, the AC linear load 

was also modified while taking into account the case of a non-linear load modeled by a three-phase bridge 
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rectifier, to analyze the response of the system to these variations as it would occur in a real microgrid. The 

wind and irradiation profiles applied in this simulation are shown in Figure 11. The linear load is applied as a 

dynamic load 𝑅 − 𝐿. The starting value of the active and reactive power of this load is 200 kW and 50 kVAR 

respectively. At 𝑡 = 0.75𝑠, the nonlinear load has been applied and it consumes an active power of 113 kW and 

reactive power of 50 kVAR. At 𝑡 = 1.3 𝑠, the nonlinear load was eliminated and the linear load was increased 

to 600 kW and 150 kVAR, at 𝑡 = 2 𝑠 the load is decreased to 500 kW and 150 kVAR. 

Figure 12 shows the different powers exchanged in the autonomous microgrid. Figures 12(a) and 

12(b) illustrates the powers extracted by the PV string and by the wind turbine for the applied wind and 

irradiation profiles. As can be seen in Figure 12(c) all the power extracted by the PV system is transferred by 

the parallel active filter to the AC bus in order to overdrive the demand while the AC-DC converter on the 

wind turbine side injects the additional power requested by the load as can be seen by Figures 12(d) and 

12(e). When the wind system produces enough energy to supply the loads, the excess energy is stored by 

charging the battery. This can be observed in the battery power depicted in Figure 12(g), where a negative 

value indicates that energy is flowing from the DC bus to the battery. Conversely, when the wind turbine is 

unable to produce enough power to meet the demands of the loads, the battery must provide the 

supplementary power needed to satisfy these demands. 
 
 

  
(a) (b) 

 

Figure 11. The wind and irradiation profiles applied: (a) irradiance profile and (b) wind profile 
 
 

 
  

(a) (b) (c) 

   
(d) (e) (f) 

 

  
(g) (h) 

 

Figure 12. Active and reactive power exchanged in the microgrid, (a) PV power, (b) wind power, (c) SAPF 

power, (d) hybrid system power, (e) load active power, (f) load reactive power, (g) battery power, and (h) SOC 
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The Figure 13 shows the AC bus voltage and currents flowing in the autonomous microgrid. As can 

be seen in Figures 13(a) and 13(b), the AC bus voltage is kept constant for the different operating cases, 

hence it presents the characteristic of a three-phase voltage source having an amplitude of 311 V and 

frequency of 50 Hz and a phase shift of 2𝜋/3. The Figures 13(c) and 13(d) present the current required by 

the loads, we see that as soon as the nonlinear load is applied at the time t = 0.75 s, this current is distorted 

which will normally affect the source current 𝐼𝑠𝑎𝑏𝑐 , but as can be seen from Figure 13(f), the parallel active 

filter injects a harmonic current in phase opposition to the one consumed in order to compensate for the 

harmonics in the AC bus. 
 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

   
(g) (h) 

 

Figure 13. Voltage and current flowing in AC bus, (a) AC bus output voltage, (b) Vsabc zoom, (c) AC load 

currents, (d) ILabc zoom, (e) filter injected currents, (f) Ifabc zoom, (g) AC bus currents, and (h) Isabc zoom 

 

 

The Figure 14 presents the results of the different regulation loops for the five controllers presented 

previously, as we can see the voltage of the DC bus of the two wind and photovoltaic conversion chains has 

been maintained observed during the different cases of operation, moreover we can see that the voltages 𝑉𝑑𝑠, 
𝑉𝑞𝑠 and the currents 𝑖𝑑𝑓, 𝑖𝑞𝑓 and 𝑖𝑏𝑎𝑡𝑡 have been regulated to their reference values by the different ADRC 

controllers. It can also be seen that the frequency of the AC bus voltages is maintained at 50 Hz for the 

different cases of power generation and consumption. 
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(a) (b) (c) 

    
(d) (e) (f) 

 

  
(g) (h) 

 

Figure 14. Results of the different control loops by ADRC, (a) SAPF DC bus voltage regulation,  

(b) hybrid system DC bus voltage regulation, (c) d-axis voltage regulation, (d) q-axis voltage regulation,  

(e) d-axis current regulation, (f) q-axis current regulation, (g) battery current regulation,  

and (h) regulated AC bus frequency 

 

 

5. CONCLUSION 

In this paper, a new control strategy based on the ADRC controller for an isolated microgrid is 

presented. The objective of this control strategy is to form and maintain the constant voltage and frequency 

for any operating condition. The studied system is based on two renewable energy sources, wind and 

photovoltaic, and on a storage, system based on batteries in order to maintain the balance between production 

and consumption and thus improve the system performance, especially during transient periods. Additionally, 

the proposed control strategy enhances the power quality of the system by regulating the photovoltaic system 

to function as an active filter and supply the harmonic current component demanded by the nonlinear load. 

The effectiveness of this control strategy has been evaluated under a variety of operating conditions and has 

demonstrated its robustness in real autonomous microgrid environment conditions. 
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