
  

 

Abstract— In Grid-Connected PV system should not be 

limited injecting the active power into the grid. However, it must 

be able to absorb or to generate sufficient reactive power for a 

certain amount of time according to the grid demand and 

maintain the grid voltage. This paper proposes sliding mode 

control that controls powers respectively the active and the 

reactive power for a Three-Phase Grid-Connected PV System. 

The sliding mode control based on dq transformation, after 

determining the desired voltage of the inverter 𝑽𝒒and 𝑽𝒅 in the 

rotating frame, which means a reactive power quantity that 

defines the angle phase between the grid current and voltage. 

This controller is simulated on a 10 MW PV generator system 

using Matlab/SIMULINK. According to the simulation results 

prove the efficiency and robustness of the sliding mode control 

to regulate the injected reactive power. 

Keywords—Sliding mode control, Three phase grid, 

Photovoltaic System, power control 

I. INTRODUCTION 

Recently, many research trends in renewable energy 
management, modelling, energy conversion and power control 
analysis of distributed generation sources. The huge increase 
of grid connected PV generation systems may make some 
challenges to maintain stability of the grid, power quality and 
mismatch, power control and energy management... [1] and 
[2].  

Several power control strategies for three-phase grid 
connected PV systems have been developed and handled in the 
literature [3], [4], [5], [6]and [7]. The purpose of these control 
strategies leads to regulate on the one hand the active power 
using the topology of maximum power point tracking (MPPT) 
and to maintain on the other hand a unit power factor.  

This paper aims to control the DC/AC converter (inverter) 
in order to provide or to absorb reactive power from the grid 
and at the same time to improve its power quality. As a result, 
the AC modules with the reactive power management function 
is presented and developed on this paper. Among a variety 
kinds of control technologies, the present work proposes the 
sliding mode control to inject maximum power to the grid with 
providing or absorbing reactive power depending on the grid 
needs.  

This paper is distributed as follows. The second section 
presents the proposed configuration and the modeling of the 
photovoltaic system connected to the grid. The proposed 
sliding mode control is developed and detailed in third section. 
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In the fourth section, simulation results are shown and 
discussed. In the last section presents the conclusions. 

II. PV SYSTEM MODELING 

The proposed configuration of three-phase grid connected 
photovoltaic system is presented in fig 1. It’s composed of 
photovoltaic generator, two power-conditioning stages, LCL 
filter and three-phase grid. To match the required power, the 
solar modules are connected in a series and parallel 
configuration. A Boost chopper is employed to raise the DC 
voltage and extract the maximum of power from the GPV. The 
three-phase full-bridge inverter converts the continuous 
voltage into sinusoidal voltage and ensure that the current 
respect the needs of the grid. 

 

Fig. 1. Schema of proposed grid connected PV system. 

A. PVG modeling 

The PVG consists of 𝑁𝑠 series module and 𝑁𝑝 parallels 

panels. Every module is constituted of 𝑁𝑠𝑐 solar cell 
connected in series. The mathematical equation for the 
current of two-diode model is given as follows [8], [9], 
[10]and [11]. 

𝐼𝑃𝑉𝐺 = 𝑁𝑝𝐼𝑝ℎ −𝑁𝑝𝐼𝑜 [𝑒𝑥𝑝 (
𝑉𝑃𝑉𝐺+

𝑁𝑠
𝑁𝑝
𝑅𝑠𝐼𝑃𝑉𝐺

𝑁𝑠𝑁𝑐𝑠𝑎1𝑉𝑇
) +

𝑒𝑥𝑝 (
𝑉𝑃𝑉𝐺+

𝑁𝑠
𝑁𝑝
𝑅𝑠𝐼𝑃𝑉𝐺

𝑁𝑠𝑁𝑐𝑠𝑎2𝑉𝑇
) − 2] −

(𝑉𝑃𝑉𝐺
𝑁𝑝

𝑁𝑠
+𝐼𝑃𝑉𝐺𝑅𝑠)

𝑅𝑝
   (1) 

The reverse saturation current is given by the equation (2). 

𝐼0 = 
𝐼𝑠𝑐_𝑆𝑇𝐶+𝛼𝑠𝑐 ∆𝑇

exp[
𝑉𝑜𝑐_𝑆𝑇𝐶+𝛽𝑜𝑐 ∆𝑇

𝑉𝑇
]−1

  (2) 

Equation (3) describes the current generated by the 
incidence of light [12]: 

𝐼𝑝ℎ = (𝐼𝑝ℎ𝑆𝑇𝐶 + 𝛼𝑠𝑐∆𝑇)
𝐺

𝐺𝑆𝑇𝐶
  (3) 
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Where 𝑉𝑇 =
𝐾𝑇

𝑞⁄ , IphSTC is the light generated current 

at STC (approximately IphSTC = IscSTC [3]), ΔT = T– TSTC ( 

𝑇𝑆𝑇𝐶 = 298𝐾), G present the solar irradiance, (𝐺𝑆𝑇𝐶 =
1000 𝑊/𝑚²), a1 and a2 represent respectively the ideality 

factor of diode 1 and 2. 

Figure 2 shows the equivalent circuit of two-diode model 
of solar cell [13]. 

 

Fig. 2. Electrical schema of two diode model. 

B. Boost converter modeling 

The DC/DC converter is presented by the following state 
space model Eq(4) [9]. 

{
 
 

 
 
𝑑𝑖𝐿𝑝𝑣

𝑑𝑡
=

𝑉𝑝𝑣

𝐿𝑝𝑣
− (

𝑅𝑙𝑝𝑣

𝐿𝑝𝑣
𝑖𝐿𝑝𝑣) − (1 − 𝛿) [

𝑅𝑐

𝐿𝑝𝑣
𝑖𝐿𝑝𝑣 − 𝑅𝑐𝐼𝑖𝑛𝑣 +

𝑉𝑐

𝐿𝑝𝑣
]

𝑑𝑉𝑐

𝑑𝑡
=

1

𝐶
(𝐼𝑐 − 𝐼𝑖𝑛𝑣)

𝑉𝑑𝑐 = 𝐼𝑐𝑅𝑐 + 𝑉𝑐
𝐼𝑐 = (1 − 𝛿)𝑖𝐿𝑝𝑣

(4) 

To extract the maximum of power from the PVG we 
propose a new algorithm is to find the MPPT based on the 
climatic parameters (irradiation and temperature). A current 
desired function is then generated and implanted in a micro 
controller in order to control the system to work in MPP for 
each couple (𝐺, 𝑇) using a regulation loop on the current 
generated by the PV Array making this last generates the 
desired current [9]. 

C. Three-phase inverter modeling 

The model of three-phase inverter connected to the grid is 
given by the following equations [7]. 

[

𝑉𝑎𝑛
𝑉𝑏𝑛
𝑉𝑐𝑛

] =
𝑉𝑑𝑐

3
[
2 −1 −1
−1 2 −1
−1 −1 2

] [

𝑓1
𝑓2
𝑓3

]      (5) 

Where 𝑓1, 𝑓2 and 𝑓3 are the PWM signals. 

The modeling of the inverter coupled to the grid through 
an LCL filter is given by these equations. Equation (6) gives 
the three currents in the side of the inverter. 

𝐿1
𝑑

𝑑𝑡
[

𝑖𝐿1𝑎
𝑖𝐿1𝑏
𝑖𝐿1𝑐

] = [

𝑉𝑎𝑛
𝑉𝑏𝑛
𝑉𝑐𝑛

] − [

𝑉𝑐𝑓𝑎
𝑉𝑐𝑓𝑏
𝑉𝑐𝑓𝑐

]       (6) 

The voltage of the filter capacitor is given by equation (7) 

𝐶𝑓
𝑑

𝑑𝑡
[

𝑉𝑐𝑓𝑎
𝑉𝑐𝑓𝑏
𝑉𝑐𝑓𝑐

] = [

𝑖𝐿1𝑎
𝑖𝐿1𝑏
𝑖𝐿1𝑐

] − [

𝑖𝐿2𝑎
𝑖𝐿2𝑏
𝑖𝐿2𝑐

]       (7) 

The injected current is described by the following 
equations. 

𝐿2
𝑑

𝑑𝑡
[

𝑖𝐿2𝑎
𝑖𝐿2𝑏
𝑖𝐿2𝑐

] = [

𝑉𝑐𝑓𝑎
𝑉𝑐𝑓𝑏
𝑉𝑐𝑓𝑐

] − [

𝑉𝑎𝑟
𝑉𝑏𝑟
𝑉𝑐𝑟

]       (8) 

Applying transform Park, our system becomes as 
following (Eq (9), Eq (10), Eq (11)). 

𝐿1
𝑑

𝑑𝑡
[
𝑖𝐿1𝑑
𝑖𝐿1𝑞

] = [
𝑉𝑑
𝑉𝑞
] − [

𝑉𝑐𝑓𝑑
𝑉𝑐𝑓𝑞

] −
3

2
𝜔 𝐿1 [

−𝑖𝐿1𝑞
𝑖𝐿1𝑑

]  (9) 

𝐶𝑓
𝑑

𝑑𝑡
[
𝑉𝑐𝑓𝑑
𝑉𝑐𝑓𝑞

] = [
𝑖𝐿1𝑑
𝑖𝐿1𝑞

] − [
𝑖𝐿2𝑑
𝑖𝐿2𝑞

] −
3

2
𝜔 𝐶𝑓 [

−𝑉𝑐𝑓𝑞
𝑉𝑐𝑓𝑑

] (10) 

𝐿2
𝑑

𝑑𝑡
[
𝑖𝐿2𝑑
𝑖𝐿2𝑞

] = [
𝑉𝑐𝑓𝑑
𝑉𝑐𝑓𝑞

] − [
𝑉𝑑𝑟
𝑉𝑞𝑟
] −

3

2
𝜔 𝐿2 [

−𝑖𝐿2𝑞
𝑖𝐿2𝑑

]  (11) 

The instantaneous powers which are delivered to the grid 
are given by equations 12. 

{
𝑃 =

2

3
𝑉𝑞𝑟𝑖𝐿2𝑞

𝑄 =
2

3
𝑉𝑞𝑟𝑖𝐿2𝑑

            (12) 

III. PROPOSED CONTROL  

For the proposed three phase grid connected to PV 
generator, our purpose is to obtain the maximum of power 
extracted from the PVG and the reactive power at its reference 
value. Our objective is to have fast dynamics to follow as 
quickly as possible the reference power with high disturbance 
rejection. Therefore, the use of sliding mode control seems to 
be suitable since the studied system is strongly nonlinear. In 
fact, the sliding surface is composed by the linear combination 
of state variable errors that are defined as the differences 
between the state variables and their references. The synthesis 
of a command by sliding mode is realized in three steps [14]: 

• The choice of suitable sliding surface, 

• Development of convergence conditions, 

• Determination of the control law 

In our case, the sliding surface must be designed to control 
the currents injected into the grid 𝑖𝐿2𝑑 and 𝑖𝐿2𝑞. The 

convergence conditions can be obtained by selecting a sliding 
surface using only the errors of the injected currents. The 
reference injected currents can be expressed by a function 
proportional to the active and reactive power (13). 

{𝑖𝐿2𝑞
∗ =

2

3𝑉𝑟𝑞
𝑃∗|𝑖𝐿2𝑑

∗ =
2

3𝑉𝑟𝑞
𝑄∗}       (13) 

The proposed errors are given by (14) 

{𝑒1 = 𝑖𝐿2𝑑 − 𝑖𝐿2𝑑
∗ |𝑒2 = 𝑖𝐿2𝑞 − 𝑖𝐿2𝑞

∗ }     (14) 

Where 𝐶1 and 𝐶2 are positive constants. The sliding mode 
dynamics must be verified this equality 𝐶1𝑒1 + 𝐶2𝑒1̇ + 𝑒1̈ = 0 
to be stable globally. 

The derivates of the first error 𝑒1 are given as follows: 

𝑒1̇ = −𝑖𝐿2𝑑̇ = − [
𝑉𝑐𝑓𝑑

𝐿2
+

3

2
𝜔𝑖𝐿2𝑞]     (15) 

 

 

978-1-5090-3960-9/17/$31.00 ©2017 IEEE 122



  

𝑒1̈ = − [
𝑉𝑐𝑓𝑑̇

𝐿2
+

3

2
𝜔𝑖𝐿2𝑞̇ ] = 𝑖𝐿2𝑑 [

1

𝐶𝑓𝐿2
+

9

4
𝜔2] −

3𝜔

𝐿2
𝑉𝑐𝑓𝑞 +

3𝜔

2𝐿2
𝑉𝑞𝑟 −

𝑖𝐿1𝑑

𝐶𝑓𝐿2
              (16) 

 

{
𝑒1
(3)
= 𝑖𝐿2𝑑̇ [

1

𝐶𝑓𝐿2
+
9

4
𝜔2] −

3𝜔

𝐿2
𝑉𝑐𝑓𝑞̇ −

𝑖𝐿1𝑑̇

𝐶𝑓𝐿2

𝑒1
(3)
= 𝑖𝐿2𝑑̇ [

1

𝐶𝑓𝐿2
+
9

4
𝜔2] −

3𝜔

𝐿2
𝑉𝑐𝑓𝑞̇ −

1

𝐶𝑓𝐿2𝐿1
𝑉𝑑 +

1

𝐶𝑓𝐿2𝐿1
𝑉𝑐𝑓𝑑 −

3𝜔

2𝐶𝑓𝐿2
𝑖𝐿1𝑞

(17) 

The derivates of the second error 𝑒2 are given as follows: 

𝑒2̇ = −𝑖𝐿2𝑞̇ = − [
𝑉𝑐𝑓𝑞

𝐿2
−

3

2
𝜔𝑖𝐿2𝑑 −

𝑉𝑟𝑞

𝐿2
]   (18) 

𝑒2̈ = − [
𝑉𝑐𝑓𝑞̇

𝐿2
−

3

2
𝜔𝑖𝐿2𝑑̇ ] = 𝑖𝐿2𝑞 [

1

𝐶𝑓𝐿2
+

9

4
𝜔2] +

3𝜔

𝐿2
𝑉𝑐𝑓𝑑 −

𝑖𝐿1𝑞

𝐶𝑓𝐿2
                  (19) 

 

𝑒2
(3)
= 𝑖𝐿2𝑞̇ [

1

𝐶𝑓𝐿2
+

9

4
𝜔2] +

3𝜔

𝐿2
𝑉𝑐𝑓𝑑̇ −

𝑉𝑞

𝐶𝑓𝐿2𝐿1
+

𝑉𝑐𝑓𝑞

𝐶𝑓𝐿2𝐿1
+

3𝜔

2 𝐶𝑓𝐿2
𝑖𝐿1𝑑                (20) 

The vectors control 𝑉𝑑 and 𝑉𝑞appear in the third derivative. 

The sliding surface must be globally stable, which implies  
𝑆1 = 0 and 𝑆2 = 0. The derivatives of the two sliding 

surfaces must also be equals to zero and 𝑉𝑑
𝑁 = 0 and 𝑉𝑞

𝑁 = 0. 

During the convergence mode, we must verify the condition 

𝑆𝑆̇ < 0, we choose the derivate of surface equal to equation 
(21). 

{𝑆1̇ = −𝑀 𝑆1 − 𝑁𝑠𝑖𝑔𝑛(𝑆1)|𝑆2̇ = −𝑀 𝑆2 − 𝑁𝑠𝑖𝑔𝑛(𝑆2)}  (21) 

Then we can obtain the two control lows as follows: 

{
 
 
 

 
 
 
𝑉𝑑 = 𝐶𝑓𝐿2𝐿1 [

𝑀 𝑆1 + 𝑁𝑠𝑖𝑔𝑛(𝑆1) + 𝑖𝐿2𝑑̇ [
1

𝐶𝑓𝐿2
+

9

4
𝜔2]

−
3𝜔

𝐿2
𝑉𝑐𝑓𝑞̇ +

𝑉𝑐𝑓𝑑

𝐶𝑓𝐿2𝐿1
−

3𝜔

2𝐶𝑓𝐿2
𝑖𝐿1𝑞

]

𝑉𝑞 = 𝐶𝑓𝐿2𝐿1 [
𝑀 𝑆 + 𝑁𝑠𝑖𝑔𝑛(𝑆2) + 𝑖𝐿2𝑞̇ [

1

𝐶𝑓𝐿2
+

9

4
𝜔2]

+
3𝜔

𝐿2
𝑉𝑐𝑓𝑑̇ +

𝑉𝑐𝑓𝑞

𝐶𝑓𝐿2𝐿1
+

3𝜔

2 𝐶𝑓𝐿2
𝑖𝐿1𝑑

]

}
 
 
 

 
 
 

 (22) 

Figure 3 presents the adopted sliding mode control for 
three phase grid connected PVG. 

 

Fig. 3. Block diagram of the Sliding mode control. 

Where 𝑀 and 𝑁 are two positive constants. 

𝑀1 = 𝑀2 =
2

3𝑉𝑟𝑞
; 𝐵1 = 𝐵2 = 𝐶𝑓𝐿1𝐿2; 

𝐿1 = 𝑖𝐿2𝑑̇ [
1

𝐶𝑓𝐿2
+

9

4
𝜔2] −

3𝜔

𝐿2
𝑉𝑐𝑓𝑞̇ +

𝑉𝑐𝑓𝑑

𝐶𝑓𝐿2𝐿1
−

3𝜔

2𝐶𝑓𝐿2
𝑖𝐿1𝑞 

and  

𝐿2 = 𝑖𝐿2𝑞̇ [
1

𝐶𝑓𝐿2
+
9

4
𝜔2] +

3𝜔

𝐿2
𝑉𝑐𝑓𝑑̇ +

𝑉𝑐𝑓𝑞

𝐶𝑓𝐿2𝐿1
+

3𝜔

2 𝐶𝑓𝐿2
𝑖𝐿1𝑑 

The inverter input must be maintained constant DC 
voltage. In fact, we propose to add a proportional integral 
corrector. It is parameterized as a function of the value of the 
capacitor and the dynamics of the control loop. Figure 4 shows 
the control loop of DC link. 

 

Fig. 4. DC link voltage regulator. 

IV. RESULTS AND DISCUSSION 

To prove more the performance and the efficiency of the 
proposed control, we simulate the model of three-phase grid-
connected to a PVG equal to 10MW ( 𝑁𝑠 = 334 𝑎𝑛𝑑 𝑁𝑝 =
500) in MATLAB/Simulink. We consider that the PVG is 
connected to the grid and all conditions before coupling are 
verified [9]. The model parameters are defined and presented 
in table1. Simulation results are given for various (G,T) 
couples presented in Fig 5. 

Table 1: Characteristics of the BP MSX60 in standard 
conditions (𝐺 =  1000 𝑊/𝑚² 𝑎𝑛𝑑 𝑇 = 25°𝐶). 

𝑉𝑜𝑐  in V 21 

𝐼𝑠𝑐  in A 3,74 

𝑉𝑚𝑝 in V 17,1 

𝐼𝑚𝑝 in A 3,5 

𝑃𝑚𝑝 in W 60 

𝛽𝑜𝑐 in mV/°C - 80 

𝛼𝑠𝑐 in mA/°C 2,47 

 

Fig. 5. Climatic conditions profiles. 

Figure 6 illustrates desired and measured output current of 
the PVG. We can clearly see that the output current of the PVG 
follows the desired one which is maintained to MPPT current. 

Following to fig. 6, this current is sensitive to irradiation 
perturbation. In fact, at 𝑡 = 1𝑠 , the irradiance decreases from 
1000𝑊/𝑚² 𝑢𝑛𝑡𝑖𝑙 800𝑊/𝑚², the output GPV MPPT current 
then decreases in the same way. 
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Figure 7 shows the response of output voltage of the PVG.  
It is obvious that the PVG voltage is sensitive to the 
temperature variation. We can note that the proposed MPPT 
control yields to accurate values of current and voltage and 
adapts the new value of current and voltage refer to maximum 
power point when the climatic conditions changes. Figure 8 
shows the evolution of the voltage of the DC bus. We can see 
that the DC bus is stable even when the climatic condition 
changes. This is due to the DC bus regulator which adapts 
always the same value of the DC bus voltage. 

 

Fig. 6. Evolution of the output current of the PV generator for given G 
and T. 

 

Fig. 7. Evolution of the output voltage of the PV generator for given G 
and T. 

 

Fig. 8. Evolution of the DC bus voltage. 

Figure 9 and figure 10 illustrate respectively the active and 

reactive power compared to the desired ones. In our 

application, the desired active power is the maximum power 

extracted from the PVG. It is obvious from figure 9 that the 

injected active power follows the desired power under various 

climatic conditions. As showing in figure 10, we can inject or 

absorb the reactive power which does not exceed 30% of the 

active power. The two figures are showing the excellent 

tracking of the reference. We can from these figures that the 

sliding mode control is robust and efficient for this 

application. 

 
Fig. 9. Evolution of the active power injected to the grid. 

 
Fig. 10. Evolution of reactive power injected to the grid. 

Figure 11 shows the output three-phase voltage and the 

injected current into the grid. As can be seen in the zoom of 

figure 11 (a), the use of LCL filter offers a high quality of 

injected current. 

Figure 12 illustrates the output voltage and the injected 

current of the first phase of the grid. Figure 12 explains the 

reactive power flux for three modes: the reactive power 

absorption (Q>0), reactive power zero and reactive power 

injection (Q<0). In fact, figure 12 (a) illustrates the output 

voltage and injected current in the first phase of the grid. 

Figure 12 (b), 12(c) and 12(d) show a zoom of the figures 

12(a) and Figure 12 (e) plot the evolution of the phase delay, 

as a consequence of the three-operating mod as follows: 

• For 0 < 𝑡 < 0.8 𝑠 , no reactive power is injected to the 

grid (𝑄 = 0). In this case, the voltage and the current 

outputs are in phase (Fig.12 b). 

• For 0.8 < 𝑡 < 1.3 𝑠 , the reactive power is absorbed 

from the grid (𝑄 < 0). In this case, the voltage is in 

advance with respect to the current (Fig.12 c). 

 

• For 1.3 < 𝑡 < 1.6 𝑠 , the reactive power is injected to 

the grid (𝑄 > 0). In this case, the current is in advance 

with respect to the voltage (Fig.12 d). 

 
Fig. 11 Three-phase voltage and the current injected of grid 

side. 
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Fig. 12 (a)First phase voltage of the grid and the injected current 

(b) Voltage and current in the first phase when (Q=0) 

(c) Voltage and current in the first phase when (Q<0) 

(d) Voltage and current in the first phase when (Q>0) 
(e) Evolution of the phase delay of the first phase. 

 

As it is seen, different results demonstrate the 

effectiveness of the integrated control strategy in terms of 

precision , rapidity and stability.  

V. CONCLUSION 

In this paper, a three-phase grid connected to photovoltaic 

generator is modeled and simulated by MATLAB. All the 

elements of the proposed system were clearly described and 

modelled in order to obtain satisfactory results. The boost 

converter has the roll of extraction the maximum of the PVG 

power. A sliding mode control was proposed to regulate the 

injected active and reactive power. The purpose of the 

sliding mode is to inject the maximum of active power 

produced from the PVG in one hand and to inject or absorb 

the reactive power according to the needs of the grid. On 

another hand the simulation results illustrate that sliding 

mode control offers an excellent response during the climatic 

condition changes. The reactive power changes according to 

the needs of the grid which can inject, absorb or have the unit 

power factor. 

NOMENCLATURE 

PV : Photovoltaic 

PVG : Photovoltaic generator 

MPPT : Maximum Power Point Tracking 

MPP : Maximum Power Point 

DC : Direct Current 

𝐼𝑝𝑣 : PV cell current 

𝐼𝑝ℎ 
: Current generated by the incidence of 

light  

𝐼𝐷1 : Diode 1 current 

𝐼𝐷2 : Diode 2 current 

𝑅𝑠 
: Series resistance of the PV cell 

equivalent circuit 

𝑅𝑝 
: Shunt resistance of the PV cell 

equivalent circuit 

𝑉𝑝𝑣 : PV cell voltage 

𝛼𝑠𝑐  : Short-circuit current coefficient 

𝛽𝑜𝑐 : Open-circuit voltage coefficient 

STC : Standard Test Conditions 

𝑉𝑇 : Thermal voltage 

𝐼01 : Diode 1 reverse saturation current 

𝐼02 : Diode 2 reverse saturation current 

a1 : Diode 1 ideality constant 

a2 : Diode 2 ideality constant 

q : The electron charge 

k : Boltzmann constant 

𝑁𝑠𝑐  : Number of cells connected in series  

𝑁𝑠 
: Number of modules connected in series 

in each branch  

𝑁𝑝 : Number of parallel branches in the PVG 

𝐼𝑝𝑣𝑔 : PVG current 

𝑉𝑝𝑣𝑔 : PVG voltage 

𝐿1 
: Filter inductance in the side of the 

inverter  

𝐿2 : Filter inductance in the side of the grid  

𝐶𝑓 : Filter capacitor  

𝑉𝑎𝑟, 𝑉𝑏𝑟𝑎𝑛𝑑 𝑉𝑐𝑟 : Voltage of the grid  

𝑉𝑎𝑛 , 𝑉𝑏𝑛𝑎𝑛𝑑 𝑉𝑐𝑛 : Output voltage of the inverter  

𝑉𝑐𝑓𝑎 , 𝑉𝑐𝑓𝑏𝑎𝑛𝑑 𝑉𝑐𝑓𝑐 : Voltage of the filter capacitor  

𝐼𝐿1𝑎 , 𝐼𝐿1𝑏𝑎𝑛𝑑 𝐼𝐿1𝑐 : Output current of the inverter 

𝐼𝐿2𝑎 , 𝐼𝐿2𝑏𝑎𝑛𝑑 𝐼𝐿2𝑐 : Injected current in the grid 

δ : Duty cycle 
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