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Abstract
This paper presents a new synergetic control scheme for grid-connected photovoltaic (PV) systems. The proposed control 
scheme improves the quality of energy injected by the PV inverter into the grid by minimizing the total harmonic dis-
tortion (THD) of currents during low sunlight conditions. The proposed technique makes use of an intermediate virtual 
control to design the new synergetic control law which is applied on a grid-connected PV system supplying linear and 
non-linear loads. The effectiveness of the control scheme is simulated in Matlab/Simulink software. A comparison of 
simulation results with other linear and nonlinear control techniques in the literature show the effectiveness, superiority 
and satisfactory performance of the proposed scheme in minimizing the harmonics and THD of the currents under low 
solar irradiance. The results also show that the proposed synergetic controller is robust and has better dynamic perfor-
mance under varying irradiance conditions.
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1 Introduction

The use of static converters has led to the development 
of new control techniques for regulation and control of 
electrical power systems. Most of these control schemes 
use mathematical theories, hypotheses and physical laws 
to improve the performance indicators of electric power 
systems such as robustness, precision, and fidelity. Despite 
this improvement in performance, a grid-connected PV 
inverter produces high harmonic currents when operated 
under light load conditions due to low solar irradiance or 
non-linear loads[1]. A strong presence and/or high power 
demand for non-linear loads also increases harmonic 
problems[2]. These harmonics are highly responsible 
for cable heating, losses in semiconductor converters, 
capacitor breakdown, increased line losses, power factor 
degradation, vibration and acoustic noise, measurement 

device malfunction, line aging and unbalance voltage just 
to name a few[12]. These adverse effects have an impact 
on the quality of the energy injected into the power grid. 
Several control schemes have been proposed and devel-
oped in the literature to remedy the problems caused by 
harmonics. Some of these schemes are based on selective 
harmonic elimination techniques[5, 9] which aim at select-
ing and removing harmful harmonics from the frequency 
spectrum, thus minimizing THD. The major disadvan-
tage of these solutions lie in the exact calculation of the 
switching angles. Also, the complexity of these algorithms 
reduces their feasibility. A better alternative to the selec-
tive harmonic elimination techniques is the reactive power 
compensation methods and algorithms[8]. These meth-
ods make use of active filters to ensure a better energy 
transit while canceling the reactive power produced 
in the network. The power quality in this case respects 
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the standards. However, the use of these techniques for 
power quality improvement is often very cumbersome 
and expensive. Other methods consist of increasing the 
number of switching cells in the converters, thus allow-
ing them to have a multi-level wave with a minimal total 
harmonic distortion[14]. However, they require a large 
number of switches which makes them also expensive and 
cumbersome. Many linear and nonlinear techniques have 
also been proposed in the literature to reduce the effects 
of harmonic distortion. However, linear approaches do not 
always produce satisfactory results in terms of minimiza-
tion of THD. Hence the aim of this work is to:

– Propose an alternative solution using new synergetic 
control scheme applied to a grid-connected PV system 
to further improve the THD of currents;

– Compare the results of the proposed method with that 
obtained using the control approaches in[6, 10].

The rest of the paper has the following structure: In Sect. 2, 
a grid-connected PV systems is described. The design pro-
cedure of the proposed control scheme together with a 
block diagram is developed in Sect. 3. In Sect. 4, numerical 
simulation results are presented. Finally in Sect. 5, some 
concluding remarks and future perspectives end the 
paper.

2  Description of the grid‑connected 
photovoltaic model

The grid-connected photovoltaic system studied in this 
work is derived from the works of[3, 6, 10] and its syn-
optic diagram is shown in Fig. 1. The diagram consists 
of five groups of blocks. In the first group of blocks, 
the photovoltaic source (PV block) is connected to a 
boost converter (DC/DC block). The Maximum Power 
Point Tracking (MPPT block) and Proportional Integral 
(PI block) controllers optimize the parameters of the PV 
block through the DC/DC block. In the second group 
of blocks, the Cdc capacitor is used for filtering the Vdc 
voltage at the input of the inverter (DC/AC block). The 
inverter then injects a three-phase current into the grid 
and the Pulse Width Modulation (PWM block). The third 
group consists of the Rf  and Lf  elements which filter the 
current harmonics injected by the inverter. The non-lin-
ear load block which is composed by the uncontrolled 
rectifier (AC/DC block) on the load ( P2,Q2 ) and the linear 
load ( P1,Q1 ) connected to the mains make up the fourth 
group. The fifth group consists of the DC link regulation 
block and the block describing the proposed synergetic 
control.

Fig. 1  Grid-connected photovoltaic system
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3  Design of control strategy

The DC/DC stage of the photovoltaic system in Fig. 1 
is used to keep the DC link voltage constant. This is 
achieved using the control strategy developed in[10]. 
In[3], a MATLAB/Simulink simulation model of the con-
trol strategy with PV sources is presented. The control 
strategy consists of regulating the vpv voltage and the ipv 
current supplied by the solar panels through two con-
trol loops. The reference voltage V∗

pv
 of the DC/DC stage 

is calculated using an MPPT algorithm. This algorithm 
maintains the power delivered by the solar panels at its 
maximum according to solar irradiance and temperature 
conditions. The d-axis reference signal i∗

d
 of the inverter 

current is computed by the control loop of the DC link 
while the reference q-axis component i∗

q
 is set to zero. 

The methodology used in the determination of the PI 
parameters is described in[11] and the values of the 
gains obtained are given in “Appendix”.

3.1  Synergetic control strategy

3.1.1  Synthesis of synergetic control theory

Consider the nonlinear dynamic SISO system of dimension 
n presented by Eq. (1) where x is the state vector of the 
system and u the control vector. Synthesizing a synergetic 
controller starts with the definition of a macro-variable, 
which takes into account the specifications and control 
constraints as given in Eq. (2)[6]

where Ψ is the macro-variable and �(x, t) the objective 
function which is defined to evolve over the chosen 
domain as described in Eq. (3)[4].

The characteristics of the macro-variable are chosen by 
the designer. The choice is based on parameters such as 
control objective, settling time and control limitations[6, 
13]. It can be a simple linear combination of state variables 
which are forced to evolve in a desired way expressed by 
a constraint chosen by the designer as shown in Eq. (4)

where the control parameter T indicates the speed of 
convergence of the closed-loop system in the selected 
domain[7].

(1)
dx(t)

dt
= f (x, u, t)

(2)Ψ = �(x, t)

(3)�(x, t) = 0

(4)T �̇�(x, t) + 𝜓(x, t) = 0, T > 0

3.2  Proposed synergetic control strategy

To design a new control law based on the work of[6], let’s 
consider Eq. (5) which describes the dynamics of the L fil-
ter connected to the grid and the macro-variable given by 
Eq. (6)

where x1 = id : d-axis current, x2 = iq : q-axis current, � =
Lf

Rf
 

and � =
1

Lf
.

The implementation of the new control law is achieved 
in two steps.

3.2.1  Step 1: Design of an Intermediate Control Law

Considering the macro-variables defined by Eq. (6), the 
components of the measured currents x = [x1 x2]

T  can 
be expressed as (7);

Substituting Eq. (7) in (5) yields;

Expanding (8) and substituting the result in Eq. (9) (derived 
from Eq. 4), we get Eq. (10) which allows us to group the 
derivatives on one side.

With 
[
�1 �2

]T
=

[
1 − �−1T1
1 − �−1T2

]

Equation (10) can be rewritten as two equations; one 
composed of derivatives (Eq. 11) and the other represent-
ing new current dynamics (Eq. 12).

(5)

{
̇x1 = −𝜏−1x1 + 𝜔x2 + 𝛿(vd − ed)

̇x2 = −𝜏−1x2 − 𝜔x1 + 𝛿(vq − eq)

(6)�

(
�1

�2

)
=

(
x∗
1
− x1

x∗
2
− x2

)

(7)x

(
x1
x2

)
=

(
x∗
1
− �1

x∗
2
− �2

)

(8)

{
ẋ∗
1
− �̇�1 = −𝜏−1(x∗

1
− 𝜓1) + 𝜔(x∗

2
− 𝜓2) + 𝛿(vd − ed)

ẋ∗
2
− �̇�2 = −𝜏−1(x∗

2
− 𝜓2) − 𝜔(x∗

1
− 𝜓1) + 𝛿(vq − eq)

(9)𝜓 = −T �̇� , T = [T1 T2]
T > 0

(10)

{
̇x1
∗ − 𝛾1�̇�1 − 𝜔T2�̇�2 = −𝜏−1x∗

1
+ 𝜔x∗

2
+ 𝛿(vd − ed)

̇x2
∗ + 𝜔T1�̇�1 − 𝛾2�̇�2 = −𝜏−1x∗

2
− 𝜔x∗

1
+ 𝛿(vq − eq)

(11)

{
̇𝜉1 = ̇x1

∗ − 𝛾1�̇�1 − 𝜔T2�̇�2

̇𝜉2 = ̇x2
∗ + 𝜔T1�̇�1 − 𝛾2�̇�2

(12)

{
̇𝜉1 = −𝜏−1x∗

1
+ 𝜔x∗

2
+ 𝛿(vd − ed)

̇𝜉2 = −𝜏−1x∗
2
− 𝜔x∗

1
+ 𝛿(vq − eq)
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In fact, we define � = [�1 �2]
T  as virtual currents of zero 

reference control. This variable allows us to perform the 
design in two steps. The first step consists of solving 
Eq. (11) while the second step consist of designing the 
control law. The solution of Eq. (11) is given by Eq. (13)

where K𝜓1
, K𝜓2

> 0 , �1 and �2 are virtual currents on the d 
and q axis respectively. The function sat(.) has been arbi-
trarily chosen and described by Eq. (14).

3.2.2  Step 2: Synergetic v̂dq control law

By defining the macro-variables as in Eq. (15), whose con-
vergence condition must be satisfied by Eq. (16) and pro-
ceeding in the same way as in step 1, we obtain the control 
law given by Eq. (17).

where �∗
1
= �∗

2
= 0 are virtual reference currents on the d 

and q axis respectively.

(13)

{
𝜉1 = ∫ �̇�1 = x∗

1
− 𝛾1𝜓1 − 𝜔T2𝜓2 − K𝜓1

sat(𝜓1)

𝜉2 = ∫ �̇�2 = x∗
2
+ 𝜔T1𝜓1 − 𝛾2𝜓2 − K𝜓2

sat(𝜓2)

(14)sat(�) =

⎧
⎪⎨⎪⎩

+1

� , −1 ≤ � ≤ 1

−1

(15)�

(
�1
�2

)
=

(
�∗
1
− �1

�∗
2
− �2

)

(16)T ��̇� + 𝜗 = 0, T � = [T3 T4]
T > 0

(17)

⎧⎪⎨⎪⎩

v̂d = ed + 𝛿−1(
1

T3
𝜗1 +

̇𝜉1
∗
+ 𝜏−1x∗

1
− 𝜔x∗

2
)

v̂q = eq + 𝛿−1
�

1

T4
𝜗2 +

̇𝜉2
∗
+ 𝜏−1x∗

2
+ 𝜔x∗

1

�

Figure 2 describes the synergetic control principle pro-
posed for the regulation of the current injected into the 
grid by the PV system.

4  Results and discussion

In order to evaluate the performance of the proposed syn-
ergetic control during solar irradiance variation, numerical 
simulations in Matlab/Simulink were performed using the 
same test conditions as the PI controller proposed in[10] and 
the synergetic control in[6]. The parameters of the power 
system, PV source and controllers are given in “Appendix”. 
The solar irradiance profile used in the simulations is shown 
in Fig. 3b and the resulting power injected into the grid is 
given in Fig. 3a. It can be seen from Fig. 4 that the THD of the 
currents injected into the grid by the proposed synergetic 
control method is significantly lower than those of the con-
trollers proposed in[6, 10] under all solar irradiance condi-
tions. Figures 5, 6, 7 and 8 show the zooms of the currents 
and harmonic spectra injected into the grid for the different 
irradiance values. It can be seen from these figures that the 
amplitudes of the harmonics above the fundamental in the 
currents injected into the grid by the proposed method is 
significantly smaller than the ones presented by the other 
two methods. It can also be observed from these figures that 
the proposed approach does not affect the harmonics of the 
grid voltages. A quantitative evaluation and comparison of 
the performance of the proposed synergetic control during 
solar irradiance variation was also carried out with the pro-
file shown in Fig. 3b. The average values of the current THD 
collected during the various operating tests are presented 
in Table 1. An analysis of the results of this table indicates 
that the THD values obtained with the proposed controller 
always falls within the accepted standards no matter the var-
iations in solar irradiance. These qualitative and quantitative 
results show that the proposed approach presents better 
performances in terms of reduction of current harmonics as 
compared to the works of[6, 10].

Fig. 2  Proposed synergetic control strategy
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Fig. 3  System performance 
under varying solar irradiance 
conditions. a Power trans-
mitted by the PV system. b 
Irradiation

Fig. 4  System performance 
under varying solar irradiance 
conditions Fig. 3b. a Injected 
grid current THD and b 
injected current

Fig. 5  Zoom of harmonic 
spectrum (in red: PI, in black: 
classical synergetic control, in 
blue: proposed synergetic con-
trol) at 1000 W∕m2 . a Zoom of 
current flowing through phase 
a. b Zoom of voltage of phase 
a. c Harmonic spectrum of 
current. d Harmonic spectrum 
of voltage
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Fig. 6  Zoom of harmonic 
spectrum (in red: PI, in black: 
classical synergetic control, in 
blue: proposed synergetic con-
trol) at 750 W∕m2 . a Zoom of 
current flowing through phase 
a. b Zoom of voltage of phase 
a. c Harmonic spectrum of 
current. d Harmonic spectrum 
of voltage

Fig. 7  Zoom of harmonic spec-
trum (in blue: PI, in red: classi-
cal synergetic control, in black: 
proposed synergetic control) 
at 500 W∕m2 :a Zoom of the 
current flowing through phase 
a. b Zoom of the voltage of 
phase a. c Harmonic spectrum 
of the current. d Harmonic 
spectrum of the voltage

Fig. 8  Zoom of harmonic 
spectrum (in red: PI, in black: 
classical synergetic control, in 
blue: proposed synergetic con-
trol) at 250 W∕m2 :a Zoom of 
current flowing through phase 
a. b Zoom of voltage of phase 
a. c Harmonic spectrum of 
current. d Harmonic spectrum 
of voltage
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5  Conclusions

In this paper, a new synergetic control scheme for grid-con-
nected photovoltaic systems is presented. The proposed 
control approach is robust and improved the quality of the 
energy injected by the PV inverter by minimizing the THD 
of currents during low sunlight conditions. The proposed 
technique made use of an intermediate virtual control 
which was applied to a nonlinear mathematical model of 

a grid-connected PV system. The effectiveness of the con-
trol scheme was verified using numerical simulations in 
Matlab/Simulink. A comparison of the simulation results 
showed the effectiveness, superiority and satisfactory 
performance of the proposed scheme in minimizing the 
harmonics and THD of the currents in the presence of non-
linear and linear loads. Our future works consist of imple-
menting the proposed synergetic control experimentally.

Compliance with ethical standards 
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Appendix: simulation parameters 
under MATLAB/Simulink and abbreviation

See Fig. 9, Tables 2, 3, 4, 5 and 6.

Table 1  Comparative table of THD
ia
(%) for different solar irradiance 

levels

G(W∕m2) 1000 750 500 250

THDia
(PI)[10] 1.41 1.82 1.93 3.83

THDia
(Synergetic)[6] 1.13 1.27 1.81 3.46

THDia
(Proposed synergetic) 1.02 1.10 1.25 2.32

Fig. 9  Inverter control synoptic of the compared methods. a PI control strategy[3, 10]. b Classical synergetic control strategy[6]
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Table 2  Synergetic control 
parameters

Methods T1 T2 T3 T4 K�1
K�2

Synergetic 0.5 μs 0.5 μs – – – –
Proposed 80 μs 80 μs 1 ns 1 ns − 18 − 18

Table 3  Power system parameters

Lf 2 mH Rf 1 mΩ f 50 Hz
P1 140 kW Q1 2 kVar Ea 220 V
P2 5 kW Q2 1 kVar k1,d 0.1
V∗

dc
650 V Ldc∕dc 5 mH k1,q 0.1

Rdc∕dc 5 mΩ Cdc 12 mF kRm,dq
0.1

Table 4  PV source parameters

Number of cell 96 Isc 5.96 A

Np 66 V0C 64.2 V
Ns 5 Vmp 54.7 V
Rs 0.037 Ω RP 993.51 Ω
P 305 W Total power 126.26 kW

Table 5  Controller parameters

PI regulator kp ki

DC link voltage ( vdc) − 3.60 − 270
d-axis current ( id) 24 12
q-axis current ( iq) 24 12

Table 6  Abbreviations used in this paper

PV Photovoltaïc
PI Proportional-integral controller
THD Total harmonics distorsion
Vdc Voltage of DC link(V)
idc Current of DC link (A)
ipv , Ipv Photovoltaïc array current (A)
x State vector
va, vb, vc Voltages at the ac bus (V)
ea, eb, ec Voltages at the ac side grid (V)
ia, ib, ic Currents injected into the ac grid (A)
Lf Filter inductance (H)
Rf Filter resistance (Ω)
vdq dq components of the voltage (V)
idq dq currents injected into the grid (A)
SISO Single input single output
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