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Abstract— Grid-connected inverters (GCI) play a crucial
role in injecting DC power from renewable resources into the
utility grid; moreover, the current quality largely depends on
the effectiveness of the adopted control strategy. This paper
proposed a novel super-twisting double integral sliding mode
control (SMC) algorithm for a three-phase grid-connected
inverter with an LCL filter. In this study, the control algorithm
is first derived based on the system’s dynamic mathematical
model. Then, extensive simulation studies are carried out in
MATLAB and Simulink software to validate its performance.
Furthermore, the controller effectiveness is rigorously assessed
under challenging conditions, including a 400% grid impedance
variation, a 66% system parametric variation, grid frequency
variation, and higher-order grid harmonic components. Under
the worst-case scenario, the total harmonic distortion (THD)
value of the grid current remains under 2.6%, demonstrating
the proposed controller’s robustness.
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I. INTRODUCTION

In recent vyears, renewable sources-based power
generation has received great attention due to their
accessibility, sustainability, and modularization. The DC
power generated from these sources is often fed to the power
grid by adopting voltage source inverters (\VSI), which require
stricter conditions to maintain the high quality of current being
injected [1]. The quality of current injected into the grid is
usually assessed by the total harmonics distortion (THD)
level. According to the IEEE Grid Interconnection standard,
the THD of the current injected into the grid must be less than
5% [2]. For reducing the higher-order harmonics components
from the grid current, a single inductive filter (L) or a filter
with a capacitor between two inductors (LCL) is mandatory.
The LCL filter provides better harmonics reduction capability
and has less inductor size compared to the L-type inverter;
however, the third-order LCL filter increases control
complexity and also suffers from an inherent resonance
problem that arises from filter parametric variation, which can
deteriorate system stability [3]. Therefore, designing an
appropriate control strategy that can ensure the system’s
stability under extreme conditions is crucial.

Various control techniques have been proposed in the
literature to inject smooth and sinusoidal current into the grid
while maintaining stability. To mitigate the resonance effects,
two major damping approaches have been used with current
controllers, namely passive damping [4] and active damping
[5]. In passive damping, oscillations are dampened by simply
adding a passive component like a resistor, capacitor, or
inductor. In [4], [6], and [7], applied the passive damping
approach to control the grid-connected inverter, the results are
satisfactory under certain conditions; however, the use of extra
passive components leads to excessive power loss in larger

systems. To avoid power losses, an active damping approach
has been implemented in [5], [8]-[10] that utilizes a feed-
forward or feedback-damping signal in the control loop for
stabilizing the system. Nevertheless, these control loops
cannot entirely eliminate the control delay that exists in digital
controllers, which compromises the controller reference
tracking performance. Furthermore, these strategies are
implemented using proportional and proportional integral
control, which has poor AC signal-tracking performance;
therefore, it requires transformation into the synchronous
frame of reference, and even in the synchronous frame,
controller performance degrades under grid harmonics [11].
Another controller that is commonly found in GCI literature
is proportional resonant, which got special attention because
of its effectiveness in tracking sinusoidal signals [11], [12].
Nevertheless, the PR controller lacks the ability to maintain
GCIl system stability under grid harmonics and system
parametric variation.

In recent years, sliding mode control (SMC), a nonlinear
control algorithm, has gained importance due to its attractive
features, such as robustness, fast dynamic response, and easy
implementation. However, the classical SMC suffers from the
chattering problem, which introduces high-frequency
oscillations in the control signal. In addition, the error
variables lack convergence to origin in a finite period, leading
to poor reference tracking. Due to these facts, in most
literature, the SMC has been applied with a combination of
proportional and proportional resonant controllers [13],
[14],[15],[16]. In [13], SMC is applied on the converter side
of the GCI system, and PR is the main controller to regulate
the grid current, while in [14],[15], and [16] PR controller is
applied to generate the capacitor voltage reference while SMC
regulates the grid current. These strategies can work well
under normal conditions; however, under grid impedance
variation, the PR control exhibits a slow transient response,
which can degrade the entire control performance and may
lead to instability.

To take benefit of the useful features of SMC entirely by
countering the chattering problems, the classical SMC has
been extended as integral SMC [17], [18], linearized SMC
[19], and super-twisting SMC [20]. Z. Li et al. [17]
implemented integral SMC to regulate the grid current;
however, this application does not involve an LCL filter for
which performance may differ. In [18], integral action is
added to the SMC sliding surface to reduce steady-state error.
The analysis in this study is only limited to grid distortions and
load variation, while grid impedance and frequency variations
are not considered. A linearized SMC is proposed in [19], to
inject current into utility grid under filter parametric variation.
However, it involves complex procedures to construct transfer
function and exhaustive analysis for closed loop pole
selections. In [20], a super-twisting control is implemented for
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a three-phase GCI system under grid impedance variation and
grid harmonics. However, this study lacks the analysis of
controller performance under grid frequency variation and
66% filter parametric variation from nominal value.

This research proposes a novel robust super-twisting
double integral sliding mode control for GCI with an LCL
filter under external disturbances. The main contributions of
this work are listed below:

e  Super-twisting double integral SMC control
design in stationary reference frame to reduce
synchronous frame transformation computation.

e  Stability of entire GCI system under variation of
frequency, inductance, grid voltage and filter
parameter.

e  Detailed mathematical design of controller.

Il. SYSTEM MATHEMATICAL MODELING

Fig.1 depicts the composition of a three-phase grid-
connected VSI with an LCL filter. The LCL filter contains an
inductor L; and a resistor r1 on the inverter side, an inductor
L, and resistor r, on the grid side, and a filter capacitor C
between them. The two-level VSI comprises three legs, with
two switching devices on each of the legs, that are controlled
by the PWM signals generated by the controller. From the
input DC side, VSI is connected to a stable DC voltage source
Ve, and the output AC side is connected to the grid Vg. The
GCI system state-space mathematical model is can be given
from the circuit as follows:

di .
le_ltk = Vi — Iyl =V
1)
di,k }
L, d_zt =V — LI =V (2)
dv .
C d;k =y — Iy (3)

Where k = (a, b, ¢) represents three-phases of GCI system, vi,
i2, i1k, Vek and vge represent the inverter output voltage, grid
current, capacitor voltage, and grid voltage respectively.
Generally, grid current under ideal conditions is expected to
appear in phase with grid voltages. Considering the grid
voltage, a sinusoidal signal that can be given as vg
Cos(wt + 0) , then the grid current reference can be taken in
the form of

i, =1, sin(wt +6) 4)

Where 1, is the amplitude of iz and 0 is the phase angle of
grid voltages

I11. ERROR MODEL DESIGN

In order to design a controller, an appropriate error
model consisting of the reference values is required. The error
signal includes the reference signal we want to track and
actual system signal. Here, in order to achieve best tracking
performance error signal for grid current, inverter current,
capacitor voltage and double integral of grid current is taken
as given below:
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Fig. 1. GCI voltage source inverter with an LCL filter
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Now to drive error dynamical model take the time derivative
of eq. (5) — (9) and simplifying them yields the following:
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IV. CONTROLLER DESIGN

The sliding surface design plays a crucial role in the
system dynamics of finite-time convergence. In conventional
SMC, the sliding surface is combination of linear state
variables; although its design is simple and easy to
implement, however, the convergence of states is slower and
steady state error degrade reference tracking performance.
Therefore, in the design of double integral SMC, double
integral term is added in error model to eliminate the
reference tracking error entirely.

S=ap +a,e, +ae,+a,e, +ak (15)

Where, ay, a,, a3 a4, as are sliding surface coefficients
to control the trajectories motion. Now taking the time
derivative of (1) yields

S=af +0,8, +a6, + 0,6, + ol (16)

Putting error dynamics from (10) — (15) into (16) gives:
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To ensure that the system trajectories enter the sliding
surface manifold in finite time, a reaching law is combined
with the main control to boost the trajectories convergence
rate [21], which is given as follows

S=—y|S[ sign(S) (18)

Where y>0 is design parameter and {'is a constant in the range
of 0 < {<1 which decide the rate of convergence of system
states to sliding surface. Once the trajectories enter the sliding
surface, they gradually reach to equilibrium state which
results in S=0, that leads to

S=0 (19)

Now to find the equivalent SMC law compare (17) and (19)
which gives:
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Now the switching control can be obtained from (18) as
follows:

U, =—7|S|* sign(S), »>0 (21)

So, the final double integral SMC law can be written as
follows.

Ugye = Ugq U, (22)

Next, super-twisting control (STC) is implemented which
yields continuous control signal that comprehensively
reduces the chattering problems with SMC. The STC consists
of two terms, that of a continuous time function and integral
of sliding surface function which is given as:

~Z,J| S |sign(S) +u,
Usrc (t) =3 . ) (23)
u, =-2,sign(S)
Where, Z;, and Z; are control gains. The controller in (23)
can be written in compact form as

Ugre = Z\/_S|gn(S) Z.[S|gn(8)d(r) (24)

Finally, the global super-twisting double integral sliding
mode control (ST-DISMC) law can be obtained by putting
(22) and (24) as

Usr_pismc = Uste T Usuc (25)

Now to verify the stability of control in (25), Lyapunov
stability analysis is carried out. For, this a Lyapunov function
is taken which is given as:

v :%S2 (26)

Taking time derivative of (26) and putting (17) in it yields:
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Now, putting control law from (15) in (27) gives 0

V =S(—y|S[ sign(S)-2,[Slsign(s)
~Z,[sign(8)d (7)) (28)
V=-7ISIISF sign(s)-Z,|S IS Isign(s)
AN sign(S)d(r)) (29)

V<0, Vy>0 (30)

So, the Lyapunov function results negative definite which
means the ST-DISMC control law is globally asymptotically
stable, and systems states will converge to sliding surface in
finite time.

TABLE I. SYSTEM PARAMETERS
Parameters Symbol Value
DC input voltage Vie 350V
Filter Inductors Li,L, 1.3mH
Capacitance C 6.5 pF
e nnoma
Grid supply voltage Vg 110V
Switching frequency Fy 14 KHz
Sliding coefficients 0y, 0Ly, O3, Oy, Ol é083050 700,
Super-t_wisting 7070y [8,155, 10]
coefficients * 10

1 0.9

V. SIMULATION RESULTS

To analyze the performance of the proposed controller,
the mathematical design of controller is implemented in
MATLAB and Simulink software environments, for which
the controller parameters are illustrated in Table 1. First, to
test the controller performance under steady state the
waveform for current injected into the utility grid is depicted
in Fig. 2(a). The results shows that the THD of the grid
current waveform in nominal conditions is 1.4% which



exhibits the characteristics of a pure sinusoidal waveform.
Fig. 2(b) shows the current injected into grid has same phase
angle as the grid voltages, which means a unity power factor
is maintained during this operation. In GCI operation under
disturbance controller tracking performance can be degraded,
to analyze the reference tracking performance a step change
of 10A is added in current reference value at t = 0.05s. The
waveforms in Fig. 2(c) show that the proposed controller
tracks the reference value efficiently. In grid-connected
inverters the grid frequency and voltage variation can boost
the harmonics in grid current or event can lead to instability,
to show the controller robustness under this condition 1.5Hz
variation in grid frequency and grid voltage harmonics of 2™
to 111 is considered for which the fast Fourier transform of
grid current waveform is given in Fig. 3(a) and Fig. 3(b)
respectively.
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Fig. 2. ST-DISMC Controller performance in steady state: (a)
current injected into grid. (b) Grid current and voltage in
phase. (c) reference tracking performance during a step
change of 10A.

These results are evident that the controller suppresses the
disturbances effectively. Other issues that lead to instability
in grid-connected inverters are grid inductance variation and
filter parametric variation due to ageing effects. To evaluate
performance under these circumstances, the value of grid
inductance is varied 400% from nominal value and the filter
inductance is varied 66%. The current waveforms in Fig. 4
and Fig. 5 show that the THD of grid current is 1.9% and
1.84% respectively, which is far below the IEEE requirement
of 5% for grid connection.
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Fig. 3. Controller performance under grid disturbances. (2)
grid frequency variation from 50Hz to 48.5Hz. (b) Utility grid
odd harmonics of 2" to 11" order.
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Fig. 4. ST-DISMC performance under inductance variation

of 400% from nominal value.
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V1. CONCLUSION

This research proposes a robust Super-twisting double
integral sliding mode controller for the GCI system under
external disturbances. A new error model dynamical system
is presented to enhance the quality of current injected into the
grid current with almost zero steady-state error. The
simulation results show that the controller can inject high
quality current into the grid even under filter parametric
variation of 66%, grid inductance variation of 400%, grid
frequency variation of 1.5Hz and higher order grid
harmonics.
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