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Abstract. A novel current control technique for a single-phase Neutral Point Clamped (NPC) multilevel
inverter has been proposed, which is used to inject power into the grid and regulate the DC link voltage.
The primary challenge lies in controlling the system due to the LCL filter's resonance and the difficulty in
generating the filter capacitor's reference voltage. To address these issues, a novel Sliding Mode Control
(SMC) algorithm is introduced, which inherently suppresses the LCL resonance without additional
damping methods. The system employs a Multiple Loop Control (MLC) structure, featuring an outer
current control loop and an inner proportional resonant (PR) voltage control loop. This inner loop
effectively minimizes the capacitor voltage steady-state error and mitigates the SMC-induced chattering,
thereby enhancing overall system performance and robustness. Furthermore, a hysteresis band switching
technique with a dual frequency band is used for pulse generation. Simulation and experimental results,
conducted on a three-level NPC T-type inverter, validate the effectiveness and robust performance of the
proposed control strategy under varying conditions and external disturbances.

Keywords. Single Phase Inverter; Neutral Point Clamped inverter; Sliding Mode Control; Current
Controller.

1 INTRODUCTION

Grid-connected inverters (GClIs) are essential components for integrating renewable energy sources into
the electrical grid. Their primary functions include regulating the DC link voltage, controlling the power
flow, ensuring low-harmonic power injection, and achieving perfect grid synchronization. In essence,
inverters convert DC power (typically from storage) into AC power with the same frequency and phase as
the grid voltage.

Numerous studies have explored control techniques for single-phase and three-phase GCls, often
utilizing methods like sinusoidal pulse width modulation (SPWM) [1, 2], specialized filter designs [3, 4],
and phase-locked loops (PLLS) [5, 6]. Among the various control methods proposed to enhance power
guality and exchange—such as current hysteresis control (CHC) [7, 8], voltage-oriented control (VOC) [9,
101, proportional-resonant (PR) control [11], and sliding mode control (SMC) [12, 13, 14]—CHC, VOC,
PR, and SMC remain the most common. Methods to naturally minimize resonance in LCL filters have also
been proposed in studies [15,16,17]. Although CHC is favored for its simplicity, fast dynamic response,
and inherent robustness, its major drawback is the fluctuating switching frequency, which complicates filter
design and implementation due to its dependency on system parameters and sampling frequency.

Sliding mode control (SMC) is widely recognized for its fast dynamic response and exceptional
robustness to parameter uncertainties and noise, largely because it does not rely on a precise mathematical
model of the inverter. This characteristic makes SMC highly attractive for applications where resilience is
paramount. However, a major disadvantage of SMC is the chattering phenomenon caused by high-
frequency switching. In contrast, the PR control method, while offering a fast decay response, is often
criticized for its sensitivity and potential instability issues.

This paper proposes a novel current control technique for GCI based on Sliding Mode Control (SMC),
incorporating an LCL filter. The proposed model-based control algorithm is designed for straightforward
implementation in low-cost microcontroller systems. The algorithm inherently solves the LCL filter's
resonance problem through SMC without requiring any additional damping techniques. Furthermore, the
control strategy avoids the need for a complex PLL for synchronization and eliminates a separate
modulation stage by directly employing a variable-switching-frequency hysteresis band technique. The use
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of a Multiple Loop Control (MLC) technique significantly reduces the SMC-induced chattering and
minimizes the steady-state error, thereby improving overall system efficiency.

The remainder of this paper is organized as follows: Section 2 develops the mathematical model for the
GCI with an LCL filter, formulates the sliding control law, and demonstrates the proposed algorithm's
stability. Section 3 presents detailed simulation and experimental results, including the evaluation of the
Normalized Root Mean Square Measure (NRMSE) for quantifying the fit between the setpoint and
measured quantities. Finally, Section 4 concludes by highlighting the superiority of the proposed method,
followed by the list of references.

2 THE MATHEMATICAL MODEL FOR THE GCI WITH AN LCL FILTER

2.1 Mathematical Model Gid-connected inverter with LCL filter

The circuit diagram of a single-phase grid-connected Voltage Source Inverter (VSI) with an LCL filter is
shown in Figure 1. The primary function of the VSI is to deliver the required alternating current into the
grid through appropriate switching of the four power switches from S1 to S4.

A single-phase three-level T-NPC inverter has a DC voltage source on the left and an uncertain grid on
the right, connected through the LCL filter. Vinand S;(j = 1,2, 3,4) represent the DC voltage source and
four switches, respectively. The complementary switching states are:

S1+S83=1, S2+S54=1 (D

There are a total of four operating modes. If n is the number of levels, the output voltage Vin of the
inverter has three levels: +Vin, -Vin, and 0.

On the other hand, the main function of te LCL filter is to reduce high-frequency ripple caused by the
current switching of the grid as shown in Figure 1. The LCL filter consists of an inverter-side inductor L1,
a grid-side inductor L2, and a capacitor C connected in parallel. The differential equations of the system

can be written as follows:
di,

Ly St = uVi, — v, @)
by

L2ﬁ=vc—vg 3)
dve . .

d_vt=11—12 4)

Where v, = Vgsin(wt) is the grid voltage, i; is the inverter current, i, is the grid current, v is the

capacitor voltage, Vi, is the DC input voltage, and is the input control signal, with values in the finite set
{1, 0, 1}. The error variables can be defined as:

X1 = Ve — Vg 5)
= dve _ dve

25 % " a (6)

X3 =iy — i3 7

Where v¢ and i3 are set values of v, and i,, respectively.

T /OO0 +_EC »— Ve
ivin Ve 7’1\

Figure 1: VSI single phase connected with LCL filter.

In grid-connected inverter systems, both active and reactive power control are necessary. In the case of
active power control, the current injected into the grid must be sinusoidal and predominantly in phase with
the grid voltage. To meet this requirement, the reference signal i3 must be determined as:

i; = I3sin(wt) (8)

By using equation (8), v¢ can be generated in the following form:
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ok
di;

x
vc—det

+ Vg 9

2.2 Design the Sliding Control Law

The proposed sliding surface equation:
s(X) = ¢1Xq + CpXy + C3X3 (10)
with ¢4, c;, c3 > 0 to ensure the stability of the close-loop systems, the error variables x,, x, and x5 are
given by equations (5), (6) and (7). Substituting the equations for i, and i5 obtained from equations (3) and
(9) into equation (7), we obtain x5:
X3 = Lizfxldt (11)

Note that the integral in (11) eliminates the steady-state error in i, and v¢. In sliding control, using the
Lyapunov stability theorem, the sliding surface must be zero (s(x) = 0). In this case, the error variables
move on the sliding surface toward the equilibrium points (at the origin) (x; = 0,x, = 0 and x; = 0), the
main goal here is for the inverter to achieve global asymptotic stability around these equilibrium points.
However, the state trajectory will reach the sliding surface, satisfying the condition for asymptotic stability:

the derivative of the Lyapunov function must be negative [18, 19, 20].
dv(x) _ ds(x)

at s(x) at <0 (12)
The time derivative of the sliding surface gives us:

dsCo _  da o dx o dxg

e g ey toy (13)

Taking the time derivatives of the error variables x;, x, and x5:

dx; _

o = X2 (14)

22 = wiuVi, — wdx; +D() (15)

ds _x

dt L, (16)

With w; = 1/L;C and w, = 1/L,C, disturbance distribution D(t) and w, as the resonant angular

frequency of the LCL filter:
_|LitLy
©r = \/ L,L,C (17)

Since the sliding surface s(x) = 0 in the sliding mode, using equations (13), (14) and (16), we can
obtain:
2
%+o€%+L—ix1=0 (18)
With «= ¢, /c,, B = c3/c,
The second-order differential equation (18) has solution:

x1(t) = AjeP1t + A, eP2t (19)

Where A, and A, are arbitrary constants, p; and p, are the poles of the closed-loop system given by the

equation (20):
—xL,+ /o<2L§—4L2[3

P12 = 2L, (20)
Clearly, the poles are real and located in the left half of the complex plane when o? L3 > 4L, . In this

case, x4 (t) = 0. Hence, according (14) — (16), x,(t) = 0 and x3(t) — 0, the system is stable. Now, if we
choose the control input u(t) to be the sign function:

u(t) = —sign(s(x)) (21)
Then, the condition (12) holds for the following cases: +s(x) < 0 =>u = 1.
d
llz%z—(Q)%—Li:)xl+aX2+d1(t)>0 (22)
+s(x) <0=>u=-1.
d
R R LR URL &
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With:
d1 () = 0fVi, + DY) (24)
do(t) = —wiVi, + D() (25)
Equations (22) and (23) represent two parallel lines that form the boundaries of the stability region of the
asymptotic mode. This region defined by 1; and 1,, is illustrated in Figure 2. It is clear that the entire area
consists of two distinct small regions. One region is located above the sliding surface (s(x) = 0), while
the second region is below the sliding surface s(x) = 0. This sliding mode exists when the state trajectory
intersects the sliding surface common to both regions. From Figure 2, it is easy to observe the line segment

connecting the two points p; and p,.
2A

1/1(1) r{

L<0

L=0

s(x)>0

u=-1 L=0

s(x)=0

Figure 2: Stability regions of the asymptoic mode for B < L, w?

The intersection points with the x; axis of the lines 1; and 1, can be written as:

Lpd,(t) Lod2 ()
EO =00 0 BRO=C0 (26)
The lines 11 and | are parallel, which implies that their slopes are equal as follows:
1
m; =m, = ;(w% - L%) (27)

The slopes m; and m, become postitive when < L; w?, However, it should be noted that m; and m, no
longer positive when g > L; w? and B = L, w?, altering the boundary of the stability. When the boundary
of the stability region is changed, the stability of the entire system is affected.

Through anslysis, we find that the stability of the entire system heavily depends on the parameters L, L,
and C, which are nonlinear and time varying. Moreover, the sign(.) function can cause chattering, which
degrades the quality of the inverter output. Therefore, in this paper, the authors recommened choosing the
control law as the sliding mode u(t) = s(x). This show that, from the equation (10), the stability of the
entire system depends only on the pre-selected constants c;, c, and cs, allowing for the selection of desired
pole pairs to reduce harmonics in the voltage and current before feeding it into the grid and to enhance the
robustness of the controller, which will be disscussed in the follwing sections.

2.3 Design HW hysteresis switching

The triggering pulses for switches s; — s, are generated from the HW hysteresis switching comparision
between the sliding surface s(x) and the threshold h.

To achieve a three-level output voltage for the inverter, a dual-band hysteresis modulation schme as show
in (28, 29) is used.

_ (1, ifs(x) <—h

S1= {0, Otherwise (28)
(1, ifs(x) <h

S2= {0, Otherwise (29)

HW - Hysteresis Switching is illustrated in Figure 3. Clearly, the sliding surface s(x) varies between the
upper and lower boundaries of the hysteresis threshold h.

Table 1 shows the switching logic where h is the width of the hysteresis band. When the sliding surface
s(x) > 0inone half-cycle, switching is performed between S; and S5 of the inverter. Similarly, when the
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sliding surface s(x) < 0 in the other half-cycle, switching occur for S, and S, of the inverter. An important
consequence of using the dual-band hysteresis scheme is that all switching devices have equal switching
losses in one cycle. On the other hand, while S; and S, have equal conduction losses in one cycle, S; and
S, have no conduction losses except during the half-cycle when they are ON and OFF.

Table 1: Switching Logic

Output Condition [S1,S5,S3,S4]
+Vye/2 s(x) < —h [1,1,0,0]
—Vye/2 s(x) < +h [0,1,1,0]
0 s(x) > 0,s(x) <0 [0,0,1,1]
Double-band hysteresis switching in one-cycle %THD of v, for L3 and ¢,

0.08 4

L 007

0.06 |

% THD of v

0.05

L L . . L L L L
0 001 002 003 004 005 006 007 008 009 0.1 c
Time (seconds)

Figure 3: Dual-band hysteresis switching in one cycle Figure 4: %THD of v, for c; and c;

Figure 4 is a graph representing the function v = f(c4, c3), showing the impact of control gains c4, c,
and c on the output quality of the inverter.

The minimum of the function, which corresponds to a harmonic THD = 0.047% of the capacitor voltage
Ve, 1S achieved with ¢; = 0.45 and c; = 20. From equation (20), if choose L, = 5mH and c, =
0.5.10~*, we obtain the dominant poles of the close-loop system before compensationas p; , = —2250 +
j5900.

2.4 Calculation of switching frequency

The relationship between switching frequency, hysteresis, and other parameter is very important and needs
to be studied for practical applications. Here, the calculation of switching frequency is based on the
assumption that state variables x; and x, are negligible in steady-state conditions. Substituting equations
(14), (15) and (16) into (13) and assuming that x; ~ 0 and x, = 0, we can obtain the following approximate
equation [14]:

% ~ w?uVj, — Kgsin(wt + 0) (30)
withu = s(x), and:
Ka= [v3(0} = 027 + (@120 - 0?)? (31)
_ _1 (oLyI;(wi-w?)
0 = tan”? (2 eied) (32)

The expressions for T,,, and T,¢ can be written using Figure 3 as follows:
h

Ton = ds(x)

T w2Vip—Kgsin(wt+9)
dt ls=1
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(33)
—h h

Tofr = =
off = ds® Kgsin(wt+9)
dt ls=¢

Similarly, the phase deviation ¢ is negligible because: wL,I;(w? — w?) = vg(wi — w?).
It should be noted that the sum of T,,, and T, creates the switching time for S; and S, in a half-cycle,
while S; is off and S, continuously on. The switching period of the inverter in one cycle is twice

Tew = Ton + Togr- Therefore, the instantaneous switching frequency equation within one cycle can be
written as:

(34)

fow = 2(T0n1+T0ff) = zhif;:vm [w2Vi, sin(wt) — Kgsin?(wt)] (35)
The average switching frequency expression within one cycle can be written as:

fry = 54— _Ka

sw hm 4hm§Vin
The threshold of h and the value of L, significantly affect the average switching frequency.

(36)

2.5 Control gain selection

When the system is in sliding mode, the non-idea state variable is not zero, and the sliding surface must
satisfy s(x) = 0. Equation (20) provides approximate values for the closed-loop poles.

Nevertheless, the value of c; and c; can be chosen to place the poles at the desired locations, with the
requirement that the total harmonic distortion of the capacitor voltage v¢ and the grid current i, is less than
0.1%. Choosing c¢; = 0.3, ¢, = 0.5.10* and c; = 20 from equation (20). If L, = 5mH is chosen, the
dominant poles of the closed-loop system after adjustment are p; , = —3000 =+ j8426.

Figure 5 shows the pole plot before adjustment (in blue) and after adjustment (in red). Two pairs of
complex conjugate poles have negative real parts, so they lie on the left side of the imaginary axis, indicating
that the system is table. Note that the smaller 3, the closer the poles move to the imaginary axis, and the
smaller a, the closer the poles move to the real axis, leading to increased system instability. Therefore, the
pair of determining poles after adjustment will make the system stable.

Poles and Zeros

8000 ¢ lz' \
6000 X 1
after calibration
4000 1
-
=
& 2000
= before calibration
E O
Ei
-2000
k=
-4000
-6000 X
-8000 El

~10000 -8000 -6000 -4000 -2000 O 2000 4000 6000 8000
Real Part

Figure 5: Poles and zeros plot

3 SIMULATION AND EXPERIMENTATION

The block diagram for the single-phase grid-connected VSI based on SMC is shown in Figure 6. The system
calculates the sliding surface using Equation (10) and generates the switching signals via the dual-band
hysteresis switching logic summarized in Table 1.

The results evaluate the compatibility between the reference y* and the measured signal y, given by (37),
with mean(y) being the average value of y:

— __ ly'yll
NRMSE = 100 (1 ”y*_mean(ys)”) (37)

The objective here is to implement a robust controller that can achieve high performance around the
operating point (e.g., overshoot, settling time, and limited output harmonics) when there is a change in the
input reference current, and invariant dynamic performance under different operating conditions.
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The system’s performance is tested under various conditions such as changes in the reference current i
and unforeseen variations of unknown components, including the random distribution D(t) inherently
present in the system. The system parameters used in the simulation and experiment are given in Table 2.

The results present the response of the output voltage and the current through the inductor L, when the
quantities i5 change. THD analysis and the NRMSE compatibility index for the voltage v, and the grid
current i, with their set values i; and v,. The solid lines in the graph represent the reference values of the
gird current i3, the gird voltage v, and the dash lines represent the measured values of the gird current i,
and the voltage across the capacitor v.

Vil s,
> T S S "
P hy L L, iy
S—E_:E‘—E;E' T /OO tﬁc > Ve
- in VC 7’1\
vin - J 5-4

Figure 6: The block diagram of single-phase grid-connected VSI with the SMC method

Table 2: Simulation and Experiment parameters

Symbol Value
DC link voltage, Vi, 800V
Set value, i} 10V
Grid voltage amplitude, v, 2302
Grid frequency, f, 50 Hz
Inductance, L,, L, 5mH
Filter capacitance, C 50 pF
Control Gains, ¢, 0.3
Control Gains, c, 0.5.107*%
Control Gains, c3 20
Band hysteresis, h 0.4
Time sampling, T 10 uF

3.1 Simulation results

Figure 7 represents the phase voltage at the output of the inverter when using the dual-band hysteresis
modulation scheme, showing three voltage levels -V;,/2, 0 and V;,, /2.

Figure 8 shows the steady-state response of the sliding surface s(x), the threshold +h, and the output
current of the inverter i, corresponding to I5 = 104 (the amplitude of i3). Moreover, it can be seen that the
positive cycle of the sliding surface varies from 0 to +h while the negative cycle varies from 0 to —h.

310



Tdc gia: Pham Tran Bich Thudn va Nguyén Vinh Quang

s(x) and current of inverter il

Output voltage of the inverter

v,(V)

-200 ‘

300 |

-400

-500 . 15
0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.01

Time (seconds)
Figure 7: The output voltage of three levels inverter Figure 8: Sliding surface s(x) in steady state and
inverter current il when I; = 104

It can be observed that the zero point of the sliding surface causes distortion in the inverter current i;.
However, these distortions and harmonic switching in the inverter current i; will be filtered out by the LCL
filter before interacting with the gird current i,.

In Figure 9, when I = 104, the grid current i, follows the reference value, and the voltage v, also
closely follows the grid voltage v,. It can be seen that the voltage v and the current i, have a sinusoidal
shape with very low THD and the compatibility of the measured values with their reference values is very
high, indicating the algorithm’s effectiveness.The grid current is in phase with the grid voltage, and the
compatibility and total harmonic distortion for the voltage v. and the grid current i, are respectively
NRMSE = [95.20%, 99.63%], THD = [0.06%, 0.04%)].

In Figure 10, when I5 changes to 5A, the current i, has a sinusoidal shape and follows the reference.

Since the grid voltage v, remains constant, the voltage v, also remains constant and follows the grid
voltage. The compatibility and THD of v, and i, are respectively NRMSE = [97.62%, 99.33%, THD =
[0.065%, 0.10%].
When I5 = 104 along with the reference of noise distribution D(t) with an amplitude £100V in the voltage
Vq4e, Figure 11a represents the noise distribution and the phase voltage at the inverter output with three
voltage levels: -V;, /2, 0 and V;, /2. Figure 11b shows the steady-state response of the sliding surface s(x),
threshold level £h and the inverter current i;.

0.015 0.02 0.025 0.03 0.035 0.04

) Fitoly, NRMSE = 952073% b) Fit af i,, NRMSE = 99.6385% ) Ftof v, NRVISE = 97.6249% ) Fit o i, NROISE = #.3342%

Time (s

Time {seconds)

. Fundamental (S0Hz) = 325,6484 , THD = 0.062815% s —yTundamental (S0H) = 3678 , THD = DS Fundumental (9Hz) = 3253656, THD = 0.065134%

of Fundamentaly

Mag(%

w0 20 20 00 B0 200 4
Frequency (Hz)

Figure 9: Inverter output response when I; = 104 Figure 10: Inverter output response when I; = 54

Similarly, the zero point of the sliding surface also causes distortion in the inverter current. In Figurel2,
when1; = 104 and D(t) has an amplitude of £100V, the voltage v, and the grid current i, have a sinusoidal
shape and still follow their reference values well.

The current and grid voltage are in phase, with the compatibility and THD of v, and i, are NRMSE =
[95.20%, 99.65%], THD = [0.069%, 0.05%], respectively. These values are not affected by the noise due
to the effect of the LCL filter, which limits the noise before it is injected into the grid.
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 a) Distribution D(t) and Output voltage of the inverter B)(a)and current of imverter i, X ) Fitof » . NRMSE = 95.209% b1 Fit ol i, NRMSE = 994577%

DO (V)

o5 o8 2
Time (secon T
¢ (seconds) Time {secomds)

. Fundumental (S0Hs) = 99682 THD - 0.686552%

w o o
‘Time (seconds)

o o om
Time (seconds)

Frequency (Hz)

Figure 11: a) Noise distribution D(t) and phase Figure 12: Inverter ouput response with noise D(t)
voltage; b) Sliding surface s(x) and inverter current i,

When the reference current I5 changes from 5A to 10A at the 1-second mark, Figure 13a shows the
steady-state response of the sliding surface s(x), the threshold +h and the inverter current i;. At the zero
point of the sliding surface, i, is still distorted. In Figure 13b, the grid current i, and the voltage v, have a
sinusoidal shape and still follow their reference values.

Figure 14 illustrates the simulation response of dV(x)/dt corresponding to I5 changing from 5A to 10A.
It can be seen that the derivative of the Lyapunov function is always negative despite the changing reference
current, demonstrating that the closed-loop system is globally asymptotically stable. From equation (20)
and the simulation result, it can be seen that when o has a small value, the complex conjugate poles are
close to the imaginary axis, leading to undesirable oscillations. Conversely, when a has a large value, the
complex conjugate poles are far from the imaginary axis, causing i, to quickly follow its reference value.

As previously explained, the main objective of adding the term c, X 2 into the sliding surface in (10) is
to eliminate the steady-state error in the capacitor voltage. The influence of different c, values on the
steady-state error of the voltage varies.

2)5(0) and current of nverter i, - By v andiyi, 10t dV(x)/dt

AV (x)/dt

15
0 0.005 001 0015 0.02 0025 0.03

Time (seconds)

Figure 13: Inverter output response when I3 changes Figure 14: Simulated response of dV(x)/dt < 0
from 5A to 10A
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3.2  Experimental results

Output voltage of the inverter

)

-400

500 L L L L L
0.01 0.015 0.02 0.025 0.03 0.035 0.04

Time (seconds)

Figure 15: Experimental setup. Figure 16: Experimental output of the three-level
inverter

b) dV(x)dt a) Fitofv , NRMSE = 95.15% b) Fit of i, NRMSE = 98.3428%%

aveorat

oty e ) e b :
Figure 17: a) Sliding surface s(x), threshold h and the Figure 18: Experimental output of the inverter when
inverter current i1; b) dV(x)/dt < 0 I =104

a) Fitofv,, NRMSE = 07.5081% by it of i, NRMSE - 07 893%6% ) s(t) and current of inverter i,

. Fundamental (S0Hz)

Fundamental (59Hz) =

damental)

Mag(% of Fun

E IEEEEEE ; ,\i’—‘mm' ,
Figure 19: Experimental output of the inverter when Figure 20. Experiment when I changes from 5A to
[ =104 10A

Figure 15 is the real-time experimental setup for a three-level NPC T-Type single phase inverter. The
control program is implemented on Matlab/Simulink, and the experimental response of the converter is
collected on a computer through the DSP 320F28379. The reference current I; is adjusted using a 1kQ
potentiometer.

Figure 16 illustrates the experimental output voltage of the inverter when using the dual-band hysteresis
modulation scheme with three voltage level: -400, 0V and +400V. The overlapping voltage levels are due
to the deviation of the hysteresis h in the experiment.

Experiment when I5 = 104, Figurel7a shows the steady-state response of the sliding s(x), the threshold
level £h, and the inverter current i,. At the zero point of the sliding surface, it also causes distortion in the
inverter current i,. As simulated, these distortions will be eliminated by the LCL filter before interacting
with the grid current i,. Figure 17b illustrates the experiment of dV(x)/dt < 0. The derivative of the
Lyapunov function is always negative, proving that the closed-loop system is globally asymptotically
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stable.

Experiment when I; = 104 is indicated in Figure 18. The grid current i, and voltage v, have a
sinusoidal shape and are in phase with the grid voltage, closely following their reference values. The
compatibility and total harmonic distortion for the voltage v, and grid current i, are NRMSE = [95.15%,
98.94%], THD = [0.63%, 0.8%], respectively.

In Fiugurel9, experiment when changing I; = 5A. The current i, has a sinusoidal shape and follows the
set value. Since the grid voltage vg remains constant, the voltage v also remains constant and follows the
grid voltage. The compatibility and THD of v¢ and i, are NRMSE = [97.5%, 97.89%], THD = [0.62%,
1.6%], respectively. The differences in THD and NRMSE values compared to the simulation are due to
hardware errors.

In the experiment, when the reference current I; changes from 5A to 10A at the 1-second mark, Figure
20a shows the steady-state response of the sliding surface s(x), the threshold £h and the inverter current i;.
Notably, at the zero point of the sliding surface, the inverter current i; was still being distorted. Figure 20b
illustrates that the grid current i, and the voltage v, maintained a sinusoidal waveform, adhering closely to
the reference values.

4  CONCLUSIONS

This paper successfully designed, developed, and validated a single-phase grid-connected T-type Neutral
Point Clamped (T-NPC) inverter using a novel Sliding Mode Control (SMC) strategy with an LCL filter
and a dual-band hysteresis switching technique.

The proposed control structure was rigorously modeled and simulated in MATLAB/SIMULINK, and
its performance was confirmed through experimental validation. The results clearly demonstrate the
effectiveness of the dual-loop control method, achieving precise voltage and current tracking despite
variations in the reference current and the presence of external disturbances. This confirms the controller's
robust suitability for highly nonlinear systems.

A key contribution of this method is its complete insensitivity to uncertainties and external disturbances,
a feature verified by the low harmonic distortion and the high NRMSE compatibility between the measured
and reference signals. Furthermore, the stability analysis confirms the asymptotic stability of the system
around the equilibrium point. By formulating the sliding surface s(x) based on Equation (10), the system's
stability is made dependent only on the constants c;, ¢, and c3. This novel formulation allows for the
selective placement of the desired pole pair, effectively reducing voltage and current harmonics before
injection into the grid, thereby significantly enhancing the controller's robustness and overall system
performance.

In summary, the proposed SMC-based control technique offers a simple, highly robust, and effective
solution for grid-connected inverters, outperforming conventional methods in terms energy quality and
resilience.
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SINGLE PHASE GRID CONNECTED INVERTER CURRENT CONTROL METHOD BASED ...

PHUONG PHAP KIEM SOAT DONG PIEN BIEN TAN KET NOI LUOI MOT PHA
DUA TREN SMC VOI BO LOC LCL

PHAM TRAN BiCH THUAN®", NGUYEN VINH QUAN?
Y Phong Quan Iy khoa hoc va Hop tic quéc té, Trwong Pai hoc Cong nghiép Thanh phé Ho Chi Minh
2 Khoa Céng nghé Dién tir, Truong Pai hoc Cong nghiép Thanh phé Ho Chi Minh
Tac gia lién hé: phamtranbichthuan@iuh.edu.vn

Tém tit. Mot k¥ thudt diu khién dong dién méi cho b bién tin da mirc Neutral Point Clamped (NPC)
mot pha di duoc dé xuét, dugc sir dung dé hoa ludi dién va diéu chinh dién ap lién két DC. Thach thirc
chinh 1a viéc diéu khién hé thong c6 bo loc LCL gay ra hién tuong cong huong, cung voi kho khan trong
viéc tao ra dién ap tham chiéu cho tu loc. Dé giai quyét cac van dé nay, mot thut toan Diéu khién Truogt
(SMC) m6i dugce gioi thiéu, c6 kha nang triét tiéu cong hudéng LCL ma khong can st dung phuong phap
giam xoc bd sung. Hé thong ap dung cau trac Piéu khién Vong Lip Da Dang (MLC), bao gom mot vong
diéu khién dong dién ngoai va mot Vong diéu khién dién ap bén trong st dung bd diéu khién ti 1& cong
huong (PR). Vong lip bén trong nay gitip giam thiéu hiéu qua sai sb xac 1ap cua dién ap ty va giam thiéu
hién tuong rung giat (chattering) do SMC gay ra, tr do tang cuong hiéu sudt va do bén viing cta hé thong
Ngoai ra, ky thuat chuyén mach bang thong tre v6i bang tan kép duogc str dung dé tao xung diéu khién. Két
qua mo phdng va thyc nghiém trén b bién tan NPC loai T ba muc d3 xac nhan tinh hiéu qua va do tin cay
cua chién lugc diéu khién dé xuét trong cac diéu kién thay ddi va c6 nhidu loan.

Tir khéa. Bién tan mot pha; Bién tan kep diém trung tinh; Piéu khién ché do truot; B diéu khién dong
dién.
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