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ABSTRACT

The rising popularity of grid-connected multilevel inverters with photovoltaic panels underscores the
importance of effective modulation and control strategies for ensuring optimal power quality. The
performance of these inverters hinges significantly on modulation and control approaches, specifically
addressing issues like common mode voltage, harmonics, switching loss, and dynamic response. This study
introduces a novel approach to mitigate current harmonics in these inverters by employing sliding mode
control. Notably, this technique achieves harmonic reduction without necessitating an increase in the
switching count. The presented technique eliminates phase-locked loop, current controllers, and carrier
waves, thereby easing hardware computation. Beyond computational efficiency, this approach contributes
to enhanced power quality and dynamic response within the inverter system. Simulation results affirm the
efficacy of the proposed method when compared to the use of the phase opposite disposition modulation
combined with the current controllers. In the nominal operational mode, the proposed method reduces the
current Total Harmonic Distortion (THD), the highest magnitude of individual harmonics, and the
switching count by 43.6%, 73.5%, and 19.6% respectively, compared with those of the method using the

phase opposite disposition modulation combined with current controllers.
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I. INTRODUCTION

The surge in popularity of renewable energies stems from
their eco-friendly attributes and growing cost competitiveness.
Wind turbines and solar panels are now pivotal in addressing
climate change, mitigating pollution, and ensuring long-term
energy sustainability, garnering interest across various
industries. However, the power of these sources is highly
dependent on weather conditions. To serve as efficient power
sources, seamless integration into the power grid is crucial,
achieved through inverters. Multilevel inverters offer numerous
benefits, including reduced Total Harmonic Distortion (THD),
increased voltage capacity, and increased efficiency.
Collectively, these advantages enhance the overall performance
of the system [1-3]. These technologies find applications in
renewable energy systems, high-voltage transmission, motor
drives, and electric vehicles, effectively addressing complex
power conversion needs. Multilevel inverters play an essential
role in grid-connected energy systems by efficiently converting
direct current from sources like solar panels into grid-
compatible alternating current. Their widespread adoption is
due to their role in facilitating smooth integration, enhancing
energy yields, and advancing sustainable power generation [4-
6]. Given that the need for energy-efficient and
environmentally friendly solutions rises, their popularity is
anticipated to keep expanding [4, 5, 7-10]. The inverter system
control includes the controllers at the dc side, current

controllers, modulation using carrier waves, and the controller
in the Phase-Locked Loop (PLL) to synchronize with the
power grid. Thus, the control quality of the inverter system
depends on the aforementioned factors. Especially, the
substantial Common Mode Voltage (CMV) magnitude has a
detrimental impact on the power quality of grid-connected
inverter systems, leading to the generation of grid-leakage
currents and harmonics [11]. Several methods are available for
modulating multilevel inverters, with primary options including
Sinusoidal Pulse-Width modulation (SPWM) and space vector
modulation [12-15]. Modulating with SPWM is proved to be
more efficient than using space vector modulation as the
number of levels increases. Various techniques consisting of
Phase Disposition (PD), Phase Opposite Disposition (POD),
and Alternate Phase Opposite Disposition (APOD) [16-18],
have their own advantages and disadvantages. POD and APOD
exhibit the ability to produce a CMV with lower magnitude
compared to PD. The POD technique is more widely adopted
for modulation due to its simplicity and efficiency. However, it
requires the use of carrier waves for modulation.

Various controllers regulate the current of grid-connected
inverters, including the Proportional-Integrator  (PI),
Proportional-Resonance (PR), fuzzy logic, neural networks,
model predictive control, and Sliding Mode Control (SMC).
SMC stands out for variable structure control systems.
Renowned for robustness against uncertainties, it maintains
stability in dynamic environments. Its rapid convergence to
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desired states and minimal tracking errors enhance precision.
SMC's versatility extends across applications, from mechanical
to electronic systems, establishing it as a valuable tool in the
modern control theory. The difference between the SMC and
other control methods in controlling the grid-connected
inverters is the ability to offer better dynamic responses,
smaller over-shoot or under-shoot, and lower steady-state error.
However, the chattering phenomenon is one of the problems
that need to be solved. Although the SMC techniques have also
been introduced in [19-23] and adopted for control in motor
drives [24-28], they have not been efficiently employed in the
field of grid-connected inverters. Authors in [29, 30] used the
SMC for controlling the dc side of the single phase inverter.
Authors in [31, 32] introduced the 2-level single phase
inverters. Authors in [33-37] applied the 2-level 3-phase
inverters. Authors in [38] deployed multilevel 3-phase inverter
requiring additional sensors of filter capacitor voltages. The
technique in [39] was only applied to the inverter, not to the
grid-connected inverter. This technique solely improves
modulation, while the control of the grid-connected inverter
system consists of calculating the reference currents from the
reference powers, current control, modulation, and
synchronization.

This paper introduces a control technique for grid-
connected multilevel three-phase inverters following the SMC
method. Notably, this method eliminates the use of carrier
waves in modulation, and completely removes the PLL and
current controllers from the control system, simplifying
hardware calculations. The presented approach enhances
power quality and dynamic response. The proposed method
does not need to measure the voltage of the filter capacitor. The
ability to spread the spectrum also helps significantly reduce
the magnitude of individual harmonics.

II. GRID-CONNECTED INVERTER SYSTEM

In Figure 1, a 5-level 3-phase inverter system connected to
the grid is depicted. The system employs POD modulation,
reference current calculation, a current controller, and a PLL
for control. Deploying the current control method in the
Synchronous Rotating Frame (SRF), quantities like 14, Iy, Va,
and V, are transformed from the three-phase frame using the
phase angle () estimated by the PLL. Subsequently, the
reference currents injected into the grid in the SRF, namely /g.rf
and /., are calculated according to (1) based on reference
powers P,,cand Q,..

Idfref _ (2/3) Vd _Vq Pref 1
I, | Vi+viV, V. |lQ, M

q-ref

The current controller within the grid-connected inverters
has the task of governing the current flow into the grid,
ensuring alignment with the designated power reference
prerequisites. This controller commonly applies a PI control
algorithm, enabling adjustments to the inverter's output voltage
for the purpose of sustaining the current at the intended
reference level. Based on the error between the reference
currents and the actual measurements, these controllers fine-
tune the reference voltages, specifically Vy.r and V. These
voltage values are then transformed into their corresponding

reference phase voltages, denoted as Vieu. The POD
modulation method uses these phase voltages as inputs,
generating pulse signals for switches.
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Fig. 1. Structure of the grid-connected multilevel inverter system.
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Fig. 2.

Main circuit for phase A.
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Fig. 3. Control diagram of the inverter.
TABLE L SWITCHING STATES OF SWITCHES IN PHASE A
n Sat1 Saz1 Sas1 Sas1 Output voltage
1 0 1 0 1 2 Ve
2 0 1 0 0 Ve
3 0 0 0 0 0
4 1 0 0 0 +Vie
5 1 0 1 0 +2 Ve
n—1 )
Go= (Vref-abc + I)T @
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The illustration in Figure 2 displays the main circuit for one
phase, featuring a pair of H-bridges utilizing IGBT switches.
Each arm of this configuration comprises an upper switch, Syj,
and a lower switch, S, (where j ranges from 1 to 4). The
output voltage for each phase is detailed in Table I,
encompassing five distinct levels. These voltage levels are
contingent upon the outputs S, as indicated in the control
diagram portrayed in Figure 3. Within this control diagram, the
voltage G(f) is delineated into two constituents, R, and L,
(where x represents a, b, or c¢). The signal G(f) has been
normalized according to the inverter levels defined in (2). The
integer component, L, (0 < L, <n —2), is determined from the
signal G(¢) in (3). Additionally, R, (with the constraint 0 < R, <
1) is the result of subtracting L, from G(?).

1. THE PROPOSED METHOD

The structure of the proposed method following the SMC
technique is shown in Figure 4. The reference currents are
calculated based on the grid phase voltages and the reference
powers. These phase voltages are transformed as in (4). Then,
based on the reference powers P, and Q. the reference
currents are calculated as in (5) and transformed into the
reference phase currents in (6). These currents are employed to
input the proposed SMC block in Figure 4. The proposed
control diagram using the SMC method is demonstrated in
Figure 5(a). The PWM block utilizing a constant C for
modulation in Figure 5(a) applies the technique of [40] and
does not use carrier waves. The SMC method holds several key
advantages in control systems. Despite its advantages, careful
design is required to manage chattering phenomena and high-
frequency switching, which can affect system behavior and
efficiency.
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Based on Figure 4, the output voltage of the inverter can be
described as follows:

di(r)

V(1) = Lf 7

+ Ri(1)+ v, (1) @)

where i(?) is the output phase current of the inverter, v,(?) is the
phase voltage of the grid source, Lt is the inductor of the filter,
and R is the resistor of L. Equation (7) can also be rewritten as
(8), where the dot () above the letter i represents the derivative
of the current i. A first-order low-pass digital filter in [41] is

also used in Figure 5 with the transfer function of (9), where p
is a derivative operator and 7 is a time constant.
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Fig. 4. Proposed method using the SMC technique.
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Filter

G(t)
Fig. 5. Proposed control technique using SMC. (a) Principle diagram, (b)
detailed diagram in Matlab/Simulink.

The inverter phase voltage v; in Figure 5 is also defined as
(10), where vy, is the output of the sliding mode controller and
the input of the filter. Equation (10) can be rewritten as (11).
Substituting (8) into (11), the resulting voltage v, can be seen
in (12). Equation (13) can be deuced from (12).

_ Vsm
I T.p+l (10)
Tvl TV =V (1 1)
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Vo = Lpi+Ri+v +T(Lff+Ri+v'g) (12)

8

i:: |:Vsm —Lpi-Ri-v, —T(Ri+v'g):| 13
TLf

The current error between the reference current and the
actual one e is defined in (14), where i..; and i are the reference
current and the measured one, respectively, and k; is a positive
constant used for eliminating the steady-state error. The
derivative of the current error is written in (15). Providing that
(12) is a second-order function, the sliding surface S is chosen
as in (16), where k>0 is a positive constant to satisfy the stable
Hurwitz condition. It can also deduce the derivative of the
sliding surface as in (17).

e =Kyl —i (14)
¢ =kl —i (15)
S=é+kye (16)
S =é+kye (17

From (15) and (17), the derivative of the sliding surface of
(18) can be deduced. Substituting (13) into (18), the result of
(19) is obtained. The control law is chosen as (20) to approach
the sliding surface, where ¢, S, and y are positive constants.
The hyperbolic tangent is usually chosen to reduce the
chattering phenomena. According to the Lyapunov theory, a
positive definite function L and its derivative are seen in (21)
and (22).

§ = Ky —i+kyé (18)
. : Vgn —Lgi—Ri—v, —T|Ri+v
S=k1i,ef—[ ! - il gﬂ+k2é (19)
f
$ [S) 5+ XV 4 20
=-o.tansig| — |- yS +———+ Kl (20)
B TL,
52
L==- 1)
L=SS (22)
Thus:
. S Ri+v :
SS =S| —a.tan sig E -8 +Tg+kliref (23)
f
with:
Ri+Vg :
a>|——+ki,, (24)
TLf

When the condition of (24) is satisfied, it can infer as (25).
Equation (25) is always true with a large value of . According
to the Lyapunov theory, the system is stable. Therefore, from
(19) and (20), the input voltage of the filter can be obtained as
(26).

. Ri+v :
S§ =—al> —yS? =S| —E 4k |<-a Sl ©29)
B TL, ) B
(s . Ri+vg
Vem =TLf o tan sig E +yS+kpe+ 3 +? (26)

The SMC technique in Matlab/Simulink is shown in detail
in Figure 5(b).

IV. RESULTS AND DISCUSSION

The system parameters are presented in Table II. There are
three intervals of time surveyed in this system. The time of
each interval is 0.2 s. In the first interval, 0-0.2 s, the reference
active power P, is 20 kW, the reference reactive power Qs is
0.0 Var. In the second interval, 0.2-0.4 s, P, is stepped down
to 10 kW whilst Q¢ is still 0.0 Var. In the third interval, 0.4-
0.6 s, Ppris still 10 kW whereas Q¢ is stepped from 0.0 Var to
10 kVar.

TABLE 1. SYSTEM PARAMETERS
Parameter Symbol Value
Grid source voltage Ve 3*380 VAC
Grid source frequency fn 50 Hz
Resistor of the grid source R, 0.01 Q
Inductor of the grid source L 0.1 mH
Inductor of filter L 2.5 mH
Resistor of L¢ R 0.01Q
Capacitor of filter Cy 1 mF
DC voltage Ve 170V
Coefficients of current controller Ky Ki 0.15; 20
Frequency of carrier wave in POD Sfear 2.5kHz
Constants ki; ko, C 1.05; 3.1; 0.5
a By 700; 1.1; 4.08¥10°
Time constant of the filter T 3.96*%10°

Reference voltage (V)

Time (seconds)

Fig. 6. Waveforms of the reference phase voltages from 0.18-0.24 s: Vyer.;
Vief-bs Viet-c Of the POD method and vi.,; vip; Vvie of the proposed method.
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Fig. 7. Voltage waveforms of the PI-POD method taken at the inverter

output and before the LC filter. (a)-(c) Phase voltages, (d) line-line voltage
and common mode voltage.
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Fig. 8. Voltage waveforms of the SMC method taken at the inverter output

and before the LC filter. (a)-(c) Phase voltages, (d) line-line voltage and

common mode voltage.
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Fig. 9. Voltage waveforms zoomed during 0.18-0.24 s of the PI-POD
method. (a)-(c) Phase voltages, (d) line-line and common mode voltages.
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Fig. 10.  Voltage waveforms zoomed in 0.18-0.24 s of the SMC method.
(a)-(c) Phase voltages, (d) line-line voltage and common mode voltage.
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Fig. 11.  Powers injected into the grid: (a) Active power, (b) reactive

powers.

The surveyed results are displayed in Figures 6-15. The
waveforms of the reference phase voltages in Figure 6 revealed
a significant difference between the signals of the PI-POD
method and the proposed one using SMC. The signals vz,
Vrei» and Vi are the reference voltages of the PI-POD method
used to modulate the inverter. They are also the signals v,fqs
in Figure 3 and (2). These signals are relatively smooth
compared to the waveforms v;,, v;5, and v;. (v; in Figure 4 or v;.
«c in Figure 5) of the proposed method. The ripples of the
waveform v; ., also improve the dynamics. The waveforms of
phase voltages, line-line voltage, and CMV of the two methods
are illustrated in Figures 7-8. These voltage waveforms are
taken at the output of the inverter and before the LC filter in
Figure 1. They are also zoomed in Figures 9-10 from 0.18 s to
0.24s.

60
v
2 ;
: \-\,\/\/_/\/*\/\/
3 %
o
g
= 30 -PI-POD -SMC
£
u;s 20
10
0
1234567 8 91011121314151617 1819 20 21 22 23 24 25 26 27 28 29 30
Fundamental periods
Fig. 12.  Switching count in each half of fundamental period of the two
methods.

The magnitude of CMV in Figure 10(d) of the SMC is
Vac/3, also equivalent to that of the POD method in Figure 9(d).
This indicates that the proposed SMC offers a reduced CMV
like that of the POD method. Moreover, the zoomed
waveforms of the two methods in Figures 9-10 exhibited that
the number of switching counts of the proposed method is
significantly lower than that of the PI-POD method. In the
entire surveyed time, there are 30 fundamental periods. In the
first two intervals, of 20 periods, the system only generates
active power into the grid. This is the operational mode usually
used in grid-connected inverters and shown in Figure 11. The
switching count of the proposed method in the two first
intervals in Figure 12 is always lower than 46, whereas that of
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the PI-POD method is always higher than 51. In the third
interval, of 21-30 fundamental periods, and with generation of
reactive power into the grid, the switching count of the
proposed method is similar to that of the PI-POD method.
Although the switching count of the proposed method is always
equal or lower than that of the PI-POD method, the ripples of
the phase currents generated into the grid of the proposed
method in Figure 13(b) are smaller than those of the PI-POD
method in Figure 13(a). This is demonstrated more clearly
when the current waveforms are zoomed from 0.18 to 0.24 s in
Figure 14. The ability to reduce the voltage harmonics of the
SMC method helps the 3-phase current waveforms generated
into the grid in Figure 14 to be smoother than those of the PI-
POD method.

0 0.1 0. 0.5 0.6

2 0.3 0.4
Time (seconds)

Current waveforms generated into the grid: (a) PI-POD, (b) SMC.

0.18 0.19 0.2_ 0.21
Time (seconds)

0.22 0.23 0.24

Fig. 14.  Current waveforms generated into the grid zoomed in 0.18-0.24 s:
(a) PI-POD, (b) SMC.

The phase current THD value of the proposed method in
Figure 15 is significantly smaller than that of the PI-POD
method. The spectra and phase current THD for phase A of the
two methods are also manifested in Figure 15. The current
THD values are taken in the last period of each time interval at
the moments 0.18 s, 0.38 s, and 0.58 s. The THD values of the
PI-POD method in Figures 15(a)-(c) are 4.61%, 9.5%, and
5.62%, respectively. These values are always higher than those
of the SMC method in Figures 15(d)-(f), which are 2.6%,
4.87%, and 3.47, respectively. In addition, the highest
magnitudes of the individual harmonics in Figures 15(a)-(c) of
the PI-POD method are up to 2.8%, 5.58%, and 3.32%,
correspondingly. On the contrary, those in Figures 15(d)-(f) of
the SMC method are only 0.74%, 1.07%, and 0.94%,
accordingly. Thus, in the first interval, i.e. during the nominal
operational mode, the reduction of current THD of the
proposed method is 43.6% that of the PI-POD method.

Similarly, the highest magnitude of the individual current
harmonic reduces by 73.5%. The switching count is 41, lower
than the 51 of the PI-POD (Figure 12), being reduced by

19.6%.
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(f) proposed SMC method.

Due to the lower ripples of the phase current, the power
ripples of the proposed SMC method are also smaller than
those of the PI-POD method (Figure 11). Moreover, the power
dynamic response of the SMC method is also better while that
of the PI-POD method takes over 2 fundamental periods. The
power dynamic response of the SMC method is better because
there are no current controllers, PLL, and carrier waves.
Furthermore, the over-shoot or under-shoot of powers of the
proposed method are also lower those that of the PI-POD
method.

V. CONCLUSION

This paper presented the effects of controllers and
modulation on the dynamic response and power quality of grid-
connected inverters. The proposed method utilizes the SMC for
the control and modulation of the grid-connected inverters. The
design of the sliding surface is based on the first-order low-pass
filter and deploys the function of hyperbolic tangent for
eliminating the chattering phenomenon. In the proposed SMC
technique, the phase-locked-loop, current controllers, and
carrier waves are completely removed from the inverter control
system. This reduces the computations to the hardware and
improves the dynamic response. The proposed method does not
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need to measure the voltage of the filter capacitor. The ability
to spread the spectrum also significantly reduces the magnitude
of the individual harmonics.

The simulation results based on the grid-connected system
employing a cascaded 5-level 3-phase inverter confirmed the
effectiveness of the proposed method compared to that of the
method using the POD modulation combined with current
controllers. The dynamic response, overshoot/undershoot,
CMYV, THD values, individual harmonics, and the number of
switching  counts were considered and evaluated
quantitatively. In the nominal operational mode, the proposed
method reduces the current THD, the highest magnitude of the
individual harmonic, and the switching count by 43.6%, 73.5%,
and 19.6% respectively, in comparison with those of the PI-
POD method.
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