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This paper proposes an enhanced voltage-oriented control strategy (EVOC) based on super twisting sliding mode control (STSMC)
for a grid-connected four-leg source voltage inverter (GC-FLVSI) in the synchronous rotating frame (dq0—frame) without using
a phase-locked loop (PLL) and Park's transformation. The proposed strategy is used not only to control the dq0—axes FLVSI inject
currents but also to derive the mathematical model of the GC-FLVSI in the dq0—frame based on the direct instantaneous power
control theory (DPC) and to eliminate the impact of PLL and Park's transformation. The principle of the proposed EVOC strategy
is analyzed in detail. The STSMC is used for accurate dq0—axes FLVSI inject current control, and it can result in sinusoidal
currents with high quality, high robustness against parametric variations, and low chattering with easy implementation. Finally,
the superiority of the proposed EVOC-STSMC strategy in terms of complexity, response, steady-state errors, robustness, total
harmonic distortion (THDs) mitigation, neutral current reduction, and robustness against parameter variations is verified through
comparative analysis with the EVOC strategy based on the PI controller (EVOC-PIC).

1. INTRODUCTION

During recent years, grid-connected four-leg source
voltage inverters (GC-FLVSI) in distributed generation
sources based on renewable energy sources (RER), including
solar and wind energy technologies, have been proposed for
transforming, controlling, and delivering the maximal power
from these RER systems into the grid, which is mandatory to
overcome the challenges of the traditional grid-connected
three leg VSI, such as unbalanced grid voltages and currents
under all conditions, including unbalanced single and three
phase linear and nonlinear loads, and unbalanced grid
voltages [1-3]. For the sake of achieving the desired
functionality and performance, researchers in recent years
have focused their research on the development of the
appropriate control strategy for GC-FLVSI to achieve
excellent static and dynamic performances, including
decoupling effects, synchronization, simplicity, fast
responses, zero steady-state errors, low injected current
harmonic distortions, high robustness toward parametric
variations and external disturbances, and high-efficiency.

The traditional vector-oriented control (VOC) strategy
based on PLL in the dq0—frame is one of the most common
control strategies available in the literature for these targets,
which provides a time-invariant GC-FLVSI model in the dq0—
frame [4-6]. Furthermore, ideal grid voltage conditions can
provide predefined static and dynamic performance. However,
in the presence of grid voltage disturbances such as voltage
unbalance, voltage sag, and voltage harmonic distortions, the
control performance of this strategy may deteriorate
significantly, decreasing the static and dynamic performance
of the GC-VSI systems [7, 8]. Moreover, the inherently
complex PLL and the several Parks transformations used in
these strategies increase the complexity of implementing the
overall system [9].

To eliminate the impact of PLL and Park's transformation
in the VOC strategy and to provide accurate current control
with lower computational complexity, several enhancing
VOC strategies without PLL and Park's transformation are
proposed for GC-VSIs, such as VOC strategy based on

coordinate transformation [10], VOC strategy based on
direct power control (DPC) [11], VOC strategy based on grid
voltage-modulated (GVM-VOC) [12], and VOC strategy
based on nonlinear observed grid-phase [13]. These VOC
strategies have many advantages and disadvantages linked to
the static and dynamic performances and simplicity of
implementation.

The VOC strategy based on DPC concepts can provide a
linear time-invariant system in the dq0—frame using the
instantaneous active and reactive power theory, which has
similar control performance to the traditional VOC strategy
when the phase angle is correctly detected. In addition, it has
both DPC and traditional VOC advantages simultaneously
with lower computational complexity. On the other hand, in
GC-VSIs, a properly current controller is necessary to
achieve the aforementioned performances.

Various techniques have been developed to achieve these
performances. Even though a PI controller offers
performance advantages such as simplicity, low iterative
parameters, and easy implementation. Still, there are several
challenges that these controllers cannot overcome, linked to
the coupling effect and robustness toward parametric
variations and external disturbances [14].

Nowadays, many studies have paid great attention to the
sliding mode controller (SMC) in power converter control and
have confirmed its ability to resolve all PI controller problems
and limitations. The SMC based on Lyapunov functions is
highly robust, stable, and less sensitive to many uncertainties
and linearities than the PI controllers [14—16]. However, the
chattering effect of the SMC is a major drawback in
controlling the GC-VSI systems.

The Super Twisting SMC (STSMC) is considered an
extension of the classical SMCs (CSMCs) and has been
recognized as an effective control technique due to its
advantages of high robustness, excellent static and dynamic
performance, ease of designation and implementation, and
the ability to resolve the chattering problem that exists in
most CSMCs [15,16]. In addition, it is alleged that the
effective implementation of STSMC results in highly
asymptotic stability with finite-time convergence to zero,
reliability, and accuracy, unlike the CSMC in the existence
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of measurement errors and switching delays [16]. The
control objective of STSMC is to lead both the sliding
surface and its derivative to zero asymptotically in finite
time, which is achieved through a discontinuous control
action [15]. The concept of this technique is to choose an
appropriate  sliding surface and Lyapunov function
depending on the control objectives of the overall system,
which can achieve excellent steady-state performance while
preserving the prominent features of the SMC, such as
robustness, stability, and simplicity [16].

This work proposes an enhanced VOC strategy based on
DPC concepts (EVOC) to eliminate the impact of PLL and
Park’s transformation and achieve accurate current control in
the dq0—frame with lower computational complexity. For the
GC-FLVSI current controllers, the STSMC technique is
proposed to improve the static and dynamic performances
and obtain high robustness against parametric variations with
simple implementation. Transient and steady-state
performances of the proposed EVOC-STSMC strategy for
GC-FLVSI are evaluated and compared with those based on
PIC regarding response, steady-state errors, zero-sequence
current and THDs mitigation, neutral current reduction, and
robustness against parameter variations. The proposed
control strategy for GC-FLVSI illustrates satisfactory results
for all the previous performance indicators, demonstrating
the proposed strategy's superiority and effectiveness.

This paper is organized as follows: in section 2, the model of
the FLVSI in the dq0-frame using the DPC concepts is presented.
Then, detailed output current control loops using the proposed
STSMC are developed and detailed in section 3. Section 4
presents the simulation results and discusses the viability and
superiority of the proposed EVOC-STSMC for FLVSI. Finally,
Section 5 summarizes the conclusion of this work.

2. GRID-CONNECTED FOUR-LEG PWM VSI DQO
MODELING-BASED POWER THEORY

The adopted power circuit of three-phase four—wire GC-
FLVSI is illustrated in Fig. 1.
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Fig. 1 — Power circuit of four wire grid connected FLVSIL.

The output currents dynamic of GC-FLVSI shown in Fig.
1 can be defined in the abc-frame by [6] as

dig, di,

L/‘a S Rfal +Vfa anl Lﬁl d
di b _ dl"

Lfb £ = -R/bl +Vﬂ)-R/fnl Lﬁl (1)
dl/p

Ly =Ryl +ve-Ryi Ly,

where vuse and i are the FLVSI output voltages and
injected currents, respectively, vgase are the point of common
coupling (PCC) voltages. iz is the neutral line current, and
Lyaben and  Ryaven are the filter inductors and their internal
resistors, respectively.

Using Concordia transformation of the system (1), the
dynamic model in the aff0-frame is given as follows:
dife _ Rr.  Vea . Vix
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According to the instantaneous power theory [12], the grid
active and reactive powers (pg and gg) can be calculated in
the abc reference frame as follows:

Py =Vealta Vbl TVgelse
3
l 3 [(Vesvee)ita=(Veevea) i+ (Veavenire])
These powers in the off0-frame are expressed as:
Py Vealfa TVeplip Vo0l @
9y =Veplfa~Veulsp

By considering that the grid voltages are balanced (v¢0=0),
the dynamics of these powers in (4) are given as:
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These power dynamics consist mainly of the injected
current and the grid voltage dynamics. To simplify these
dynamics, we consider that the grid voltages are balanced.
Thus, the grid voltages in the af0-frame can be obtained as:

Vea=Vemcos(wr)
Vep=Vemsin(wt) , 6)
Vgo=0
where Vgn is the grid voltage magnitude, expressed as:
V= Va2, ()
The derivative of (6) gives:
d\;go( ==V, sin(or)
; ®
dvep _
d—’jfw Vemcos(wi)
Substituting (2), (4), and (8) into (5), we obtain:
dp Rr
5 =1 P00t T (e Ve VpVen)
u, | O
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It can be observed from (8) that the grid power dynamic
model is a multi-input multi-output (MIMO) system, where
the FLVSI output voltages v and vy are the original control
inputs and the grid powers p, and g, are the outputs. We also
observe that this dynamic is a time-variant (TV) system,
where v and v are multiplied simultaneously by vea and vgp.
To simplify this model, two new control inputs, v,, and v,, are
introduced as follows:

{Vp “VeaViaTVepVp
Vg™ VeBVfaVea VB

By using (6), the new control inputs v, and v, become:

(10)
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where vz and vy, are the FLVSI output voltages in the dq0-
frame, obtained through the control inputs in (10) without
using Park's transformation.
Using (10), the power dynamics in (9) become:
dpg
TP Vo)
dqg - (12)
wp ——qg L/
Note that the grid power dynamics in (12) are a MIMO
and a time-invariant (TI) system with a coupling effect
between active and reactive powers and have the same
structure as the FLVSI injected current dynamic model in the
dq0—frame [11]. Then, we will present the relationship
between these models. When vgs is oriented to the grid
voltage vector, and vy, is in quadrature with it, ves=Vem and
ve=0 in the VOC strategy, the grid active and reactive
powers can be calculated in the dq-frame as follows:

{P =Vamls

13
4.~V iy’ (13)

Substituting (11) and (13) into (12) and by the
consideration of zero-sequence current in, which does not
need PT to be obtained, the new dq FLVSI injected current
dynamic model can be derived from the grid power dynamic
model as follows:
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iraq0 and vygo are the dq0 FLVSI injected currents and output
voltages, respectively, and o is the grid angular frequency.
The zero-sequence current ip is given by:

in=, / Vs Gatiptie)= |3 i

Note that the new grid power dynamic model in (12) is
changed into the traditional dq0 FLVSI injected current
model (14) without PLL and Park transformation.

(15)

3. PROPOSED EVOC-STSMC STRATEGY OF GRID-
CONNECTED FOUR-LEG INVERTER

The proposed control scheme in the dq0—frame for the GC-
FLVSI is shown in Fig. 2. As it is shown in this figure, the
STSMC and the dq0 determine the FLVSI output voltage
references—axes injected currents are provided through DPC
theory without using Park's transformation. The three-
dimensional space vector modulation (3DSVPWM) technique
described in [18] is considered in this work due to its constant
switching frequency and low injected current THDs.

The STSMC objective of the FLVSI injected currents is to
lead their tracking error sliding surfaces with their
derivatives to zero in finite time, carried through
discontinuous control actions based on the ST algorithm.
According to (14), there are coupling terms between dqg-axes
injected currents iz and iy;.
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Fig. 2 — Proposed EVOC-STSMC circuit schematic of the GC-FLVSI.

These couplings are mitigated using the proposed
STSMC-based VOC strategy by the introductions of ST
actions to the equivalent SMC laws in the dq0 output voltage
references as follows:

Vi =Videeg TViisT
V0 =Vig-eq FViy-ST (16)
VO =V0-eqg T VI0-ST
where v;qu-eq and y;qu_ST are the equivalent SMC laws and

the ST discontinuous control actions, respectively.
Using the control inputs V;dqo in (16) and the inverse of
(11), the original control inputs V;aﬁo required by the

3DSVPWM technique, are obtained without using Park's
transformation, as illustrated in Fig. 2, as follows:

Vi Voo Vep O]V
* 1 *
Vi :E Vep Vea O] [Vig|> 7
Vo 0 v

The tracking error sliding surfaces for the dq0 FLVSI
injected currents are given as follows [15]:

Sa= iy

Sq:’fq'i/;i > (18)

So=in-ip
where Sa, Sa, and So are the dq0—axes tracking error sliding
surfaces, respectively.
Using the dq0 FLVSI model in (13), the derivatives of the
three sliding surfaces can be written as:

Vid x

Si=-7 i ".”r—'lfd

. R
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Ly " L, 0

0=-

Setting quOZO, then the equivalent control laws vf*qu-eq of
the dq0 injected currents can be obtained as:

Vieq Lf( latoig+ —+ lfd)
Vieq Lf( '(”lfd+lfq) ; (20)

R n . Lk
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The discontinuous control actions v;qu_ST are designed
based on the ST algorithm as follows [15]:

* L .
Viasr=-P 1Sal25ing(S)-hy [ sing(S,)dr
1
v;q-ST:_pq |Sq |2Sing(Sq)')‘q J Sing(Sq)dt ’

. L ,
Vs7=-P, S0 |2sing (So)-Ao [ sing(Sy)dt

where pago and Aqo are positive constants, which are chosen
to achieve good control performance while considering the
demands of stability, robustness, and dynamic response as
follows [16]: pago=15x10° and hago=4x10°.

On the other hand, the output control variables of the PICs
used in the current inner loops are given as follows:

2]

Y;dqoz(’quo";qu) (kp+ %) ’ 22)

kp and k; are the gains of the PICs, which are calculated using
the pole placement method as follows [6]:
Kp-aq = 2LC00,-Ry
kiag = Ly,
kpo = 2(Lyt3Lgn ) Co0~(Rrt3Rp)”
ko = (L+3Ls, )0}

(23)

where @, and & are PIC's natural frequency and damping
factor, respectively. & is set to 0.707 for suitable overshoot
under a transient process, and w, is set to 3x103 rad/s for the
adjustment between dynamic responses and immunity versus
distortion and harmonic currents.

4. SIMULATION STUDY

To confirm the viability and effectiveness of the proposed
EVOC-STSMC, simulation scenario tests have been
developed on MATLAB/Simulink using Sim Power Systems
and S-Function based on C. The system and simulation
parameters are presented in Table 1.

Table 1
System simulation parameters
Parameter | Value
Grid voltage (RMS) Vg | 110V
Grid frequency | 50 Hz
DC-bus voltage Vdc | 350V
Filter inductance and resistance Lr and Ry | 5 mH, 0.15 Q

neutral filter inductance L | 2 mH

Switching frequency fs | 15 kHz

The main indicators considered to check the behavior of
the GC-FLVSI are the FLVSI currents iasc» With their THDs,
their dq0—axes components imq0, and essentially the grid
active and reactive powers. The control errors of current isiq0
are also represented and analyzed in terms of criteria,
including integral-time-absolute-error (ITAE) and integral-
time-square-error (ITSE). These error performance indexes
of the control output x (i1, iy and ip) and its reference x* are
defined as:

ITAE= ) tlx-x"|dt

: 24
ITSE= [! t(-x") dt @y

At first, a comparative study between both controllers
(PIC and STSMC) based proposed EVOC strategy during
ideal grid voltage when iw change from 5 to 10 A at 0.02 s
and iy change from 0 to -5 A at 0.06 s is achieved, as shown

in Fig. 3. The oscillation magnitude values for each current
(im, if, i and in) and the integral error performance index
(ITAE and ITSE) values for each controller are analyzed and
illustrated in Tables 2 and 3, respectively. Also, Figs. 4 (a, b,
and c) compare the transient and steady-state responses of
dq0 currents before and after iz, changes.

According to these figures, the dg-axes injected currents
have current oscillations before and after these changes and
overshoot at the changes. In this, the dq0 inject currents reach
their references with fast responses at the starting of FLVSI
and at the changes of i« and is; with small oscillations and
overshoots before and after these changes using proposed
EVOC-STSMC compared to the EVOC-PIC as shown in
Figs. 3 (a and b). The zero-sequence current im is kept
constant at zero before and after these changes with small
oscillations also using proposed EVOC-STSMC Fig. 3 (c).
Moreover, the performance of active and reactive powers
with proposed EVOC-STSMC is very good as well as shown
in Fig. 3 (d).
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Fig. 3 — Comparative study between both strategy in transient and steady
states when 7 and is; changes under ideal grid voltage: (a) d-axis inject
current; (b) g-axis inject current; (c) zero-sequence current ip;

(d) grid active and reactive powers.

The three-phase injected and neutral currents (igasen) using
both controllers are illustrated in Fig. 4 (a and b). It can be
observed from these figures that the injected currents are
sinusoidal before and after the changes of iz and ir; with very
small ripples and THDs using the proposed EVOC-STSMC
compared to the EVOC-PIC. It can also clearly be observed
from these figures that the maximum neutral grid current
oscillation is also ideally reduced from 0.72 A using EVOC-
PIC to 0.25 A using proposed EVOC-STSMC before and
after these changes, as also shown in Table 2. Using EVOC-
PIC, the THD values are 2.22 %, significantly reduced to
1.25% using the proposed EVOC-STSMC in Fig. 5, which
fits the IEEE 519 standard. In addition, the error performance
indexes illustrated in Table 2 and the oscillation magnitude
values of each current listed in Table 3 demonstrate that the
values of these criteria have been enhanced by using the
proposed EVOC-STSMC.
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Fig. 4 — Three-phase inject and neutral currents (igasen) under ideal grid
voltage: (a) EVOC-PIC; (b) proposed EVOC-STSMC

Figure 5 compares the injected current THDs versus filter
inductance using both controllers when the filter inductance
varies from 2.5 to 7.5 mH. This comparative study shows that
the THDs decreased from 2.45 to 0.45 % using the STSMC
and from 3.98 to 1.57 % using the PIC, which demonstrates
again the superiority and robustness of the proposed STSMC.

Epric ESTSMC

4
3.98

3 3.02
IS
5/2 1.7 : 222 1.91
= e L57
=1 I I I 0.9 0

. il s

2.5 4 5 6 7.5

Ly (mH)

Fig. 5 — Injected current THD versus filter inductor variation

To evaluate the performance of the proposed EVOC
strategy based on both control techniques under unbalanced
grid voltages, a 20 % voltage sag in the first phase is
performed as illustrated in Fig. 6.
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Fig. 7 — Three-phase inject and neutral currents (Zgascn) under a 20%
voltage sag in the phase a: (a) EVOC-PIC; (b) proposed EVOC-STSMC

As shown in Fig. 6 (b), the first phase voltage sag cause
second-order harmonic ripples in the d-axis injected current
when the EVOC-PIC is used. These ripples cause high
distortion on the three-phase injected currents (Fig. 7(a)) with
a large magnitude of the 3™ harmonic, as shown in the FFT
analysis illustrated in Fig. 8 (a). With the proposed EVOC-
STSMC, the d-axis injected current is not affected by the grid
voltage sag, and the second-order harmonic ripples are almost
totally suppressed with a very fast response Fig. 6 (b); the 31
harmonic in the injected currents is further reduced to very
small values compared with EVOC-PIC (Fig. 8 (b)), which
demonstrate the straight dominance of the proposed EVOC-
STSMC under grid voltage sag. The q0-axes injected currents
track their references under voltage sag with very smaller
oscillations using the proposed EVOC-STSMC, as shown in
Figs. 8 (c and d). The behavior of the neutral current is almost
the same before and after voltage sag with very small
oscillations using the proposed EVOC-STSMC as shown in
Figs. 7 (aand b).

4 Fundamental of i =3.947, THD=4.82% (a)
5
2
8 ol A L - P
5 0 5 10 15 20 25 30 35 40
S 4 Fundamental of i_= 3.952, THD=2.55% (b)
R 4 fa
o
©
B m

ol | | | | |

0 W5 10 15 20 25 30 35 40

Harmonic order

Fig. 8 — FFT of the first phase FLVSI injected current: (a) EVOC-PIC;
(b) proposed EVOC-STSMC

When comparing this case to the ideal grid voltage case,
the THD values in the EVOC-PIC increases from 2.22 % for
the three phases to 4.82 %, 4.60 %, and 4.64 % in phases a,
b, and c, respectively, where, using the proposed EVOC-
STSMC, these THD values increased from 1.25 % for three
phases to 2.55 %, 2.46 % and 2.48 % in phases a, b, and c,
respectively, in this, the proposed EVOC-STSMC is superior
compared to the EVOC-PIC.

Table 2
Oscillations in FLVSI injected current

q(VAR), p(W)

ol o Y

+
(o] 0.02 0.04 0.06 0.08 0.1

Fig. 6 — Comparative study between both strategy in transient and steady
states when iz change under a 20% voltage sag in the phase a: (a)
unbalanced grid voltages; (b) d-axis inject current; (c) q-axis inject
current; (d) zero-sequence current ip; (¢) active and reactive powers.

Output current | Oscillations (A)
PIC STSMC
in | 0.8A | 0.2A
iy | 1A 0.24A
in | 0.8A | 0.2A
Table 3
Error performance indexes
PIC STSMC
in ify i it ify i
ITAE |2.13.10%| 4.86.107| 2.39.1072 || 1.05.10™* | 1.22.10° | 1.46.10°
ITSE |3.04.103] 4.22.10% | 4.34.10° | 1.18.10* | 0.07.10° | 1.89.10"*
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5. CONCLUSION

An enhanced vector-oriented control (EVOC) strategy in
the dqO0—frame without using PLL based on super twisting
sliding mode control (STSMC) for an FLVSI has been
presented. The control performance regarding response,
tracking references, overshoots, oscillation, and steady-state
errors is achieved under both ideal and non-ideal grid
voltage. This strategy is used for GC-FLVSI synchronization
and control and to provide the GC-FLVSI module in the
dq0—frame. This proposed EVOC-STSMC strategy is
validated in various scenarios using MATLAB/Simulink.
Moreover, the proposed EVOC-STSMC has been compared
to EVOC-PIC. In contrast to the EVOC-PIC, the proposed
EVOC-STSMC can achieve high performance and dynamic
responses under ideal and non-ideal grid voltage without
needing a PLL but will have a high quality of injected
currents where the grid voltage is unbalanced. We can
anticipate, in summary, the following features of the
proposed EVOC-STSMC strategy:

1. The proposed EVOC strategy does not need Park’s
transformation to provide a linear time-invariant grid-
connected VSI in the dq0—frame. It can be provided
easily by using the instantaneous power theory (DPC).

2. The proposed EVOC-STSMC strategy can stabilize the
disturbance GC-VSI with a good performance.

3. Finally, the responses of the GC-FLVSI using the
proposed EVOC-STSMC have much better quality than
the EVOC-PI strategy under grid voltage disturbance.

Received on 18 May 2022
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