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The present paper proposes a combined voltage-oriented control
and direct power control (VOC-DPC) method associated with the
backstepping control technique for a three-phase four-wire grid-
connected four-leg rectifier in the synchronous rotating frame
without using phase locked loop (PLL) and Parks transformation
under balanced and unbalanced load and grid conditions. This
control method is proposed in order to remove the drawbacks of
the conventional VOC based on the PLL technique. The proposed

control method is able to enhance the control performance and
dynamic responses of the system when considering slow dynamics
and instability issues of the PLL in several cases and can decrease
the computational burden due to the absence of PLL and Park
transformation. In addition, the performance of the proposed
VOC-DPC method is enhanced by using backstepping control
(BSC) based on Lyabonov theory for both the input currents and
DC-bus voltage loops. As a consequence, constant DC-bus
voltage, unit power factor, sinusoidal input currents, and neutral
current minimization can be accurately carried out under both
DC-bus voltage and load variations. Furthermore, robustness
against filter inductance variations can also be achieved. The
effectiveness, superiority, and performance of the proposed
control method for a four-leg rectifier based on BSC in the dq0-
frame are validated by several processor-in-the-loop (PIL) co-
simulation tests sing the STM32F407 discovery development
board.
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1 Introduction

In recent years, three-phase four-leg PWM converters have become much more popular and widely used
in many recent power applications, such as renewable energy-based grid-connected and stand-alone power
generation systems [1] - [3], active front-end PWM rectifiers, active filters (AF), distributed static
compensators (DSTATCOM) [4] - [6], electric machines [7], and electric vehicle (EV) charging systems [8].
Because of their superior input current waveforms with lower THD, high DC-bus voltage utilization,
controllable DC-bus voltage, and bidirectional power flow, they are regarded as highly efficient devices for
high-power applications. Moreover, these converters, including four-leg PWM rectifiers, have the capability
to provide a zero-sequence input current path and control and are appropriate to maintain symmetrical
sinusoidal grid currents and voltages under all loading and grid conditions, including unbalanced single-phase
load [4], [7], which can significantly decrease the grid power quality or even cause stability problems.

The two most common control strategies for these converters are the traditional voltage-oriented control
(VOC) method and direct power control (DPC) method. Compared to the DPC method, the traditional VOC
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method in the synchronous rotating frame (dq0-frame) has been widely utilized thanks to its simple structure
and ease of implementation. This provides a time-invariant four-leg PWM converter mathematical model in
the dq0-frame, which can be controlled readily using diverse controllers.

The grid-synchronization-method and Park’s transformation are two highly significant parts of this control
method and are used for precisely deriving the system dq0 time-invariant model and synchronizing the
converter to the grid. The synchronization-method has a significant role in VOC method, since it is used to
extract the grid voltage phase angle utilized in diverse Park’s and inverse Park’s transformations and
consequently providing the accuracy of current control in the dq0-frame for four-leg PWM converters [9],
[10]. So far, the phase-locked loop (PLL) has been the most widely used to extract the phase-angle in the
traditional VOC method, providing high control dynamics when the grid voltage phase-angle is correctly
detected [11]. However, the slow dynamics of the PLL increases the difficulty of grid voltage frequency or
phase-angle detection, which will affect the VOC control performance and dynamics responses of the grid-
connected converter system as well. Moreover, the PLL larger bandwidth and the parameters of its PI closed-
loop control may cause an unstable phenomenon when subjected to distortion and unbalanced grid voltage
conditions, which makes the high-frequency resonance more probable to occur due to a smaller phase margin
[11], [12]. Furthermore, the inherent complexity of the PLL and the various Parks transformations, as well as
their inverse use in this control method, adds a high computational burden [13]. In addition, it is well known
that the grid voltage distortion and unbalanced events impact the accuracy and performance of this PLL, which
adversely impacts the traditional VOC performance and dynamic responses of the grid-connected PWM
rectifier system [14].

To remedy the aforementioned problems with high control performance and lower computational burden
under voltage distortion and unbalanced conditions, several current control methods in the dg-frame without
synchronization method and Park transformation have been proposed in recent literature. These methods
include combined VOC and DPC (VOC-DPC) method in dgq-frame based on instantaneous power method
concepts [15], [16] and nonlinear observed grid-phase based VOC method [17].

Among the abovementioned control methods, the combined VOC-DPC method outperforms the others in
terms of control performance, dynamic responses, computational burden, and ease of implementation. The
concept of this method is to determine the rectifier input current in the dq-frame using the instantaneous power
method concept and balanced grid voltage condition, which is not only used for controlling the grid-connected
PWM converters but also to provide the model of three-phase grid-connected PWM converters in the dq-frame
(a linear time-invariant system in the dq-frame) based on the instantaneous active and reactive power theory
without using PLL and Parks transformation, which combines the advantages of traditional VOC and DPC and
has the same properties and control circuit structure as the traditional VOC when the grid voltage phase angle
is correctly detected. However, when the outer DC-bus voltage control loop and the inner current controller
loops of this control method are achieved using traditional proportional integral (PI) controllers, the inherent
nonlinearities of the four-wire grid-connected four-leg rectifiers and undesirable perturbations due to
parameter variations will not only impact the performance and stability of the traditional PI controllers [15],
but also lead to poor dynamic responses in transient and steady states.

In order to further improve transient and steady-state control performance and provide high robustness to
parameter variations in three-phase, grid-connected four-leg PWM converters, numerous control approaches
based on the VOC method have been suggested in recent years. These techniques include sliding mode control
(SMO) [18], [19], fuzzy logic control (FLC) [20], and backstepping control (NBSC) [5], [21], [22].

Among these control techniques, backstepping control (BSC) is found to be an appropriate and effective
technique for PWM converter control processes due to the inherent advantages of systematic, recursive
controller design based on the Lyapunov function, which insures asymptotic tracking error convergence in all
loops, successful robustness against parameter variations and uncertainty rejection, ease in practical
implementation, and beneficial performance under various operating conditions. Since the model of the PWM
rectifier can be represented as a linear time-invariant system in the dq0-frame, the BSC technique can be
directly used on the outer and inner loops. In [23] - [26], researchers have proposed a BSC for a three-phase,
three-leg PWM rectifier, and the results show that the BSC has high control performance and dynamic
responses in transient and steady states in terms of harmonic suppression, power factor correction, reactive
power compensation, stability, and robustness against parameter variations. However, in the aforementioned
works, the three-leg PWM rectifier is considered as the main converter. Consequently, zero-sequence current
generated in the case of single-phase unbalanced loads connected to the main grid or under unbalanced grid
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voltages is not taken into consideration, and the stability and control performance of the grid-connected four-

leg PWM rectifier cannot be ensured under these unbalanced conditions.

To addresses the aforesaid problems, a VOC-DPC method based on BSC is proposed in this paper to
control a three-phase four-leg rectifier. The main contributions of this work are listed as follows:

1. A four-leg rectifier configuration is used because it provides a zero-sequence current channel and control
to avoid PCC voltage fluctuations.

2. An improved VOC-DPC method is proposed to eliminate the impact of PLL and Park transformation on
the traditional VOC method, which reduces the computational burden and improves the control
performance under all conductions. The active and reactive input currents, as well as the input voltage
references, are determined in the stationary frame using both VOC and DPC concepts, without the use of
PLL or Park transformation.

3. In the outer and inner loops of the proposed VOC-DPC method, BSC is suggested to control the input
currents in the dq0-frame and DC-bus voltage. The use of BSC instead of the traditional PI controller
allows zero steady-state tracking errors for the input currents and DC-bus voltage, suppression of grid
current harmonics, unity power factor (UPF), and zero-sequence current elimination.

In this work, the transient and steady state performances of the proposed VOC-DPC-BSC control based
grid-connected four-leg rectifier are evaluated and compared with those of the VOC-DPC based on the
traditional PI -controller (VOC-DPC-PIC) in terms of trajectory tracking, DC-bus voltage oscillation and
stabilization, reactive power compensation, input current harmonic mitigation, power factor correction, zero-
sequence current elimination, and robustness against filter inductor variations.

The proposed method VOC-DPC with a BSC shows satisfactory results for all the previous performance
indicators, which demonstrates the superiority and effectiveness of the proposed control method.

This paper is organized as follows: the modelling of the three-phase PWM rectifier in the dq0-frame on
the basis of DPC concepts is presented in Section 2. Section 3 presents the proposed VOC-DPC method based
on BSC, whereas the BSC used in the outer and inner loops is described in Section 4. The results of PIL co-
simulations and the discussions on the proposed VOC-DPC based on BSC and PI are presented in Section 5,
and finally, some conclusions on this study are drawn in Section 6.

2 Three-phase four-wire grid-connected four-leg PWM rectifier modelling

Figure 1 illustrates the three-phase four-leg PWM rectifier topology connected to four-wire grid at the
point of common coupling (PCC) through filter inductances (Luscn) With internal resistances (Rusen). In this
Figure, iupen and vy represent the four-leg rectifier input currents and voltages, respectively. igupen and Veape
denote the PCC currents and voltages, respectively. eq. are the grid sinusoidal voltages. The output DC-bus
voltage, output DC current, capacitor current, and load current are denoted as Ve, luc, I, and I, respectively.
The DC-bus capacitor and load are identified as Cyu and Rz, respectively.
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Figure 1. Power circuit of three phase grid-connected four-leg rectifier.

The dynamic equations describing the input currents and the DC-bus voltage of the three-phase four-leg
rectifier shown in Figure 1 can be given in the abc reference frame as follows:
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Lfa7=vga_Rfalfa_vfa+anlfn+Lfn7
di di
fb_ . . fn
Lfb _dt _ng_belfb_vfb+ anlfn+Lfn _dt
1
di, : : dig, M
fe _dt =vgc_RfleC_fo+anlfn+Lfn _dt
dav, . . . .
Cdc de =(Salfa+Sblfb+SclfC+Snlfn)_IL

where S,, S, Sc, and S, are the switching states of the rectifier power switches.
The neutral phase input current iz is given as:

ifa+iﬂ7+ifb=_ifn (2)

From this equation, the zero-sequence input current iy is computed as:
. 1 ( . . ) 1 .
lf():ﬁlfa—i_lﬂ)—i_lfc :_ﬁlﬁl (3)

The input voltages and the DC-bus voltage of the three-phase four-leg rectifier can be derived in the dq0-
frame using instantaneous grid active and reactive power theory without need for Park transformation as
follows [15]:

digy . .
Vfd =ng_Lf7_Rflfd+Lfa”fq
di
- Jq : ;
Vey =Veq Ly — " Ryl = Lyoip .
Vfo =vg0_(Lf+3Ln)7_(Rf+ 3Ln)lf0

dv,
Cao o= (Suia+ S,i g+ Soiro)~ 11
where, Vg0 and igg stand for the input currents and voltages of the four-leg rectifier in the dq0-frame,
respectively. Sq, Sy, and Sy are the switching states in the dq0-frame, and w is the PCC angular-frequency.
The dynamics of input currents and DC-bus voltage in the dq0-frame are given by applying the grid voltage
orientation concept when the d-axis grid voltage ve, is oriented with the grid voltage vector and the q-axis grid
voltage vg, is in quadrature with it (Ve=Vgmax, Veg=Vq0=0, Where Vgmax 1s the grid voltage) as follows:

di R y v,
l=——flfd+a)ifq+ d —ﬁ
di R y
=Ly oy
dlfo :_(Rf+3Rn)l _ Vfo
dt— (L;+3L,) 7" @L,+3L,)
dv 1 Vod . vV
—ddc =—(g—1,)= £ Ly — it
t Cdc Cdc Vdc Cdc RL
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Equation (5) reveal a coupling effect between input currents i and iy,. Therefore, the following control
variables uq, uy, up, and uq. are introduced into Eq. (6) to reduce this coupling effect and enable decoupling
control between the input currents in the following manner:

di
- fa ;
ug=Ly— =+ Rsipy

di (6)
10 .
Uy, = ifd — Cchdc (d Vdc + Vdc )
ng dt Cdc RL
The rectifier input voltages vy and d-axis input current iy are given by putting (6) into (5) as follows:
vfd = —ud"l' Lfa)lfq"l' ng
qu = —Uq— Lfa)lfd
Vi = U (7
ifd — Cchdc (dVdc + Vdc )

ng dt Cdc RL

According to (7), the input currents iy and iy can be independently controlled by the decoupling control
variables uy and u,.

2 Proposed combined VOC-DPC method based on BSC technique

The suggested VOC-DPC method with BSC technique for the four-wire grid-connected four-leg PWM
rectifier in dq0-frame is depicted in Figure 3. The suggested method is founded on both the VOC and DPC

concepts; the input voltage references in the dq0-frame V;dq() are provided based on the VOC concept using

the proposed BSC of the input currents in the inner loops. The d-axis input current reference is provided by
the DC-bus voltage loop that ensures the input current control and zero sequence current elimination. On the
other hand, the input currents iy in the dq0-frame used in the inner loop and the input voltage references in

the ap0-frame V;"aﬂo required by the 3DSVPWM method are derived based on the DPC concept using Egs.
(17) or (32).
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Figure 2. Block diagram of the proposed VOC-DPC with BSC of the three-phase four-wire grid-connected
four-leg PWM rectifier.

According to the instantaneous power theory [27], [28], the grid active and reactive powers (p, and g,) can

be calculated in the three phase (abc) reference frame as follows:

Pg =VealfatVablsptVaclse

1 , . T ®)
qg = \/;[(vgb_vgc)lfa_(vgc_vga )lfb+(vga_vgb)lfc]
These grid powers can be calculated in the dg-frame as follows [27]:
Pg =Vedin tVigiy
. S ®
9g =Vedlfg =Vsg'lp
Applying the grid voltage orientation concept, the grid active and reactive powers in (9) becomes:
Po = v, I 7
g "¢ max.f ‘ (10)
9g =Vgmarlsy

Substituting (10) into (8), the input currents iy, are expressed in the dq0-frame as functions of the three
phase grid voltages, input currents, and the grid voltage magnitude as follows:
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lfd :—(Vgaifa+ngifb+vgcifc)
gmax
1 an
lfq :—\/—[(V;b_vgc)ifa_(Vgc_vga)ij'b+(vga_vgb)ifc]
ngax 3

The grid voltage magnitude can be expressed in the af0-frame as follows:

[ 2 2
ngax: Vga+vgﬂ (12)

By assuming that the grid voltages are balanced, these voltages in the ap0-frame can be expressed as:

Voo =Vgmaxcos(ot)
(13)

Vep =V, sin(wt)

g max

In the ap0-frame, by multiplying simultaneously the input voltages vy, and vy by the grid voltages v,, and
Vs, it yields [28]:

Vp =VeaViat VepVsp
Vg =VepYfa™VeaVsp (14)
VO = Vgo = Vfo
where v, and v, are new variables used to simplify determining the input voltages v, and vy in the af0-frame

from the dq0-frame without using the Park transformation [16].
Substituting (13) into (14), the new variables v, , v, and vo become:

v, cos(ot)  sin(or) 0 v, Vi
vq = Vg max sm(a)t) - cos(a)t) 0 vf,B = ngax qu (15)
Vo 0 0 1] Vro Vro

According to (15), the input voltages vy and vy, in the dq0-frame are given as functions of the input voltages
in the af0-frame vz, and vy as follows:

Vi cos(ot) sin(ar) 0| vy,
Vi |=|sin(ot) —cos(ax) 0|V (16)
Vro 0 0 1][Vro

The input voltages vz, v, and vp are derived from v, vy, and vp without using Park transformation by
substituting (13) into the inverse of (16) as follows:

Vog ~Vea 0| Vg 17)
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This equation is used to provide the input voltage references v}aﬁo in the af0-frame required by the

3DSVPWM method from the input voltage references in the dq0-frame V;dq() provided by the proposed BSC

of the input currents and DC-bus voltage designed in the following subsection.

3 Proposed BSC for DC-bus voltage and input currents loops

In this subsection, the design of DC-bus voltage and input currents backstepping controllers will be
detailed. The concept of the BSC approach is to select suitable Lyapunov functions based on the control
purposes of diverse design steps of the overall control system [23] - [25]. In this work, the Lyapunov functions
selected for the DC-bus voltage and input current control can ensure tracking-errors converge to zero and
overall system asymptotic stability.

3.1 Proposed BSC for DC-bus voltage loop
The main purposes that should be accomplished by regulating the DC-bus voltage involve leading V. to

its desired reference (V) in order to make its tracking error z,. converges to zero asymptotically and to exactly
provide the suitable d-axis input current reference (if4) utilized in the d-axis input current loop. The tracking
error zg. is given by:

Zae =Vae=Vae (18)
The dynamic of tracking error z,,is given by:

Za'c szc_V;c (19)

The first Lyapunov function selected in the DC-bus voltage loop ¥; and its dynamic ¥} are given as:

n=1z,
2 (20)
Vl = chédc

Using (19) and Vdc given in (5), the dynamic of the first Lyapunov function Vl given in (20) becomes:

ng L Vdc
l- fd
Cdc Vdc Cdc RL

ok

_Vdc) (21)

Vl = ch(

. v 1% .
To ensure the stability of the DC-bus voltage control loop, the term ( & = de___ V) must be

Cdc Vdc Cdc RL
expressed as:

ng . Vdc ol
1,— -V, ==k, z 22
v fi de deZde (22)

Cdc RL

where, kg is a positive constant and ; ;d is the d-axis input current reference that stabilize the DC-bus voltage.

From (22), the virtual command u,, = i;d of the DC-bus voltage loop is given by:
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l-* _ Cdc Vdc
Jd—

vV i
—k gz + —L—+7V,
» (—kaezge C. R, dc) (23)

3.2 Proposed BSC for input currents loops

The objective is to obtain dq0-axes input voltage references vt‘qu with zero transient and steady-state

errors. This can be achieved mainly through forcing the dq0-axes input currents iz to track their references
i ;dqo to make their tracking-errors converge to zero. The tracking-errors of the input currents z440 are given by:

Zg :ifd _ifd
2=y "l (24)

. .*
Zy :lfo _lfo

The dynamics of these tracking-errors z, , can be expressed as:

Z.d :l:fd _l:fd
2=l ~in (25)

. H Ha
Zy :lfo _lfo

. 1 . o
The three adopted Lyapunov functions are defined as ¥, :325 40> and their derivatives can be

expressed as:

Vd =Z4Z4
Vq = Zqz'q (26)
Vo =Z¢Z

By substituting the dynamics ’:quo from (6) into (25), it results:

V,=z,( ! u Rfi i )
d T Zq(—ug——=lrq —izy
Ly = Ly
Vo—z (A Ry i) 27)
g " “q\ "¢ T g T g
Ly = Ly
Vo =zo( ug——L———" iro—ifo)
(L]'+3Ln) (Lf+3Ln)

In order to guarantee the stability of the dq0-axes input currents controllers, the time derivative of the three
Lyapunov functions in system Egs. (26) must be strictly negative. For this, the three terms
(—ug——=ipq—igq), (——ug———igy —ig), and ( Ug——= iro

L, L, L, @ L, (L;+3L,) ° (Ly+3L,)"7

expressed as:

—i‘;o ) must be
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——ug———lpg —lipg =—ky24
L, L '
f f
L_f”q_L_flfq —igy =—kez (28)
1 (Ry+3R,) . o

Uy— iro—lrg =—kyz
L;+3L,) " (Lp+3L,) 70 OO

where, k4, k,, and ko are positive constants. Using (26) and (27), V,, q0 given by system Eqs. (26) become:

Vd = —de§
V, =—k,z2 (29)
Vo = _kozg

As can be seen from (29), it is clear that the dynamics of the three Lyapunov functions Vd , Vq , and VO

are strictly negative. It means that the tracking-errors zy, z,, and zy will converge to zero. Thus, the stability of
the dq0-axes input currents controllers can be ensured. According to (28), the decoupling control variables u,
uq, and uy of the dq0-axes input currents loops are computed as:

Rf . $*
ud:Lf(_ded+L—lfd +lfd)

f

Rf ok
ug =Ly(—kyz, +E’fq +ig) (30)

(L+3L, )(~k WASLFIE

Uy = + —KoZy +————1s9 +1
0 f n 020 L,+3L, o tiso

By using the system Eq. (7), the dq0-axes four-leg rectifier input voltage references v;dq() can be expressed
as:

R,
* /. 1k .
Vfd =_Lf(_kdzd +;lfd +lfd)+Lfa)lﬁI+ ng
Vig =—Ly(kqz, +L—'f’fq +igg) = Lyoiy 31)

"o =—(L+3L, )(~k Ryt R s si )
veo=—(L o+ —kgzg +————iro +i
710 f n 040 L‘f‘+3Ln 70 f0

where kg and k4,0 are positive constants, which are chosen as ks =320 and kz,0=10°.
These parameters are selected so that the input current control loop's dynamics must be faster than the DC-bus

voltage control loop's dynamics and to achieve good control performance while considering the system
stability, robustness, and dynamic response.
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Without using Park transformation, the input voltage references ijaﬂo in the af0-frame required by the

3DSVPWM method can be provided from the input voltage references in the dq0-frame v;dq() given by (31)

using (17) as follows:

Ve 1 Vea Vg 0|V
Vs T | Ve TVea O Va (32)
y gmax | 0o 1]+
V1o Vro

On the other hand, the output control variables of the PICs used in the DC bus voltage and input current
loops for achieving the comparative with the proposed BSC are given as follows:

Lk * k[ c
g =(Vae =Vae )(k pac +Td)a (33)
* K . kidqo

Vi =1 g0 =1 a0 )k paqo +T)’ (34)

k, and k; are the gains of the PICs, which are calculated using the pole placement method as follows:

kpag =2LyC; @y — Ry
kidq = wafi
kpag =2(L; +3L, )0, —(R; +3R,)’ (35)
kio=(Ly +3L, Joy

kpdq = 2Cdc§dc Dpqc (36)
kidc = Cdcwidc ’

where o, and & are the natural-frequency and damping factor of PICs, respectively. & and & are sets to 0.707
for suitable overshoot under a transient process of both control loops, and ®.4. and ®,; are sets respectively to
60 and 3x10° rad/s.

4 Experimental Validation

Figure 3 illustrates the setup of PIL co-simulation for the four-leg rectifier connected to the three-phase
four-wire grid shown in Figure 1. Fhke control is performed using the DSP card STM32F407 discovery board.
The details on how this DSP card was used to create PIL co-simulation are discussed in [29] and [30].

To confirm and validate the viability and effectiveness of the proposed VOC-DPC with BSC in enhancing
the control performance and dynamic responses of the four-leg rectifier, comparative PIL co-simulation results
between the suggested BSC and traditional PI control are presented. The system parameters used in the PIL
co-simulation are presented in Table 1.
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Figure 3. STM development board for processor-in-the-loop validation of the proposed control method.

Table 1. System parameters.

Parameter Value
AC grid voltage Vgmax 120V
Grid voltage frequency 50 Hz
DC-bus voltage V. 300V
Capacitor of rectifier DC side Cyc 840 uF
DC load resistance R; 100 Q
Input filter inductances Ly, L 10 mH, 5 mH
Input filter resistances Ry, R 03Q
Grid inductances Lg, Lgs 0.1 mH, 0.05 mH
Grid resistances Rg, Rgn 0.1Q

In order to get precise information about the dynamic performances, the control performance the analysis
of the control performance was first performed at the nominal values of the load and the DC bus voltage.
Furthermore, in this case, the robustness of the two control strategies was evaluated with variations of the filter
inductance, when the filter inductance varied from 1 to 3 mH. The response time, DC-bus voltage stabilization
and oscillations, reactive power compensation, input current harmonics and zero-sequence elimination, and
neutral current oscillation reduction using the proposed BSC and traditional PI control were then evaluated
under diverse conditions, including load and DC-bus voltage variations. The comparative study of PIL co-
simulation results between the proposed BSC and the traditional PI control are shown in Figure 4-8.

First, the steady-state control performance of the DC-bus voltage and input current and their tracking errors
and oscillations using both control techniques are shown in Figure. 4 (a and b). The curves from top to bottom
in these figures are the DC-bus voltage, dg-axes input currents, zero-sequence input current, and first-phase
input current and its corresponding grid voltage. These figures confirm that both control techniques used in
the VOC-DPC method achieve constant DC-bus voltage and unit power factor, but the proposed BSC
significantly reduces tracking errors and oscillations in the DC-bus voltage and input currents compared to
traditional PI control.

The harmonic spectra of the input current for the two control techniques at the nominal value of the filter
inductance are shown in Figure 5 (a and b). The total harmonic distortion (THD) is also significantly reduced
using the suggested BSC compared to the traditional PI. Indeed, the THD was lowered from 3.18% using PI
to 0.59% using the BSC.
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proposed BSC.
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Figure 5. Harmonic spectrum of input current for: (a) traditional PI control and (b) proposed BSC.

Figure 6 illustrates the robustness performance of traditional PI and the proposed BSC when the filter
inductance value Ly is varied from 0.5 to 3.5 mH. The Figure clearly shows that the all-input current THD
values obtained using the proposed BSC are lower than those of the traditional PI control for all filter
inductance values. This confirms the robustness of the proposed BSC against the filter inductance variations.

THD of i, (% of Fundamental)

Figure 6. Input currents THDs versus filter inductor variation using both control techniques.
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Another set of PIL co-simulation tests is performed with the aim to compare transient dynamic responses
and control performance of the DC-bus voltage and input currents using both control techniques under DC-
bus voltage and load variations.

Figures 7 and 8 (a and b) compare the transient dynamic responses and control performance of the VOC-
DPC method based on traditional PI and the proposed BSC when the reference of the DC-bus voltage is
changed from 300 to 320 V at 0.06 s. The curves from top to bottom in figure 8 (a and b) are the d-axis input
current, g-axis input current, zero-sequence input current, and first-phase input current and its corresponding
grid voltage. It can be seen from these figures that the transient response, tracking errors, and oscillations of
the DC-bus voltage and input currents under DC-bus voltage change are much better when the proposed
BSC is used compared with traditional PI control. When the DC-bus voltage is step changed, the DC-bus
voltage tracks its new reference value (320 V) very quickly in just 8 ms without any overshoot in the case of
the proposed BSC compared to the traditional PI, which has a large response time and voltage-overshoot.

After the change in DC-bus voltage, it is easy to see that the suggested BSC achieves faster dynamic
responses and better steady state performance than the traditional PI. The d-axis input current iz tracks its
new reference value (14 A) in 6 ms, with lower current draw in the proposed BSC case compared to the PI
(the d-axis input current draw at this change is 27 A in the case of the PI controller, while the proposed BSC

results in only 10 A). It should be noted here that the curve of d-axis input current reference i;-d is different

in the two control techniques because it is provided by the DC-bus voltage control loop. After this change
and during the steady state, the d-axis input current iy stays around at its new reference (46.5 A), and the q0-
axes input currents iy and ip are not influenced by this change and stay around 0 A with very small
oscillations using the proposed BSC, which perfectly reduces the neutral grid current oscillation and ensures
decoupling control and unity power factor, as shown in the curve of first-phase input current and its
corresponding grid voltage.
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Figure 7. Transient response and performance of the DC-bus voltage under DC-bus voltage change from
300to 320 V at 0.06 s.
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Figure 8. Transient response and performance of the input currents under DC-bus voltage change from 300
to 320 V at 0.06 s.

Figure 9 and 10 (a and b) compare the transient responses and control performance of the VOC-DPC
method based on the traditional PI and proposed BSC when the load is changed from 50 to 25 Q at 0.06 s.

As shown in Figure 10, using the traditional PI controller, a significant voltage drop appears in the DC-
bus voltage at the change of the load before returning to its reference value with a long settling time of nearly
0.08s. In contrast, when the proposed BSC is used, the DC-bus voltage response is relatively fast and returns
to its reference value in just 5 ms with a low amount of voltage drop, offering fast dynamic response.
Additionally, the oscillation before and after the load change is significantly less in the case of the suggested
BSC.

When the suggested BSC is used, the dq0-axes input currents follow their references with very small
oscillations even when the load changes, as shown in Figure (a) and 10(b). The d-axis input current changes
according to the load and follows its new reference value provided by the DC-bus voltage control loop very
quickly with a very low current draw, while the q0-axes input currents continue to oscillate around zero and
are unaffected by this change, ensuring perfect decoupling control. As can also be seen, the first-phase input
current and its corresponding grid voltage are in phase, providing a unity power factor, as desired. The input
current has very low ripple when the suggested BSC is applied.
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Figure 10. Transient response and performance of the input currents under load change from 50 to 25 Q at
0.06 s.

5 Conclusions

In this paper, a combined method for voltage-oriented control and direct power control (VOC-DPC) in
conjunction with backstepping control technique in synchronous rotating field is proposed for a three-phase
four-wire rectifier with grid connection without phase-locked loop (PLL) and park transformation, to achieve
DC -link voltage stabilization and control, high power factor, low grid current harmonics, low zero-sequence
current oscillations, perfect decoupling input current control, high robustness against filter inductance
variations, low computational burden, and better transient responses under DC-bus voltage and load. The
suggested BSC employs four separate backstepping controllers designed based on Lyapunov theory to
simultaneously regulate DC voltage and input currents.

The proposed VOC-DPC method associated with the backstepping control technique is validated in a wide
range of tests through PIL co-simulation combined with MATLAB/Simulink. Moreover, the backstepping
based VOC-DPC method has been compared to the traditional PI controller. The result is that backstepping
improves the control performance and dynamic behavior in two ways: first, the proposed backstepping method
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for the rectifier DC -bus voltage control loop achieves much lower response time, overshoot, tracking error
and oscillation than the traditional PI -method, and the transient response is significantly reduced when the DC
-bus voltage and load are changed; second, the proposed backstepping method for the rectifier input current
control loops achieves faster response and very low tracking error performance, perfect decoupling control,
very low current consumption and oscillation, while providing lower input current harmonic and zero current
ripple. In addition, backstepping control shows greater robustness to parameter variations than the traditional
PI controller.
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