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Objectives: This paper aims to design and validate an advanced DPC strategy that
enhances tracking accuracy, eliminates steady-state errors, and improves the overall
robustness of a three-phase PWM rectifier under diverse operating conditions.

Methods: The proposed control strategy integrates a nonlinear backstepping design
with an added integral action. This combination is specifically engineered to handle
system nonlinearities while actively compensating for load variations. The
performance and validation of the control loop were carried out through
comprehensive simulations within the MATLAB/Simulink environment.

Results: The simulation results demonstrate that the proposed strategy significantly
minimizes active and reactive power ripples, reduces the Total Harmonic Distortion
(THD) of the grid side currents, and consistently achieves a unity power factor.
Furthermore, the system successfully eliminates steady-state errors under load
variations.

Conclusions: The backstepping DPC with integral action proves to be a highly
effective solution for three-phase PWM rectifiers. It delivers a fast dynamic response,
robust disturbance rejection, and superior power quality, making it a viable option for
high-performance power conversion applications.

Keywords: Direct Power Control (DPC), Backstepping control, Three-phase PWM
rectifier, Integral action, Power quality.

1. INTRODUCTION

Power electronics converters play an important role in industrial applications and electrical networks. In industrial
applications, they are used to vary the speed of electric machines and to charge batteries of electric vehicles, etc. In
electrical networks, they are used for transmitting energy in the form of high-voltage direct current, for regulating
the speed of generators, particularly in wind energy production systems, as well as for optimizing the energy
production of wind and photovoltaic systems. Many other applications of these converters are not mentioned here.

A rectifier is a type of power electronic converter that enables the conversion of alternating current (AC) into direct
current (DC). It is commonly represented as an AC/DC converter in electrical schematics. Rectifiers are generally
classified into two main categories: uncontrolled rectifiers and controlled rectifiers. In both cases, they may be
implemented as single-phase or three-phase systems depending on the application requirements. Uncontrolled
rectifiers, typically based on diodes, offer the advantages of simplicity, high reliability, and low cost. However, they
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suffer from several limitations, including unidirectional power flow, poor input power factor, and the generation of
highly distorted input currents with significant harmonic content.

In contrast, controlled rectifiers, particularly pulse-width modulation (PWM) rectifiers, provide a more advanced
and flexible solution for industrial applications. They allow bidirectional power flow, enable regulation of the input
power factor, and ensure precise control of the DC bus voltage. Nevertheless, the overall performance of PWM
rectifiers, especially in terms of current harmonic distortion, strongly depends on the adopted control strategy [1—
3]. The main objective of modern control approaches is to achieve a near-unity power factor and to obtain quasi-
sinusoidal input currents with minimal harmonic distortion [4]. To this end, numerous control strategies have been
proposed in the literature [5]. Among them, two main approaches are widely used for PWM rectifier control:
Voltage Oriented Control (VOC) and Direct Power Control (DPC).

The Voltage Oriented Control (VOC) is one of the most widely used methods for PWM rectifier power control. It is
based on current regulation using proportional—integral (PI) controllers or hysteresis regulators [6][7]. However,
its performance is sensitive to parameter variations and grid disturbances, such as unbalanced supply conditions.
Moreover, due to the nonlinear nature of PWM converter models, linear controllers may lead to suboptimal
dynamic behavior. Nonlinear approaches, such as sliding-mode control, have been introduced to improve
robustness. However, they may generate undesirable chattering and interference effects, particularly at low
switching frequencies [8][9]. In this context, Direct Power Control (DPC) offers a simpler structure and faster
dynamic response. It directly regulates active and reactive powers using a predefined switching table for voltage
vector selection, achieving higher accuracy than VOC [10]. Nevertheless, conventional DPC suffers from significant
steady-state power ripple and variable switching frequency [11]. To overcome these limitations, several improved
switching strategies have been proposed to reduce ripple and enhance dynamic performance [12][13]. Further
developments include predictive control techniques based on Space Vector Modulation (SVM) [3][14], which
eliminate the switching table used in classical DPC. In Model Predictive Direct Power Control (MP-DPC), a
mathematical model is used to predict future active and reactive power values. The control strategy selects multiple
voltage vectors within a single sampling period, where the optimization of active power ripple determines the
optimal vector durations [15—18].

The backstepping control (BSC) methodology has received significant attention due to its systematic recursive
design for nonlinear control systems [19—21]. It relies on virtual control inputs for lower-order subsystems and
ensures stability through a Lyapunov-based construction of a global function. This approach has been widely
applied in renewable energy systems such as wind and solar energy conversion [22][23]. A BSC-DPC strategy for
grid-connected AC/DC converters has shown good dynamic performance under grid imbalance conditions.
However, its robustness is limited due to neglected parameter uncertainties and external disturbances [21][24].

Classical backstepping may also suffer from performance degradation under sudden load changes or model
inaccuracies. The tracking error typically converges to a bounded residual set depending on disturbance levels
[25][26], which is critical in applications like hybrid electric vehicles (HEVs) with varying load conditions. To
improve robustness, Integral Backstepping Control (IBSC) introduces an integral state into the system dynamics,
eliminating steady-state errors and improving disturbance rejection. Two main implementations exist: integral
augmentation and Lyapunov redesign [25][26]. The system is reformulated in strict-feedback form and then
processed using standard backstepping on the augmented model [29][30]. Applications such as induction motor
control (IFOC) show that IBSC significantly reduces speed tracking errors under sudden load torque variations
[28][29]. The integral action effectively compensates disturbances and enhances overall robustness.

This study is an extended and improved version of a three-phase rectifier controlled by a backstepping-based BSC-
DPC system. An integral action is introduced to further enhance the overall performance. This work is organized
into four sections to better address the objectives of the research. Section 2 presents the modeling of the two-level
PWM rectifier power circuit. Section 3 is entirely dedicated to the integral backstepping direct power control of the
PWM rectifier. An appropriate mathematical model of active and reactive power is developed and analyzed to
achieve reduced power ripple and quasi-sinusoidal input currents. Section 4 presents the simulation results and
discussion, followed by the conclusion.
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2. MODEL OF THREE-PHASE PWM RECTIFIER

The objective of modeling is to establish a relationship between control variables and electrical quantities. To model
the PWM rectifier, three main stages must be considered: the source, the converter, and the load, while also taking
into account the output voltage control and switching control parts. The circuit structure of a three-phase PWM
rectifier is shown in Fig. 1.
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Figure 1. Circuit structure of three-phase PWM rectifier.

To develop the mathematical model, it is assumed that the AC voltage is a balanced three-phase supply, the filter
reactor is linear, and the IGBT is an ideal and lossless switch. Generally, a three-phase rectifier is modeled in a
stationary abc system(a, b, ¢), however, to facilitate the determination of the control law, it is necessary to transform
this system into a two-phase system. According to the three-phase-to-two-phase transformation and by applying
Kirchhoff's voltage law, the mathematical model of a PWM rectifier in a stationary (a—[) reference frame is
obtained as follows [3]:

Lo = ey — Roig — g
di i

Ld_f:eﬁ_R'lB_vﬁ (1)
dig _ .

L =4 —1
dt dc L

Where, e, eg are the source-voltage vector in the(a, B) reference frame, v,, vy are the rectifier-voltage vector in
the(a, B) referenceframe,i,,ig are currents vector in the (a,B) reference frame and R,L are mean resistance and
inductance of the filter reactor respectively,

The instantaneous active power and the reactive power (P,Q) in the (a, B) reference frame can be expressed as
follows [30][31]:

P =e,i, + egi
{ ala B'B (2)

Q = eBia + eaiB
3. PROPOSED OF IBSC- DPC

At the beginning of each switching period, the rectifier phase voltages and line currents are measured and
transformed into the stationary (a—[) reference frame. To generate the active power reference, the measured
output DC-link voltage is compared with its predefined reference value, and the resulting error is processed
through an Integral-Proportional (IP) controller [12, 24].

The active and reactive powers are regulated using backstepping control, a nonlinear technique derived from
Lyapunov stability theory. This control principle is based on decomposing the global system into a series of
cascaded subsystems. At each design stage, a "virtual control law" is synthesized to stabilize the respective
subsystem, while a control Lyapunov function (CLF) is constructed to guarantee the asymptotic stability of the
tracking error between the actual state and the virtual command.
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To enhance robustness, Integral Backstepping Control (IBSC) is introduced as a variant of the conventional
backstepping approach. By incorporating an integral action into the error variables—defined as the mismatch
between the actual and desired system states—the IBSC framework effectively eliminates steady-state errors and
rejects external disturbances. Consequently, the IBSC-DPC scheme computes the required control voltages (va and
v[3), which are subsequently supplied to the Space Vector Modulation (SVM) block to generate the switching signals
for the rectifier's power switches (IGBTs) [21]. The overall architecture of the proposed IBSC-DPC technique for the
PWM rectifier is illustrated in Figure 2.
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Figure 2. Proposed IBSC-DPC configuration of three-phase PWM rectifier.

This theory has been widely described in [33]-[36]. The integral backstepping approach is described by the
following three main step :

1. Tracking error identification;
2. Selection of the Lyapunov function to ensure system stability;
3. Determination of the equivalent control current laws.

Step 1: The primary objective of using integral backstepping is to ensure that the measured value accurately tracks

the reference trajectory. Consequently, the active power tracking error is defined as follows:
Zp=P—P +ky[,(P—P).dt @
3

Zo=Q—Q +ky [,(Q—Q).dt

Wherekj, fOt(P— P*).dt , kp fOt(Q— Q*).dt and are an integral action added to the active and reactive power
respectively, and ki, kq are a positive design constant.

The derivative of the P and Q is :
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This error derivative is:
{Z'P=P—P*+k;,(P—P'*) -
Zo=0Q—-0Q" +ko(@—-0Q")
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By replacing the equation (3) in equation (5) , leads to :

Zp = (e'aia +e“Le“ —R.%“ia —eT“va + €plp +@—R.%ﬁiﬁ —ETBvﬁ) —P* 4+ k,(P - P*)
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Step 2: The stability of the closed-loop system is established using Lyapunov’s stability theorem. To ensure that
the active and reactive power tracking errors converge to zero, the initial candidate Lyapunov function is defined as
follows:

Ve == 7
{ 1,5 7
Vo =5 2%
The active and reactive power tracking errors are stable and converge to zero when the Lyapunov function is
positive-definite and its time derivative is negative-definite, as discussed in [34]—[37]. Here, k represents a positive
constant. Since the time derivative of the Lyapunov function is negative-definite, the system is asymptotically

stable.

Vb = ZQZb = "kZé < 0
From (77) and (8): the derivative of the Lyapunov function is obtained, as follows :
.o eqla eq . eq .. epgep ep . ep ' , . » _
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Step 3: Assuming that the v, and vy voltages remain equal to their respective reference values at all times, the
control laws can be derived as follows:

Lo —Ri +Ltgi, BB _ptB; _°B _Llpey Lypr(p_p) 4 Lz
va—eaeala+ea R.l“+eaeﬁlﬁ+ o R'eulﬁ o VBB euP +eukP(P P)+eukZp (10)
Vg = ——Chig + R Liy + Ly, + Leis — Rig + 0" — —ky(Q — ¢*) — = kZ2
B e 4@ Cew ¥ ey @ T g T BT e, eq @ ea T
3.2. SVPWM method

Compared to conventional approaches—such as hysteresis control of the rectifier legs to track sinusoidal references
or specific PWM techniques for harmonic elimination—Space Vector Pulse Width Modulation (SVPWM) has
emerged as a superior control method to enhance rectifier performance. According to [3], [37], the primary
objectives of an SVPWM-controlled rectifier are to:

e Maintain a constant and adjustable DC-link voltage, regardless of load variations and grid disturbances;
e Ensure a unitary power factor (UPF) at the Point of Common Coupling (PCC);

¢ Enable bidirectional power flow for energy regeneration;

e Minimize line-side current harmonics injected into the grid by the rectifier switching actions.

The Space Vector Pulse Width Modulation (SVPWM) technique determines the voltage vectors to be applied and
their corresponding application times analytically through mathematical equations. Each possible switching state
of the converter is represented by a voltage vector, and all these vectors collectively form the converter voltage
vector diagram. Unlike conventional PWM techniques, SVPWM generates the control signals by simultaneously
considering the switching states of all three converter legs.

Depending on the switching state shown in Figure 1, the converter can assume eight distinct switching states, which
are represented by eight voltage vectors (Vo to V7) in the o — B reference frame. These vectors are illustrated in
Figure 4. Among them, six are active (non-zero) voltage vectors (V1to V6), while two are zero voltage vectors
(Vo and V7). The active vectors have identical magnitudes, equal to (2/3)Vdc, where Vdc is the DC-link voltage. The
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three-phase output voltage can therefore be represented by a single rotating voltage vector in the a — § plane, which
constitutes the fundamental principle of SVPWM.
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Figure 4. Space voltage vectors.
4. SIMULATION AND RESULT DISCUSSION

To confirm the effectiveness of the proposed IBSC-DPC, a simulation test was carried out on a two-level three-
phase PWM rectifier using MATLAB/Simulink. The main parameters of the simulation circuit are summarized in
Table 2.

Table 2. Rectifier parameters.

The input phase voltage: V=125V / f=50Hz

The input inductance : L=37mH
The input resistance : R=0.30
The output capacitor : C=1100 uF
The output voltage : vdc =350V

The simulation results were obtained using MATLAB/Simulink for a three-phase PWM rectifier controlled by the
IBCS-DPC strategy with DC bus voltage regulation. Accordingly, the corresponding results are presented in Fig. 5.

Fig. 5(a) illustrates the dynamic performance of the DC-link voltage under the proposed control strategy. At startup
(t = 0s), the actual voltage rapidly reaches its initial reference of 350V in less than 0.05s. When a step change from
350V to 450V is applied at t = 0.25s, the controller ensures fast and accurate tracking with a settling time of
approximately 0.08s and no visible overshoot. Furthermore, the sudden load disturbance introduced between t =
0.5s and t = 0.7s has a negligible impact, as the voltage remains firmly stable at 450V. Fig. 5(b) provides a detailed
zoom-in view of the DC-link voltage (Vdc) response during the load disturbance interval (t=0.4 s to 0.9 s). A closer
inspection reveals that when the sudden load disturbance is applied at t=0.5 s, the actual voltage experiences a
minor and brief voltage drop (undershoot) of merely 1V, dropping from 450V to 449 V. Thanks to the fast
corrective action of the proposed controller, the voltage recovers swiftly and returns to its reference value of 450 V
in less than 0.05 s (t=0.55 s). Conversely, when the load disturbance is removed at t=0.7 s, a very slight voltage
overshoot of about 0.8 V is observed, which is also rapidly eliminated within 0.04 s. These zoom-in results clearly
demonstrate that the voltage fluctuations remain restricted within an extremely narrow margin (less than 0.25%),
confirming the exceptional disturbance rejection capability, high dynamic stiffness, and superior robustness of the
developed control strategy against sudden load variations. These results successfully demonstrate the high tracking
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capability, fast dynamic response, and strong robustness of the developed regulator against external perturbations
in both transient and steady-state regimes.

Fig. 5(c) illustrates the profile of the load disturbance applied to the system to evaluate its robustness. Initially, the
rectifier operates under a steady-state load resistance of 500 Q. At t=0.5s, a sudden step change is introduced,
causing the load resistance to drop abruptly by half, from 500 Q to 250 Q, which significantly increases the power
demand on the DC-link. This severe load condition is maintained for a duration of 0.2 s. Subsequently, at t=0.7 s,
the load resistance steps back up to its initial value of 500 Q.

The dynamic behavior and performance of the three-phase grid currents (ia,ib,ic) under the proposed IBSC-DPC
strategy are illustrated in Fig. 5(d), with detailed close-ups during the load transitions presented in Fig. 5(e) and
Fig. 5(f). Throughout the entire simulation, the grid currents maintain a highly balanced, symmetric, and quasi-
sinusoidal waveform. At t=0.25 s, a brief transient overshoot in the current amplitude occurs, which corresponds to
the sudden energy required to charge the DC-link capacitor to its new reference (450 V). As zoomed-in in Fig. 5(e),
when the load resistance drops from 500 Q to 250 Q at t=0.5s, the current amplitude instantaneously and
smoothly doubles from 1 A to 2 A to satisfy the higher active power demand without any phase displacement or
distortion. Conversely, Fig. 5(f) shows that when the load disturbance is removed at t=0.7 s, the current amplitude
immediately drops back to 1 A within less than half a cycle. These results clearly demonstrate the high dynamic
reactivity, seamless transition capabilities, and excellent power quality preserved by the developed controller under
severe load variations.

The time-domain behavior of the grid currents in the a-f stationary frame (ia and if}) exhibits three distinct
phases, Fig. 5(g). Following an initial transient period characterized by large oscillations between 0 and 0.05 s, the
currents rapidly stabilize at a near-zero amplitude. At t = 0.5s, the application of a disturbance (or load step)
induces a clear increase in amplitude, reaching approximately 3 A. The close-up views reveal perfectly sinusoidal
waveforms in quadrature, confirming the proper operation of the control system in the stationary frame. Finally, at
t = 0.7s, the currents return to their initial low-amplitude state, demonstrating the system's robustness and fast
dynamic response to load variations.

The figure 5(h) illustrates the grid phase voltage va and the corresponding phase current ia waveforms (scaled by a
factor of 50). Both signals are perfectly sinusoidal and strictly in phase throughout the displayed time interval
(0.48 s to 0.58 s). This tight phase alignment demonstrates that a unity power factor (UPF) is successfully achieved
on the grid side. Furthermore, following the reference step change at t=0.5 s, the current amplitude seamlessly
adjusts (from a scaled peak value of 50 A to 100 A, corresponding to an actual current step from 1 A to 2 A) while
maintaining perfect synchronism with the voltage. This confirms the high effectiveness and fast dynamic tracking of
the current control loop.

The figures 5(i) and (j) illustrate the transient and steady-state responses of the active (P) and reactive (Q) powers
compared to their respective references. It can be observed that the actual active power tracks its reference value
with high fidelity and zero steady-state error, demonstrating a fast dynamic response. At t=0.25 s, the power
quickly stabilizes at 250 W after a brief transient peak, and the load step applied between t=0.5s and t=0.7s
smoothly drives the power to 550 W without any overshoot or oscillation. Concurrently, the reactive power is
strictly maintained at zero (Q=0 VAR) throughout the entire simulation, unaffected by the step changes in active
power. This decoupled control capability and excellent tracking performance validate the robustness, accuracy, and
overall effectiveness of the proposed control strategy.

Figures 5(k) and 5(1) illustrate the single-period time-domain waveform and the Fast Fourier Transform (FFT)
harmonic analysis of the grid phase current ia, respectively. The time-domain plot confirms a highly sinusoidal
waveform with a period of 0.02 s (corresponding to a fundamental frequency of 50 Hz) and a peak fundamental
amplitude of 1.018 A. The spectral analysis reveals a Total Harmonic Distortion (THD) of merely 2.04%. This value
complies comfortably with the strict 5% limit mandated by international power quality standards, such as IEEE
519. The close-up view of the harmonic spectrum indicates a minor presence of the 3rd harmonic order (around 2%
of the fundamental), while higher-order harmonics remain negligible. These quantitative findings demonstrate the
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superior quality of the power injected into the grid and validate the high-filtering performance achieved by the
implemented control strategy.

550 T T T T T 460 12 T
500 [— Ref actual L Reference
actual
450 /
400 455
2 350 S
o @
&0 &0
£ 300 k]
s 1/ 3 450
5 250 2
E =
< 200 n
T -l
150 445
100
50
0 440
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 04 045 05 055 06 065 07 075 08 08 09
Time (s) Time (s)

(a) (b)

10
700 _Laod%
600 -~
< s
500 E
E
~ ] |
£ b3 | Il
5400 :E 0 |‘“'|r‘>‘||ll(\‘I\lh|<|’lu|u\'\'|'|"|}|‘”H‘l’“l'\‘\lpll‘hl\lm‘I'Il'\‘c{‘|-|-|»|>|>‘|{|'||‘|\|;|‘4|
M o | (LB .|.|mr‘lHu'l"':l:l‘.l'hl}”H“'mwl-l oL R
8 300 s
=
I
3
200 E 5
=
100
0 -10
0 01 02 03 04 05 06 07 08 09 1 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time () Time (s)
(©) (d)
4 T T 2 T
4 13 13 13 T [—1_ e
—i—,— ;
3
2 2
2 :
< £
: YYVVY o
E1 5
H 3
: MAEAAEAREAAE 2 ARAMARAARAALRAD
) AT
P 4.
24 3
g MAM MMM
E 2 v = -2
-3 -3
-4 -4
04 042 044 046 048 05 052 054 056 058 0.6 0.6 062 064 0.66 068 07 072 074 076 078 0.8
Time (s) Time (s)

(e) ®

Copyright © 2024 by Author/s and Licensed by JISEM. This is an open access article distributed under the Creative Commons Attribution License 1879
which permitsunrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.



Journal of Information Systems Engineering and Management

2026, 11(3s)

e-ISSN: 2468-4376

https://www.jisem-journal.com/ Research Article
“ T T ] ;
0 A A S R B N e |
—i
WV ATA :
8 A AVAV
10 5 T
05 | 055

alpha-beta axis current (A)
o

=
e

-20 \V/AN /7
30 T E— :
0.65 | 07 | 0.75
40 ' ' :
0 01 02 03 04 05 06 07 08 09
Time (s)
(8
2500 T 14
actual
2000 — reference ||
£ 1500
-
v
£ 1000 \
: \
v
2
1
N
0
-500
0.1 0.2 0.3 04 05 06 07 08 09
Time (s)
®
2
—
1.5
< 1
= s / \
£
s 0
v
b
& 05 N, /
9
PN
< -
1.5

2
0.37 0.372 0.374 0.376 0.378 0.38 0.382 0.384 0.386 0.388 0.39

Time (S)

(k)

Reactive power (VAR)

Grid voltge (v)/Current (A)

Mag (% of Fundamental)
=

v 50.i
a a

[
=
=

S o

S 2
~—T ]
L

ﬁ\
e

=
e
~—
o —
~——
T

7
2

=

=S o
2

[ —

—_

2
|
——

——
—
T
i

>
=3

V \Y \ \Y vV
-200
-250
048 049 05 051 052 053 054 055 056 057 058
Time (s)
1500 T
actual
1000 f N
500
0 Lol
-500
-1000
-1500
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time (s)

20 7

b
T

o
T

Fundamental (50Hz) = 1,018, THD= 2.04%

ml

10

15 20 25 30 35 40
Harmonic order

M

Figure 5 : Simulation results of proposed strategy

5. CONCLUSION

This paper has presented an Integral Backstepping Direct Power Control (IBSC-DPC) strategy for a three-phase
PWM rectifier. The proposed controller ensures accurate DC-link voltage regulation while maintaining sinusoidal
grid currents with a unity power factor. Simulation results demonstrate excellent tracking performance of the DC-
link voltage and instantaneous active and reactive powers under various operating conditions. The grid currents
remain balanced, sinusoidal, and synchronized with the supply voltages, ensuring high power quality. Compared
with the conventional Backstepping approach, the proposed IBSC-DPC significantly reduces power ripples and
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improves both dynamic and steady-state performances. These results confirm the effectiveness, robustness, and
reliability of the proposed control strategy for high-performance AC/DC power conversion applications.
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