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The widespread integration of nonlinear loads in modern power systems has significantly 

exacerbated power quality issues, particularly current and voltage harmonic distortion and 

reactive power imbalance. These effects adversely affect system efficiency, stability, and 

compliance with grid standards and customer requirements. To mitigate these challenges, 

this study proposes a novel and effective control strategy based on Direct Power Control 

(DPC) for a three-phase Pulse Width Modulated (PWM) rectifier.The proposed DPC 

approach enables direct control of instantaneous active and reactive power, resulting in a 

simplified control structure and reduced computational burden. Voltage vector selection is 

carried out using a predefined switching table governed by hysteresis controllers acting on 

active and reactive power errors. This control mechanism ensures fast dynamic response, 

accurate power regulation, and stable DC-link voltage control.The effectiveness of the 

proposed strategy is validated through simulation results. The simulations demonstrate a 

substantial reduction in input current harmonics, achieving a low total harmonic distortion 

(THD) in compliance with power quality standards. Furthermore, the input power factor is 

significantly improved and approaches unity, indicating near-zero reactive power 

consumption. The controller also exhibits robust regulation of active and reactive power 

while maintaining a stable DC-link voltage with low ripple and accurate reference tracking. 
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I. INTRODUCTION 

Despite significant progress in power electronic converter technologies, the widespread use of nonlinear loads particularly diode 

and thyristor Rectifiers Bridge to pose serious challenges to power quality in electrical distribution networks [1]. These challenges are 

primarily manifested through harmonic current distortion, reduced power factor, and increased stress on network components, which may 

lead to equipment malfunction, efficiency degradation, and non-compliance with international power quality standards such as IEEE 519 

[2, 3]. Conventional harmonic mitigation techniques, including passive filters and traditional rectification schemes, often suffer from 

drawbacks such as bulky components, fixed compensation characteristics, and limited adaptability to dynamic operating conditions [4]. 

PWM rectifiers have emerged as an effective alternative due to their ability to achieve sinusoidal input currents and unity power factor 

operation. However, the performance of PWM rectifiers is highly dependent on the adopted control strategy. Existing linear control 

approaches, such as Voltage Oriented Control (VOC) and classical Direct Power Control (DPC), exhibit limitations in terms of robustness, 

dynamic response, and sensitivity to parameter variations and grid disturbances. Moreover, while advanced control techniques such as PI 

and fuzzy logic control have been investigated independently, their systematic integration into established PWM rectifier control 

frameworks remains insufficiently explored [5-9].  
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The scientific problem addressed in this research lies in the need for a robust and efficient control strategy capable of improving 

power quality while maintaining stable operation of PWM rectifiers [10, 11]. The topicality of this research is reinforced by the increasing 

penetration of power electronic interfaces in industrial systems and the growing demand for compliance with stringent power quality 

standards.The primary objective of this work is to enhance the performance of PWM rectifiers through the incorporation of nonlinear 

control techniques using DPC control. Specifically, the study aims to develop and analyze both adaptive control approaches that ensure 

regulated DC-link voltage, unity power factor, and reduced harmonic distortion. By addressing the identified limitations of existing 

control methods, this research fills a gap in scientific knowledge related to the practical application of control strategies for power quality 

improvement in grid-connected PWM rectifier systems. 

II. THEORETICAL ANALYSIS  

The presence of current harmonics in electrical networks degrades power factor and causes various operational issues. To address 

these problems, rectifier technologies have progressively evolved in both topology and control strategies to reduce harmonic injection 

into the grid [12, 13]. This evolution has led to the development of sinusoidal current absorption rectifiers, which operate with high power 

factors and exhibit quasi-resistive behavior from the grid perspective. These converters share a common objective: shaping and regulating 

the input current waveform through appropriate architecture and control, making them an effective solution for harmonic mitigation [14]. 

Among these technologies, the PWM voltage rectifier stands out due to its ability to operate in both rectification and regeneration modes 

while maintaining near-unity power factor. Its key advantage lies in the bidirectional control of active and reactive power across a wide 

harmonic range. Consequently, PWM rectifiers are particularly suitable for applications involving frequent regenerative operation, such 

as variable-speed AC drives, where they are commonly integrated into frequency converters. They are also widely used as DC power 

supplies for various loads [15, 16]. Despite their higher cost and control complexity, PWM rectifiers offer superior performance by 

enabling output voltage regulation, harmonic current compensation, and reactive power control at the grid interface. As a result, they have 

become one of the most widely adopted static converters in modern industrial applications and harmonic pollution mitigation systems 

[17]. 

II.1 PMW RECTIFIER 

PWM rectifiers employ forced-commutation semiconductor devices such as IGBTs, MOSFETs, or GTO. Based on a voltage-

source inverter topology, each switch consists of a controlled semiconductor device with an anti-parallel diode. As shown in Figure 1, 

allowing unidirectional voltage blocking and bidirectional current flow [18-21]. This configuration enables reversible current operation 

and precise control of input current waveforms. The rectifier supplies a DC load from an AC source while ensuring sinusoidal input 

currents that can be maintained in phase with the supply voltage. As a result, the system achieves near-unity power factor and allows 

controlled absorption or injection of reactive power. However, a notable limitation is the reactive power demand of the DC-link capacitors, 

which must be supplied internally to maintain voltage stability. 

 
Figure 1: PWM rectifier circuit diagram. 

Source: Authors, (2026). 

The source voltages and line currents are expressed as follows: 
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Let Va, Vb, and Vc denote the phase-to-neutral voltages at the output terminals of each phase. From Fig.1, the system of differential 

equations governing the current in each phase can be derived [20, 21]. We have: 
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Knowing the state of each switch, the connection matrix of the bridge can be defined. The expressions of the input quantities can 

then be derived as functions of the output quantities [22-24]. The rectifier input voltages, expressed as functions of the output voltage and 

the switch states are given by system. 
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Similarly, the output current (Idc) can be expressed as a function of the input currents through the following relationship: 
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The voltage Vdcacross the load is given by the following equation: 
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II.2 DC VOLTAGE CONTROL 

PI controller is used for the error between the measured DC voltage and its reference value. The product of the reference DC 

current and the DC voltage yields the reference active power.  The time-domain equation of this controller is given as follows [25, 26]: 

  

t

ip dektektu
0

)()()(  *                                                                         (6) 

Where e(t), u(t), kp, ki are respectively denote the error at time t, the generated control signal, and the controller gains. The 

corresponding transfer function is given by: 

s

k
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The following diagram illustrates the DC voltage regulation using a PI controller. As shown in Figure 2. 

 

 
Figure 2: DC voltage control. 

Source: Authors, (2026). 

The closed-loop transfer function is given by: 
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To control the system in closed loop, it is necessary to properly select the coefficients kp  and ki. In this case, the pole placement 

method is used [27]. The closed-loop transfer function of a second-order system is characterized by:  
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By comparing the previous expressions, we obtain: 
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The reference DC current is expressed as follows: 

 

chrefcrefdc IiI  __                                                                                  (12)
  

Where: 

chI :  Load current ; 

Iref : Measured load current; 

refdcI _  : DC reference current.   

refdcrefdcref Ivp __ .                                                                                   (13) 

 

The product of the reference DC current and the DC voltage yields the reference active power. As shown in Figure 3: 

 
Figure 3: Calculation of the reference power. 

Source: Authors, (2026). 

II.3 DPC STRATEGY CONTROL 

A variety of control strategies have been proposed for PWM rectifiers, which are generally classified into Voltage-Oriented Control 

(VOC) and Direct Power Control (DPC). This paper focuses on DPC, which can be defined in two ways: a broader definition that includes 

DPC with modulation using instantaneous power variables in place of current loops, and a stricter definition where instantaneous powers 

are directly controlled without modulation, relying on a switching table [28, 29 ]. This study adopts the broader definition, implying that 

DPC operates without internal current loops. DPC for PWM rectifiers is inspired by direct torque control in electric drives. It directly 

regulates active and reactive power using hysteresis comparators and a switching table, based on the sector of the grid voltage. The DC-

link voltage is controlled by a PI controller, while the reactive power reference is set to zero to achieve sinusoidal input currents and unity 

power factor. The overall DPC scheme is illustrated in Figure 4.Direct Power Control (DPC) selects an appropriate switching vector using 

a predefined switching table [30]. This selection is based on the digitized error signals, which are constrained within hysteresis bands, 

and on the angular position of the supply voltage at the load connection point, as illustrated in Figure 5. To determine the operating region, 

the stationary (α, β) plane is divided into twelve sectors.  
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Figure 4: DPC control of PWM rectifier. 

Source: Authors, (2026). 

 
Figure 5: General Configuration of DPC. 

Source: Authors, (2026). 

The switching mode of the rectifier is chosen so that the error between the reference value of the instantaneous active power and 

the measured value remains within the hysteresis band δp. similarly, the error of the reactive power must remain within the hysteresis 

band δq. to achieve this, the errors of the instantaneous active and reactive powers are processed by two two-level hysteresis comparators, 

whose outputs (hp and hq) are set to 1 when the control variable (p or q) needs to be increased, and to 0 when the control variable must 

remain unchanged or decrease [31, 32]. 
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Knowledge of the estimated mains voltage is necessary to determine optimal switching states. For this, the work plan (α, β) is 

divided into 12 sectors as show in Figure 6, the latter can be determined by the following relationship: 
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The sector corresponding to the instantaneous voltage vector is determined as: 
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θ : is the angular position of the estimated voltage vector in the (α, β) reference frame. 
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Figure 6: all Sectors in α-β stationary coordinate. 

Source: Authors, (2026). 

II.3.1 Switching Table 

Once the Boolean outputs of the hysteresis comparators are obtained, the control voltage vector for the rectifier switches is selected 

from a predefined switching table according to the sector in which the voltage vector Vαβ lies. This table maps the digitized power errors 

and the operating sector to the corresponding switching states Sa, Sb, and Sc of the PWM rectifier. At each switching instant, the optimal 

switching state is chosen based on the combination of the comparator outputs and the sector number, ensuring that the instantaneous 

active and reactive power errors are maintained within the prescribed hysteresis bands [33]. A two-level PWM rectifier generates eight 

distinct voltage vectors, each corresponding to a unique combination of the switching states and the DC-link voltage. The selection of the 

output voltage vectors for inclusion in the switching table is based on the active and reactive power errors, as well as the angular position 

of the voltage vector. The currents expressed in the (α, β) reference frame are given by: 
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The line current vector can be regulated by selecting the suitable voltage vector at the rectifier input. The variation in line current 

is contingent upon the network voltage eαβ, the selected voltage vector at the rectifier input Vαβ, and the recorded currents iαβ. 

The parameter L is essentially disregarded; it serves as a preliminary approximation of equation (5), which so transforms into: 
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The derivatives of the active and reactive powers in the (𝛼, β) coordinate are given by: 
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If the switching frequency is high enough, the change in grid voltage can be neglected [34, 35].The dynamics of active and reactive 

power can be given as follows:  
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So, the power dynamics becomes: 

 

)..(
1

)..(
1

)(
1 22





ee

ee

ueue
Ldt

dq

ueue
L

ee
Ldt

dp





                                                           (23) 

 

The term )( 22

 ee  represents the square of the module of the network voltage in the reference frame, then: 
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The tensions are given by:  
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Using the outputs of the hysteresis comparators Sp and Sq, and according to the sector in which the voltage vector is located as 

show in figure 6, the voltage vector to be applied to the rectifier is selected based on the switching Table 1. 

Table 1: Switching table for all sectors. 

pS  
qS  

1  2  3  
4  5  6  7  8  9  10  

11  12  

1 0 V5 V5 V6 V6 V1 V1 V2 V2 V3 V3 V4 V4 

1 1 V3 V3 V4 V4 V5 V5 V6 V6 V1 V1 V2 V2 

0 0 V6 V1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 

0 1 V1 V2 V2 V3 V3 V4 V4 V5 V5 V6 V6 V1 

Source: Authors, (2026). 

II.3.2 Calculation of Instantaneous Powers  

The total instantaneous active and reactive powers are calculated as follows:  
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The calculation of instantaneous active and reactive powers is given by the following equations: 
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The virtual flow, in addition to being present for synchronization, is also used for calculating instantaneous powers. Thus, 

integrating the network voltage generates a virtual flux vector in the coordinates [36-39]. The voltage drop across the resistor has also 

been neglected.  
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Thus, the instantaneous powers are calculated as follows: 
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Knowing that for almost sinusoidal and balanced voltages the derivatives of the flux amplitude are zero, the instantaneous active 

and reactive powers are calculated by the equation below. 
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This method has advantages compared to the voltage estimation method and consequently it allows working with a lower sampling 

frequency (discontinuities in the estimation of the converter voltage are filtered by the integrator which behaves like a low-pass filter) 

and obtain better performance when the network voltage is disturbed. 

III. RESULTS AND DISCUSSIONS 

The simulation of the overall system was carried out using the Matlab/Simulink environment. The main objective is to provide an 

objective and quantitative analysis of the simulation results in order to validate the theoretical study under steady-state conditions and to 

assess the dynamic performance of the power control strategy. The block diagram of PWM rectifier based on DPC control is shown in 

Figure 7. 

 
Figure 7: Bloc diagram of PWM rectifier based on DPC control.  

Source: Authors, (2026). 

To validate the implementation of the proposed DPC control strategy for the PWM rectifier, three distinct case studies were 

conducted. The first case study aims to demonstrate the effectiveness of the PI-based DPC control under a constant DC-bus voltage 

condition. The second case study evaluates the controller’s capability to effectively manage transient operation in response to a change 

in the DC-bus voltage reference. Finally, the third case study illustrates the controller’s proficiency in achieving active and reactive power 

tracking while simultaneously regulating the DC-link voltage under load variations. Table 2 presents the simulation results of the proposed 

system. 

Table 2: Simulation parameters. 

System Values 

Input voltage Vs=220V, f=50Hz 

Rs = 0.1Ω ;  Ls = 0.1 mH 

Load C=2 mF 

Vdc-ref = 600 V 

RL= 100 Ω and 200 

PWM rectifier L=14 mH,  R= 1m Ω 

Simulation conditions Ts=1e-6 s 

Source: Authors, (2026). 

III.1 UNDER A CONSTANT DC-BUS VOLTAGE CONDITION 

All the following figures show the response of the proposed system when the DC-bus voltage reference is set to 600 V. 

 
Figure 8: DC bus voltage and its reference. 

Source: Authors, (2026). 

 
Figure 9: Input currents. 

Source: Authors, (2026). 
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Figure 10: Input voltages. 

Source: Authors, (2026). 

 
Figure 11: Instantaneous active and reactive powers. 

Source: Authors, (2026). 

 
Figure 12: Zoom of input voltage and input current. 

Source: Authors, (2026). 

 
Figure 13: Total harmonic distortion of current. 

Source: Authors, (2026). 

The analysis of the obtained results demonstrates that, when the DC-bus voltage is maintained constant at Vdc=600V and 

accurately tracks its reference value, as shown in Figure 8, the proposed control strategy ensures high operational efficiency of the PWM 

rectifier. Specifically, the ripples in both the input current and voltage are significantly reduced, and their waveforms are nearly sinusoidal, 

as illustrated in Figures. 9 and 10, respectively. Moreover, the input current and voltage are sinusoidal and exhibit zero phase shifts, as 

shown in Figure 12, indicating unity power factor operation. The active power varies in magnitude, whereas the reactive power remains 

equal to zero throughout the operation, as depicted in Figure 11. The resulting total harmonic distortion in term of THD (Figure 13) is 

very low at 6.17%, confirming that the input voltage and current are practically sinusoidal. Additionally, it is observed that the 

conventional DPC strategy ensures effective regulation of instantaneous power, with reactive power maintained at zero. These results 

clearly highlight the high performance of the proposed DPC approach. Consequently, the main control objectives namely, the absorption 

of sinusoidal input currents with unity power factor—are successfully achieved. 

III.2 PERFORMANCES OF THE DPC UNDER DC BUS VOLTAGE CHANGE 

The same performance results as previously observed are obtained when the response of the proposed system is evaluated under a 

step change in the DC-bus voltage reference from 600 V to 700 V at t=1 s. 

 
Figure 14: DC-bus voltage during the change of the reference at t = 1 s. 

Source: Authors, (2026). 

 
Figure 15: Input current during the change of the reference at t = 1 s. 

Source: Authors, (2026). 

 
Figue16: Input voltage and input current during the change of the 

reference at t = 1 s. 

Source: Authors, (2026). 

 
Figure 17: Instantaneous reactive and reactive powers during the 

change of the reference at t = 1 s. 

Source: Authors, (2026). 
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Figure 18: Total harmonic distortion THD of current during the change of the reference at t = 1 s. 

Source: Authors, (2026). 

Figure 14 show that, after a short transient period, the DC-bus voltage and the active power accurately track their new reference 

values with good stability. As illustrated in Figure 15 and 16 respectively the input voltage and current are in phase, indicating unity 

power factor operation. Furthermore, the input current is nearly sinusoidal, with a total harmonic distortion (THD) of 6.20%, which is 

well below the 10%  (THDi) limit imposed by international standards, see Figure 18. The DPC strategy ensures accurate tracking of the 

active power reference generated by the PI controller, while maintaining the reactive power close to zero, as shown in Figure 17. This 

confirms that the DPC approach provides effective decoupling between instantaneous active and reactive power control. 

III.3 PERFORMANCES OF THE DPC UNDER VARIATION OF THE DC BUS AND THE LOAD 

In the final case study, the proposed system is evaluated under a step change in the DC-bus voltage reference from 600 V to 700 

V at t=1s, followed by the introduction of an additional 100Ω load at t=1.5s. 

 
Figure 19: DC-bus voltage during the change of its reference and 

load at 1.5s. 

Source: Authors, (2026). 

 
Figure 20: Input currents during the change DC voltage and load 

at 1.5s. 

Source: Authors, (2026). 

 
Figure 21: Instantaneous active and reactive powers during the 

change DC voltage and load at 1.5s. 

Source: Authors, (2026). 

 
Figure 22: Power factor at unity. 

Source: Authors, (2026). 

 
Figure 23: Total harmonic distortion THD of current during the change DC voltage and load at 1.5s. 

Source: Authors, (2026). 
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The results presented in the figures correspond to a load variation test in which the load connected to the DC bus experiences a 

decrease in resistance at t=1.5t = 1.5t=1.5 s, while the voltage reference remains constant. It is observed that the DPC control strategy 

exhibits stable behavior during the load change. As shown in Figure 19, the DC-bus voltage converges to its reference value after a short 

transient period and then returns to steady-state operation following an increase in active power, which accurately tracks its reference 

generated by the PI controller of the DC bus. The instantaneous reactive power is maintained at zero, confirming unity power factor 

operation, as illustrated in Figure 22. Furthermore, the phase current is nearly sinusoidal and remains in phase with the grid voltage, as 

shown in Figure 20. The resulting total harmonic distortion (THD) of 5.75% demonstrates excellent power quality performance as show 

in Figure 22. This test, involving a sudden load variation, confirms the effectiveness and robustness of the proposed DPC control strategy. 

Overall, the results are highly promising, demonstrating good stability and high accuracy under the applied disturbances 

VI. CONCLUSIONS 

This study investigated the behavior and performance of a Direct Power Control (DPC) strategy applied to a three-phase PWM 

rectifier, with particular emphasis on power quality improvement under nonlinear load conditions such as thyristor and Diode Bridge. 

Extensive simulation results demonstrated that the proposed DPC approach effectively regulates the DC-bus voltage, ensures accurate 

tracking of the active power reference, and maintains the reactive power close to zero, thereby achieving unity power factor operation. 

The control strategy successfully compensates for harmonic distortion and reactive power generated by nonlinear loads, resulting in a 

significant reduction of input current distortion. The obtained total harmonic distortion (THD) values, reaching as low as 5.75% and 

remaining well below the 10% limit imposed by international standards for harmonic currents, confirm the excellent power quality 

performance of the system. A key advantage of the DPC strategy lies in its simple control structure. By eliminating inner current control 

loops, coordinate transformations, and modulation stages, the proposed approach offers fast dynamic response, reduced computational 

complexity, and reliable operation without the need for additional voltage or current sensors. The harmonic spectrum analysis further 

validates the effectiveness of the DPC method, showing strong attenuation of undesirable harmonics and improved grid current quality. 

The robustness of the DPC strategy was also confirmed through various variation tests, during which the system maintained stable operation 

and high dynamic performance. These features make the proposed control technique particularly suitable for high-power and high-voltage 

applications, such as electric traction and grid-connected converters supplying nonlinear loads. Despite its advantages, a major limitation 

of conventional DPC is the variable switching frequency, which may lead to increased switching losses and electromagnetic interference. 

Consequently, future research should focus on enhanced DPC schemes, such as DPC combined with Space Vector Modulation (SVM), 

predictive DPC, or intelligent control techniques, to further improve system efficiency, power quality, and industrial applicability. 
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