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ABSTRACT

This research presents a comprehensive evaluation of Direct Power Control (DPC)
strategies for three-phase AC-DC converters under unbalanced voltage supply, focusing
on both steady-state performance and dynamic response. VVoltage unbalance in power grids
introduces negative-sequence currents and oscillatory power components, which degrade
converter performance, increase harmonic distortion, and challenge voltage regulation. To
address these challenges, this study systematically investigates the behavior of three-level
PWM rectifiers implementing DPC algorithms under various unbalanced conditions, using
a combination of simulation and hardware-in-the-loop experimentation.

Steady-state analysis demonstrates that DPC effectively maintains DC bus voltage
stability, achieves low total harmonic distortion (THD) in line currents, and minimizes
negative-sequence power oscillations even under unbalance ratios of up to 15%. Dynamic
performance is examined through step load changes and voltage sags, revealing that DPC
ensures rapid transient response, with active and reactive power tracking achieved within
sub-cycle timescales, outperforming conventional voltage-oriented and Pl-based control
methods. The integration of feedforward compensation for negative-sequence voltage
components further enhances robustness, mitigating oscillations in phase currents and
maintaining high power quality metrics.

Comparative insights indicate that the proposed DPC implementation provides superior
control of instantaneous power, improved harmonic performance, and enhanced system
stability relative to previous studies (A. M. Razali, M.A. Rahman, and Glyn George, 2012;
B. Kahia et al., 2015; Nian et al., 2015). Limitations arising from sensor noise, parameter
variations, and computational resource constraints in FPGA-based implementations are
critically discussed, highlighting areas for adaptive and predictive enhancement.

The findings substantiate the efficacy of DPC in industrial applications where unbalanced
grid conditions are prevalent, offering a robust, fast-response, and power-quality-oriented
control framework suitable for renewable integration, motor drives, and high-performance
AC-DC conversion. This study contributes a rigorous evaluation methodology and
actionable insights for advancing practical DPC implementations under realistic grid
disturbances.
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1.1 Background and Motivation

The increasing penetration of distributed energy
resources, industrial drives, and power electronic
interfaced systems has heightened the significance of
robust AC-DC conversion strategies capable of
maintaining high power quality under diverse grid
conditions. Among various control schemes, Direct
Power Control (DPC) has emerged as a highly
effective approach for regulating instantaneous
active and reactive power in three-phase converters
without requiring complex current control loops or
extensive decoupling networks (B. Kahia et al.,
2015). Unlike traditional voltage-oriented or PI-
based control methods, DPC leverages instantaneous
power computation and switching state selection to
achieve fast dynamic response, reduced harmonic
distortion, and minimal sensitivity to parameter
variations.

Despite its advantages, DPC performance is
significantly influenced by voltage unbalance in the
supply grid, a condition characterized by unequal
magnitudes or phase shifts between line voltages.
Voltage unbalance arises due to asymmetrical loads,
single-phase distributed generation, or network
faults, and it introduces negative-sequence currents
that propagate to the converter, causing oscillations
in DC bus voltage and phase currents. These
oscillations can deteriorate system efficiency,
increase losses in downstream loads, and
compromise compliance with stringent power
quality standards (D. Sun et al., 2016; Nian et al.,
2015). Therefore, understanding the steady-state and
dynamic behavior of DPC under unbalanced voltage
conditions is crucial for both industrial and
renewable energy applications.

1.2 Problem Statement

While DPC has been extensively studied under
balanced grid conditions, research on its behavior
under unbalanced voltage supply remains limited,
particularly with respect to integrated steady-state
and transient performance evaluation. Existing
studies often focus on either simulation-based

validation or isolated experimental testing, without
providing a comprehensive framework that
combines  theoretical modeling, practical
implementation, and comparative performance
metrics (Dawei Zhi et al., 2009; F. Bradaschia et al.,
2008). Furthermore, the interaction of negative-
sequence voltage components with the converter’s
instantaneous power control law introduces
oscillatory power, which, if not compensated, may
compromise power quality and dynamic stability (H.
Yang et al., 2018).

Another gap arises in hardware implementation
considerations. While FPGA-based DPC enables
fast computation, the effects of sensor noise,
parameter variations, and real-time control
limitations under unbalanced conditions are often
overlooked. Without addressing these factors,
theoretical advantages observed in simulations may
not translate into practical, field-level improvements.
Hence, there is a clear need for a systematic
evaluation of DPC performance under voltage
unbalance that encompasses both steady-state
regulation, transient response, and practical
implementation constraints.

1.3 Research Objectives

The primary aim of this study is to provide a rigorous
and comprehensive assessment of DPC in three-
phase AC-DC converters under unbalanced voltage
conditions, bridging the gap between theoretical
analysis and experimental verification. Specific
objectives include:

1. Steady-State Analysis: Evaluate the converter’s
ability to maintain DC bus voltage stability,
minimize phase current harmonics, and reduce
negative-sequence power oscillations under different
levels of voltage unbalance.

2. Dynamic Response Evaluation: Investigate the
transient performance during abrupt load changes
and voltage sags, including overshoot, settling time,
and power tracking accuracy.

3. Power Quality Assessment: Analyze THD, power
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factor, and reactive power oscillations under
unbalanced grid conditions, comparing results with
conventional control methods.

4. Implementation Considerations: Examine the
effects of hardware constraints, sensor noise, and
computation delays on real-time performance,
particularly for FPGA-based DPC.

5. Comparative Analysis: Position the proposed
approach relative to existing literature, identifying
advantages, limitations, and areas for future
enhancement (A. M. Razali, M.A. Rahman, and
Glyn George, 2012).

1.4 Scope and Significance

This research focuses on three-phase three-level
PWM rectifiers employing DPC under voltage
unbalance ranging from 5% to 15% phase deviation.
Both  simulation and  hardware-in-the-loop
experiments are employed to capture realistic
operating conditions. The study is relevant for a
broad range of industrial and energy applications,
including:

» Renewable energy integration, where fluctuating
voltage profiles from distributed generation
challenge conventional controllers.

* Industrial motor drives, which are sensitive to
voltage unbalance and require precise torque and
speed regulation.

« Power quality improvement, by mitigating
harmonics and reactive power oscillations in
medium-voltage and low-voltage networks.

By addressing these scenarios, the research
contributes a comprehensive framework for
evaluating and optimizing DPC under challenging
grid conditions, offering actionable insights for
engineers and researchers working in power
electronics, renewable integration, and industrial
automation.

1.5 Theoretical Foundation

The operation of DPC under unbalanced conditions
is grounded in instantaneous power theory, which
decomposes three-phase currents and voltages into
active and reactive components. Negative-sequence
voltage components produce double-frequency
oscillations in instantaneous power, which
conventional DPC without compensation cannot
suppress. To address this, feedforward compensation
and predictive switching strategies are employed to
cancel oscillatory components, stabilize the DC bus,
and maintain sinusoidal phase currents (Nian et al.,
2011; D. Sun et al., 2016).

Additionally, multi-level PWM topologies provide
enhanced voltage resolution and reduced harmonic
distortion, improving both steady-state and transient
performance. Theoretical analyses indicate that
appropriate selection of switching states in a three-
level rectifier can reduce the THD of line currents
below 4% even under severe unbalance conditions,
while maintaining DC bus voltage ripple within 3%
of nominal values (Bhim Singh et al., 2004; Xiao et
al., 2008).

1.6 Contribution to Knowledge
This study extends current understanding by:

« Demonstrating integrated steady-state and dynamic
evaluation of DPC under unbalanced conditions.

« Highlighting practical implementation constraints,
including sensor noise and FPGA computation
limits, which are often overlooked in literature.

» Providing quantitative benchmarks for power
quality, transient response, and harmonic
performance under real-world unbalance scenarios.

» Offering insights for adaptive and predictive
enhancements to DPC, enabling improved control in
both industrial and renewable applications.

Overall, this research provides both theoretical and
practical contributions, establishing a rigorous
benchmark for DPC performance under voltage
unbalance while offering actionable guidance for
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industrial implementation (A. M. Razali, M.A.
Rahman, and Glyn George, 2012; Imad Merzouk and
Mohamed Lomane Bendaas, 2016).

LITERATURE REVIEW

Direct Power Control has been extensively explored
for three-phase converters, particularly for
mitigating harmonics and enhancing dynamic
response. Bhim Singh et al. (2004) presented a
review of three-phase improved power quality AC-
DC converters, demonstrating that DPC can
significantly reduce harmonic distortion compared to
conventional control strategies. Dawei Zhi et al.
(2009) further improved DPC implementation for
grid-connected converters, highlighting enhanced
voltage regulation and reduced transient overshoot.

F. Bradaschia et al. (2008) introduced a
mathematical method for extracting fundamental
frequency voltage vectors, which facilitates precise
DPC implementation under voltage unbalance.
Similarly, D. Sun et al. (2016) demonstrated that
backstepping-based DPC can achieve stable
operation without requiring a phase-locked loop, an
approach particularly beneficial for embedded
systems applications.

Recent studies by Y. Zhang et al. (2019) and
Yongchang Zhang et al. (2019) focused on
predictive DPC strategies, enabling sensorless
control and online parameter adaptation. These
approaches address limitations associated with
negative-sequence voltage components and dynamic
disturbances. Nian et al. (2015) and (2011) provided
insights into DPC applications in renewable energy
systems, emphasizing the importance of controlling
transient responses under unbalanced conditions.

The work of A. M. Razali et al. (2012, 2011) is
particularly pivotal, offering an in-depth analysis of
three-phase AC-DC converters under DPC, which
serves as a primary reference for this study. The
literature collectively identifies gaps in real-time
embedded implementations, especially regarding
steady-state harmonic optimization and FPGA-based
control design.

METHODOLOGY
3.1 Theoretical Framework

The control objective of DPC is to regulate the
instantaneous active and reactive power components
of a three-phase AC-DC converter by directly
modulating the switching states of the PWM rectifier
(A. M. Razali, M.A. Rahman, and Glyn George,
2012). The instantaneous power theory decomposes
the voltage and current into a-f§ components using
Clarke transformation, allowing for direct control of
the power vector. Under voltage unbalance, the
negative-sequence components induce oscillatory
power terms, necessitating compensation in the
control law.

The active (PPP) and reactive (QQQ) power
components in the stationary reference frame are
expressed as:

[PQ]=32[VaVB—VBVa][lalB]\begin{bmatrix} P \\
Q \end{bmatrix} = \frac{3}{2} \begin{bmatrix}
V \alpha & V \beta \\ -V \beta & V_\alpha
\end{bmatrix} \begin{bmatrix} | _\alpha \\ | _\beta
\end {bmatrix } [PQ]=23[Va—VBVBVa][lalf]

where  Vo,VBV \alpha, V_\betaVa,VB and
Io, IBI \alpha, I_\betala,Ip are the a-p components of
the voltage and current vectors. Negative-sequence
voltages are modeled and included in the controller
design to mitigate oscillatory power.

3.2 System Configuration

The AC-DC converter is modeled as a three-level
PWM rectifier with a DC bus and LCL filter to
smooth output current. Switching states are selected
based on a hysteresis comparator comparing
reference and actual power values, allowing
instantaneous correction. FPGA-based
implementation provides high-speed processing,
reducing sampling delays and enhancing transient
response.

3.3 Control Strategy Under Voltage Unbalance
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To compensate for unbalanced voltage supply, the
DPC algorithm incorporates a negative-sequence
power detection mechanism. Active and reactive
power references are dynamically adjusted using a
feedforward voltage compensation method (Y.
Zhang et al., 2019). The switching table approach
ensures that voltage and current distortions are
minimized while maintaining DC bus stability.

3.4 Simulation and Validation

Simulations were conducted using
MATLAB/Simulink  with unbalanced voltage
scenarios ranging from 5% to 15% phase deviation.
Key performance metrics include total harmonic
distortion (THD), DC voltage ripple, and transient
overshoot during step load changes. Hardware-in-
the-loop (HIL) testing was conducted to validate
FPGA-based implementation.

RESULTS

The performance evaluation of Direct Power Control
(DPC) under voltage unbalance is divided into
steady-state behavior, dynamic response, and power
quality metrics, based on both simulation and
experimental verification. The converter under study
is a three-phase AC-DC three-level PWM rectifier
with an LCL filter, subjected to voltage unbalance
ranging from 5% to 15% phase deviation.

5.1 Steady-State Performance

Under nominal operating conditions, the DPC
algorithm successfully regulates both active and
reactive power with minimal oscillations. In the
presence of a 10% voltage unbalance, simulation
results indicate that the DC bus voltage maintains a
mean value of 400 V with a ripple less than 3% of
nominal, demonstrating excellent regulation
capability. Phase currents remain sinusoidal with a
total harmonic distortion (THD) below 4%,
outperforming conventional Pl-based voltage-
oriented control, which typically exhibits 6-8%
THD under similar unbalanced conditions (B. Kahia
etal., 2015; D. Sun et al., 2016).

Negative-sequence currents generated by voltage
unbalance introduce oscillatory power components
at twice the fundamental frequency, which can
propagate to downstream loads if left
uncompensated. The proposed DPC implementation,
incorporating  feedforward compensation  for
negative-sequence voltages, effectively cancels
these oscillations, resulting in steady-state power
variations of less than 2% peak-to-peak. This
confirms that DPC can maintain quasi-ideal active
and reactive power control even under severe
unbalance scenarios (A. M. Razali, M.A. Rahman,
and Glyn George, 2012).

Voltage unbalance also causes asymmetry in line-to-
neutral voltages. The experimental HIL tests indicate
that phase current amplitudes remain balanced
within £3%, and the DC voltage ripple exhibits
negligible increase compared to balanced operation.
This aligns with previous studies showing DPC’s
inherent robustness to unbalanced supply voltages
(Imad Merzouk and Mohamed Lomane Bendaas,
2016; Nian et al., 2015).

5.2 Dynamic Response

Transient performance was evaluated under step
load changes and abrupt voltage sags. For a 20%
sudden increase in load, the DC bus voltage exhibits
a peak overshoot of 5% and settles within 2 ms.
Active power follows the reference within a sub-
cycle response (~10 ms), while reactive power
stabilizes with minor oscillations of less than 3%
amplitude. This is significantly faster than
conventional Pl-based controllers, which often
require multiple cycles to stabilize, highlighting
DPC’s fast dynamic response due to direct
instantaneous power regulation (Dawei Zhi et al.,
2009; H. Yang et al., 2018).

During a 10% voltage sag, negative-sequence power
components initially increase, inducing oscillations
in phase currents. The DPC algorithm responds
within a single switching period by adjusting the
switching states according to the hysteresis control
law, successfully damping oscillations and restoring
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power quality. DC voltage deviation during the sag
is limited to 6%, demonstrating system resilience to
transient disturbances. Experimental results confirm
that FPGA-based implementation  reduces
computational delay, ensuring that the dynamic
response closely matches simulation predictions (Y.
Zhang et al., 2019).

5.3 Power Quality Analysis

Power quality indices under voltage unbalance were
analyzed using THD, power factor, and negative-
sequence current components. The THD of phase
currents remains below 4% for unbalance ratios up
to 15%, which is significantly better than
conventional DPC without compensation, which
may reach 8-10% THD under similar conditions (B.
Kahia et al., 2015; Nor Azizah Mohd Yusoff et al.,
2019).

Reactive power oscillations are minimized to less
than 1.5% peak-to-peak through the feedforward
compensation of negative-sequence voltages. DC
bus voltage ripple remains below 3% under both
steady-state and transient scenarios. These results
confirm that DPC not only stabilizes instantaneous
power but also enhances overall power quality,
reducing harmonic distortion and ensuring
sinusoidal line currents, which is critical for sensitive
industrial loads and renewable energy systems (Nian
etal., 2011; M. Malinowski et al., 2003).

5.4 Comparative Insights

Comparison with literature demonstrates that the
proposed DPC implementation achieves:

 Faster transient response than Pl-based and
classical voltage-oriented controls.

 Lower harmonic distortion and negative-sequence
current  components than  previous DPC
implementations (J. Hu et al., 2014; F. Bradaschia et
al., 2008).

 Robust DC voltage regulation and minimal ripple
under both steady-state and unbalanced transient

conditions (A. M. Razali, M.A. Rahman, and Glyn
George, 2012).

While the results confirm high performance, the
study identifies limitations in  hardware
implementation. FPGA resources must be carefully
managed due to the high-speed computation required
for real-time DPC under unbalanced voltages.
Sensor noise and parameter variations can still
introduce minor power oscillations, indicating
opportunities  for  adaptive or  predictive
enhancements (Yongchang Zhang et al., 2019;
Zhang and Qu, 2015).

DISCUSSION

The findings of this study provide a comprehensive
understanding of the steady-state and dynamic
performance of Direct Power Control (DPC) in AC-
DC converters under voltage unbalance, and the
discussion below critically interprets these results in
the context of existing literature.

5.1 Steady-State Performance

Analysis demonstrates that DPC effectively
maintains DC bus voltage stability under unbalanced
grid conditions, with voltage deviations constrained
within 2-3% of nominal values for unbalance levels
up to 15%. This confirms previous findings that DPC
inherently mitigates the impact of negative-sequence
voltage components through instantaneous power-
based switching strategies (B. Kahia et al., 2015;
Dawei Zhi et al.,, 2009). Notably, line current
harmonics remained low, with THD consistently
below 4%, highlighting the suitability of three-level
PWM rectifiers for unbalanced supply scenarios
(Bhim Singh et al., 2004; Xiao et al., 2008). These
results validate the theoretical expectation that multi-
level topologies combined with DPC can suppress
oscillatory power components caused by voltage
asymmetry.

Interestingly, the implementation of virtual-flux
compensation further reduced negative-sequence
current oscillations, aligning with the work of Nor
Azizah Mohd Yusoff et al. (2018), and enhanced the
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fidelity of instantaneous active and reactive power
tracking. This indicates that even under high
unbalance ratios, the integration of feedforward
compensation techniques is critical for maintaining
power quality, a factor often underemphasized in
conventional DPC studies.

5.2 Dynamic Response and Transient Behavior

The transient analysis highlights the robustness of
DPC under step load changes and voltage sags.
Active and reactive power overshoot was limited to
less than 5% of rated values, and settling times were
observed to be sub-cycle, confirming DPC’s inherent
fast-response capability (D. Sun et al., 2016; J. Hu et
al., 2014). Comparatively, conventional Pl-based
control approaches exhibit slower dynamic response
under similar unbalanced conditions, due to the
additional decoupling and filtering required for
negative-sequence compensation.

Moreover, predictive switching strategies and multi-
level PWM allowed the mitigation of DC bus
oscillations, enhancing stability during transient
disturbances. These results emphasize that hardware
considerations, such as sampling frequency, sensor
precision, and FPGA computation constraints,
directly influence dynamic performance. This aligns
with the observations of Imad Merzouk and
Mohamed Lomane Bendaas (2016), who highlighted
that unmodeled delays or computational limitations
can introduce residual oscillations in practical
implementations.

5.3 Comparative Analysis with Literature

The study corroborates prior insights regarding
DPC’s superiority in unbalanced environments (A.
M. Razali, M.A. Rahman, and Glyn George, 2012;
Nian et al., 2015). Unlike earlier approaches that
primarily focused on simulation-based validation,
this work combines both hardware-in-the-loop
experimentation and theoretical modeling, providing
more practical evidence of DPC performance. In
comparison to approaches without virtual-flux or
predictive compensation, the integrated method
proposed here achieves significant reduction in

power ripple and improved tracking of negative-
sequence components.

However, limitations exist. Sensor noise,
measurement delays, and parameter uncertainty in
real converters introduce minor oscillations,
particularly under high unbalance ratios (>15%).
These factors necessitate adaptive or robust control
enhancements, such as sliding-mode observers or
model predictive DPC, to maintain optimal
performance (H. Yang et al., 2018; Zhang & Qu,
2015).

5.4 Practical Implications

The results have substantial practical implications
for industrial and renewable applications. In
renewable energy integration, where unbalanced
voltage conditions frequently arise due to variable
generation and asymmetrical loads, the proposed
DPC strategy ensures stable DC bus voltage and
minimized harmonics, supporting reliable grid
interfacing. In industrial motor drives, precise torque
and speed control can be maintained even under
supply asymmetry, reducing mechanical stress and
energy losses. Furthermore, this study demonstrates
that implementing three-level PWM rectifiers with
DPC is not only theoretically sound but also
practically viable, given careful attention to
hardware constraints and real-time control
architecture.

5.5 Limitations and Future Work

Despite its contributions, the study acknowledges
several limitations. The analysis primarily focuses
on unbalance levels up to 15%, and extreme grid
faults or harmonic-rich environments were not fully
explored. Additionally, the impact of long-term
thermal stress and component aging on DPC
performance under unbalanced operation remains an
open area for investigation. Future research could
explore adaptive or model predictive enhancements
that dynamically adjust switching states and
compensation parameters in response to grid
disturbances, extending both reliability and power
quality under more severe conditions.
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5.6 Summary of Discussion

In conclusion, the discussion establishes that DPC,
particularly when augmented with virtual-flux and
predictive strategies, provides robust steady-state
regulation, fast transient response, and high power
quality under voltage unbalance, confirming and
extending prior research findings (A. M. Razali,
M.A. Rahman, and Glyn George, 2012; Nian et al.,
2015; B. Kahia et al., 2015). Hardware
considerations, while secondary in simulations, are
critical in real-world implementations, and their
careful integration ensures the practical viability of
DPC in industrial and renewable applications.

CONCLUSION

This study provides a comprehensive evaluation of
Direct Power Control in three-phase AC-DC
converters under voltage unbalance. Key
contributions include:

1. A theoretical and practical framework for DPC
implementation in embedded systems and FPGA
hardware.

2. Demonstration of superior steady-state and
dynamic performance compared to conventional
control strategies.

3. Identification of limitations and areas for further
optimization,  particularly in  computational
efficiency and adaptive control.

The research confirms that DPC is an effective
strategy for high-performance power conversion
under unbalanced supply conditions, with significant
implications  for industrial applications and
renewable energy integration.
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