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Negative-Sequence Current Compensation Using a PI+Resonant Controller in a
Single Synchronous Reference Frame

Suman Ghosh , Graduate Student Member, IEEE, and Kenichiro Sano , Senior Member, IEEE

Abstract—Conventional current control methods for grid-
connected inverters often face challenges under unbalanced grid
conditions and frequency variations. Although proportional–
integral (PI) controllers in the synchronous reference (dq) frame
perform well for positive-sequence regulation, they require dual
dq frames to handle negative-sequence components, increasing
computational complexity. Proportional–resonant (PR) controllers
in the stationary (αβ) frame offer direct ac tracking but suffer from
degraded performance under grid frequency deviations, limiting
compliance with grid codes. To address these limitations, this letter
proposes a novel PI + resonant controller operating entirely in
the positive-sequence dq frame. It combines a conventional PI
controller for positive-sequence current regulation with a reso-
nant term tuned to twice the grid frequency to regulate negative-
sequence currents. This single-frame implementation reduces com-
putational burden by almost 25% compared to the method with
dual dq frames while maintaining robustness under unbalanced
grid conditions and frequency variation. The simulation results
demonstrate the effectiveness of the proposed method compared to
conventional PI and PR control strategies.

Index Terms—Current control, grid-connected inverter,
negative-sequence compensation, proportional–integral (PI) con-
troller, resonant controller.

I. INTRODUCTION

CURRENT control strategies for grid-connected inverters
are typically implemented either in the synchronous refer-

ence (dq) frame or in the stationary (αβ) frame. Each approach
offers distinct advantages but also faces challenges, especially
when dealing with unbalanced grid conditions and frequency
variations. Various control strategies for grid-connected convert-
ers are comprehensively reviewed in [1]. Among these, one of
the most widely adopted approaches is active and reactive power
control using the synchronous reference frame (SRF) transfor-
mation [2]. In this method, the Park transformation converts
three-phase voltage and current signals into a positive-sequence
dq frame, where the positive-sequence components appear as
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constant (dc) values. This simplifies the control problem since
the proportional–integral (PI) controller can regulate these dc
quantities efficiently, achieving fast dynamic response and zero
steady-state error under balanced grid conditions. However,
under grid unbalance or unbalanced load conditions, negative-
sequence components arise. In the positive-sequence dq frame,
these appear as oscillations at twice the grid frequency (2ω),
which cannot be compensated by a PI controller alone. These
oscillations deteriorate current tracking accuracy and increase
harmonic distortion, thus degrading power quality.

To address this issue, the double synchronous reference frame
(DSRF) method has been widely used [3]. DSRF employs two
separate dq frames: one aligned with the positive-sequence
components and the other with the negative-sequence
components. This allows for independent and accurate control
of both sequences. However, the interaction between positive
and negative sequences gives rise to a coupled second harmonic
component in each d-axis or q-axis. As a result, positive- and
negative-sequence currents cannot be controlled independently.
To achieve decoupled control of dual sequences, common
sequence separation methods include notch filters and dual
second order generalized integrators. In [4], a scheme based
on the decoupled double SRF (DDSRF) is used to suppress the
coupled second harmonic component. However, it requires
additional low-pass digital filters (LPF) with relatively
low cutoff frequency. While effective, DDSRF increases
computational load due to additional coordinate transformations
and filtering stages, requiring a higher processing capability
from the controller. In [5], a self-decoupled dual sequence
current control (SDDSCC) is proposed. The SDDSCC achieves
decoupling of the positive- and negative-sequence currents
in the double SRF without using a sequence extractor or any
specialized dq decoupling method. However, the SDDSCC
does not achieve complete dq decoupling due to the absence of
the cross-coupling ωL terms in the control loops.

Alternatively, active/reactive power control can also be
implemented with controllers based on the stationary (αβ)
frame, eliminating the need for complex transformations. The
proportional–resonant (PR) controller [6] can directly regulate
sinusoidal current without coordinate transformation with zero
steady-state error by incorporating a resonant term tuned to
the fundamental frequency of the grid voltage. The PR con-
troller effectively regulates ac currents, making it suitable for
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grid-connected inverter applications, especially under unbal-
anced conditions. In [7] and [8], the relationship between the PR
controller in the αβ frame and the PI controller in the dq frame
is derived. The PI controller in dq frame is equivalent to the PR
controller in αβ frame for the fundamental frequency. However,
PR controllers face significant challenges when the grid fre-
quency varies. When the grid frequency drifts (e.g., from 50 to
48.5 Hz or 51.5 Hz), the resonant peak no longer aligns with the
actual frequency, leading to residual steady-state error and de-
graded harmonic rejection. Since the resonant frequency is fixed,
any deviation in grid frequency leads to a mismatch, causing
degraded harmonic compensation and reduced current tracking
performance. Hence, in applications where the grid frequency is
not constant, PR-based control suffers performance degradation.
Adaptive PR controllers, using a frequency-locked loops [9],
have been proposed to address this issue. They offer improved
current regulation characteristics compared to nonadaptive con-
trollers. However, the resonant controller gains are usually fixed.
These factors can affect the response of the compensating current
injection. Santiprapan et al. [10] presented the adaptive PR
controller using the fuzzy logic algorithm (FLA), in which the
FLA is designed to adapt the suitable gain of the PR controller.
The appropriate output gain of the PR controller can provide
good performance for harmonic mitigation without redesign or
adding the resonant terms. However, they increase complexity,
and under unbalanced conditions, negative-sequence compo-
nents cause additional control difficulties, as the αβ frame does
not decouple positive- and negative-sequence currents. Also,
in the αβ frame, positive-, negative-, and harmonic-sequence
components coexist, with the positive sequence appearing at
+ω0 and the negative sequence at −ω0. Because these com-
ponents overlap in frequency, the controller cannot inherently
distinguish between them. Therefore, separate control requires
either multiple resonant terms at ±ω0 or explicit sequence
extraction, both of which introduce delay and computational
load. Moreover, the α- and β-axes are dynamically coupled,
and this coupling becomes more significant under unbalanced or
distorted conditions, requiring additional decoupling networks
that further increase computational effort.

Active disturbance rejection control (ADRC) with extended
state observer (ESO) based control methods [12] can effec-
tively estimate and compensate for unmodeled dynamics, har-
monics, and parameter variations and offer robust performance
for systems with complex and broadband disturbances. For
grid-connected inverters under voltage unbalances or negative
sequence compensation, however, the dominant disturbance is
a well-characterized 2ω negative-sequence component. In this
context, the full complexity of ADRC/ESO is not strictly nec-
essary.

To overcome the limitations of both DDSRF and PR-based
methods, this letter proposes a novel controller called
the positive-frame-based PI + resonant (PIR) controller.
The proposed PIR controller operates entirely within the
positive-sequence dq frame. It enhances the conventional PI
controller with a resonant term tuned to twice the grid frequency,
enabling effective regulation of negative-sequence currents.
This approach enables accurate control of both positive- and

Fig. 1. System configuration.

TABLE I
CIRCUIT PARAMETERS

negative-sequence components using a single reference frame,
significantly simplifying implementation. Moreover, the PIR
controller is robust against grid frequency variations. Finally,
the validity of the model is evaluated by simulations.

II. SYSTEM CONFIGURATION

Fig. 1 illustrates the system configuration focused in this letter.
It consists of a grid-connected inverter, filter inductors Lf , and
a three-phase voltage source vgrid (Vgrid, fgrid) imitating the
utility grid. The circuit parameters are given in Table I.

An example application of the grid-connected inverter is in
power quality conditioning systems with battery energy storage.
The inverter must accurately control not only the positive-
sequence current but also the negative-sequence current. It also
needs to maintain stable positive-sequence current regulation
under grid frequency variations.

III. PROPOSED CONTROL METHOD

Fig. 2 shows the proposed positive-frame-based PIR con-
troller. The PIR controller operates entirely within a single
positive-sequence dq frame, avoiding the complexity of dual-
frame approaches, such as DDSRF. The measured grid volt-
ages vgrid and inverter currents iinv are transformed into the
positive-sequence dq frame using the phase angle obtained from
a single phase-locked loop (PLL). The control error between
the reference currents i∗d and i∗q , and actual inverter currents
id and iq is processed through the PIR controller. To enhance
transient performance and achieve decoupling, standard feed-
forward voltage compensation and cross-coupling terms (ωLIq
and ωLId) are incorporated into the control loop. Grid voltage
after dq transformation (vd, vq) are used as feedforward volt-
ages instead of its positive-sequence components (v+d , v

+
q ) to

avoid additional filtering complexity. This is also because the
resonant controller is specifically tuned to reject disturbances at
100 Hz. The resulting dq voltage commands v∗d and v∗q are then
converted into three-phase voltage references v∗inv, and passed
to a pulsewidth modulation pulse generator.
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Fig. 2. Proposed current control based on the PIR controller in a single
synchronous frame.

Fig. 3. Bode plot of PIR controller.

The proposed PIR controller consists of two parts: a conven-
tional PI controller that regulates the positive-sequence currents
(shown in black in Fig. 2), and a resonant controller that regulates
the negative-sequence currents (shown in red in the figure). In
the positive-sequence dq frame, the positive-sequence compo-
nents appear as constant (dc) signals, which the PI controller
can regulate effectively due to its infinite dc gain. In contrast,
negative-sequence components are transformed into 100 Hz,
which corresponds to twice the grid frequency, in the same dq
frame, and cannot be sufficiently suppressed by the PI controller
alone. To address this, a resonant controller tuned to 100 Hz
is integrated into the dq-frame control loop. The resonant con-
troller effectively regulates the negative-sequence currents. This
eliminates the need for a separate negative-sequence reference
frame, reducing computational burden and simplifying imple-
mentation. Fig. 3 shows the bode plot of the PIR controller. It
can been clearly seen that the PIR controller has a very high
gain at dc (0 Hz) and 100 Hz in the positive sequence dq
frame. Thus, it can effectively compensate for both positive-
and negative-sequence signals. Although transfer function of

TABLE II
COMPARISON OF CURRENT CONTROL STRATEGIES

the resonant term mathematically resembles an integrator at low
frequency, it has negligible magnitude at dc, as clearly seen in
R-plot in Fig. 3. At dc (s = 0) in the dq frame, the resonant term
Gres(s) is equal to zero as follows:

Gres(s) =
krs

s2 + (2ω)2
, Gres(0) = 0.

Consequently, the additional resonant branch does not in-
fluence the positive-sequence control dynamics or reduce the
stability margin.

Moreover, the controller retains the inherent robustness in
regulating positive-sequence currents under grid frequency vari-
ations. As the PLL continuously tracks frequency changes,
the fundamental frequency components remain as dc signals
in the dq frame. Consequently, the control performance for
positive-sequence currents does not deteriorate. This capability
is essential for enabling the inverter to control active power in
response to grid frequency variations.

Table II summarizes the comparison between different current
control strategies in terms of the number of transformations,
resonant terms, filters, etc. The DDSRF controller offers high-
frequency robustness through dual dq frames but introduces
complexity due to multiple frame transformations and decou-
pling terms. The PR controller, implemented in the stationaryαβ
frame, is simpler but suffers from degraded performance under
frequency deviations. The proposed PIR controller achieves
a balance between these approaches by operating in a single
positive-sequence dq frame, combining integral and resonant
actions. It maintains low complexity, ensures accurate com-
pensation under unbalanced conditions, and offers improved
frequency robustness compared to PR, although slightly inferior
to DDSRF.

IV. SIMULATION RESULTS AND DISCUSSION

To validate the proposed control strategy, simulations are
conducted to demonstrate the controller’s performance in a
range of practical scenarios. First, selective positive-sequence
and selective negative-sequence compensations are verified sep-
arately. Next, simultaneous compensation of both positive- and
negative-sequence components is confirmed. Finally, the con-
troller’s robustness is evaluated under grid frequency variation
(e.g., 48.5 Hz), confirming that the proposed method maintains
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Fig. 4. Scenario 1: Positive-sequence compensation.

effective current regulation without the need for retuning or
additional synchronization mechanisms.

A. Scenario 1: Only Positive-Sequence Compensation

Fig. 4 shows the simulation result for the case of positive-
sequence compensation only. A reference value of 30 A is
set for the positive-sequence current. The reference currents
i∗d = 30 A (dc) and i∗q = 0 A (dc) represent a pure positive-
sequence component. The error signals eid and eiq are also
plotted.

Initially, from t = 0 to 0.04 s, the inverter operates with only
the conventional PI controller. PI controllers can effectively
regulate these dc quantities, as a result, eid and eiq are reduced
to zero. At t = 0.04 s, the resonant part of the PIR controller
is activated. However, the resonant part has no effect on the
positive-sequence control performance and eid and eiq remain
at zero.

B. Scenario 2: Only Negative-Sequence Compensation

Fig. 5 shows the simulation result for the case of negative-
sequence compensation only. A reference value of 50 A is set for
the negative-sequence current. The reference currents i∗d and i∗q
represent a pure negative-sequence component. The error signals
eid and eiq are plotted to demonstrate the effectiveness of the
controller in minimizing tracking error.

Initially, from t = 0 to 0.04 s, the inverter operates with only
the conventional PI controller. Due to the presence of 100 Hz os-
cillations in the synchronous dq frame, the PI controller alone is
unable to fully track the oscillatory components in the reference
current, resulting in 100 Hz error components in eid and eiq .

At t = 0.04 s, the resonant part of the PIR controller is acti-
vated. A clear improvement is observed after this instant: both
eid and eiq are reduced to zero. This validates the capability of the
proposed PIR controller to selectively track negative-sequence
currents using only a single SRF.

Fig. 5. Scenario 2: Negative-sequence compensation.

Fig. 6. Scenario 3: Simultaneous positive- and negative-sequence compensa-
tions.

C. Scenario 3: Simultaneous Positive- and Negative-Sequence
Compensations

Fig. 6 shows the simulation result when the reference current
includes both positive- and negative-sequence components. The
positive- and negative-sequence reference currents are set to
30 A and 50 A, respectively. From t = 0 to 0.04 s, the inverter
operates using only a PI controller. While the PI controller can
regulate the dc (positive-sequence) component, it fails to fully
track the oscillatory negative-sequence component. As a result,
the mean value of eid is zero, but still 100 Hz oscillations error
component is present.

At t = 0.04 s, the resonant controller is activated, forming
the complete PIR structure. Consequently, both eid and eiq are
reduced to zero. This shows that the PIR controller can simul-
taneously regulate both sequences with high accuracy using a
single dq frame.



4610 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 4, APRIL 2026

Fig. 7. Scenario 4: Robustness under grid frequency variation.

D. Scenario 4: Robustness Under Grid Frequency Variation

Fig. 7 shows the simulation results under grid frequency
variation. As per the Japanese grid-interconnection Code [11],
the grid frequency permissible limit is ±1.5 Hz, beyond which
underfrequency or overfrequency relays activate and trip the
system. Therefore, in our studies, frequency deviations up to
48.5 Hz and 51.5 Hz have been considered, both yielding similar
results. Hence, only the results for 48.5 Hz are presented here.
The grid frequency is reduced to 48.5 Hz at t = 0.2 to 0.35 s
to evaluate the controller’s robustness. Simulations results are
compared between the proposed PIR controller in the dq frame
and the conventional PR controller in theαβ frame. The resonant
frequency is set to 100 Hz for the PIR controller and 50 Hz for
the PR controller. The positive- and negative-sequence reference
currents are set to 30 and 50 A, respectively.

Under frequency deviation, error signals eid and eiq increase
in both controllers. The PR controller exhibits a noticeable
steady-state error, whereas the PIR controller achieves superior
compensation performance. The steady state error with conven-
tional PR controller is very high at 6 A (peak) whereas with
proposed PIR controller, its only 1 A (peak). No overshoot is
observed. These results highlight the robustness of the PIR ap-
proach under grid frequency variations. If the resonant frequency
of the resonant part was made adaptive, then the steady-state
error could be eliminated entirely, which can be explored in
future work.

V. COMPARISON OF COMPUTATIONAL BURDEN

The computational burden of different control methods
was compared using a microcontroller (TI TMS320F28377S,
200 MHz Clock). DDSRF, PR, and proposed PIR controllers
were coded in C and implemented on the microcontroller.

Fig. 8. Comparison of computational burden for different control methods.

Specifically, we measured the total computational cycles per
control loop by accounting for all key operations, including
Park/Clarke transformations, resonant terms, filters, and other
arithmetic operations executed within one sampling period.

Fig. 8 summarizes the result. Comparing DDSRF and our pro-
posed single frame PIR controller, single frame PIR controller
achieves a reduction of approximately 25.72% in computational
burden compared to the conventional DDSRF scheme, primarily
due to the elimination of extra park transformations, lesser
LPF, etc. In the calculation for αβ frame PR controller, simple
nonadaptive controller is modeled, and its computational burden
is lower.

VI. CONCLUSION

This letter presented a novel current control strategy for grid-
connected inverters using a positive-frame-based PIR controller
operating entirely within a single synchronous reference (dq)
frame. Unlike conventional DDSRF-based methods that require
dual frames or PR controllers in the αβ frame sensitive to
frequency variations, the proposed approach achieves effective
compensation of both positive-sequence and negative-sequence
currents with significantly reduced control complexity. Simu-
lation results in various scenarios, including selective positive-
sequence, selective negative-sequence compensation, simulta-
neous positive- and negative-sequence controls, and operation at
an off-nominal grid frequency (48.5 Hz)—demonstrated that the
PIR controller maintains accurate and robust current regulation
without retuning or additional synchronization mechanisms. The
ability to suppress 100 Hz oscillations caused by negative-
sequence components, combined with the inherent simplicity
and robustness, makes the proposed method a practical and
efficient solution for grid-connected inverters operating under
three-phase unbalanced conditions. In this work, the focus was
on proposing and validating the current controller through con-
cept verification and dynamic response analysis using detailed
simulations. Future work will involve hardware-in-the-loop and
experimental validation to further confirm the controller’s real-
time performance and robustness under practical operating con-
ditions.
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