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Abstract—In unbalanced grid scenarios, inverter-based re-
sources (IBRs) should remain connected and inject reactive
current to mitigate voltage unbalance at the point of common
coupling (PCC). Although steady-state current reference gen-
eration is well-studied, transient issues like current overshoot
and oscillation during reference switching remain overlooked.
To bridge this gap, a bi-level current reference optimization
approach is proposed. The dominant oscillatory modes of a grid-
connected IBR system are first identified by closed-loop transfer
function modeling. Then, a trajectory optimization problem is
constructed in the frequency domain, where the current reference
trajectory is reformulated by a virtual acceleration sequence
(VAS). By maximizing the virtual energy of VAS under spectral
energy constraints, the proposed method achieves fast and
optimal reference transitions without exciting dominant modes.
As a reference level strategy, it is fully compatible with existing
controllers and adaptable to varying operating conditions. A
complete design guideline is also provided. Dynamic simulations
confirm the effectiveness of the proposed approach.

Index Terms—Inverter-based resources, optimal trajectory,
voltage unbalance, spectral energy constraint.

I. INTRODUCTION

Voltage unbalance (VU) is a severe and widespread power
quality issue, which becomes even more pronounced in mod-
ern power systems [1]. Recently, the widespread deployment
of IBRs offers a new perspective on voltage unbalance attenua-
tion (VUA). As a controllable current source, an IBR can inject
a negative-sequence current (NSC) with a specific magnitude
and phase angle into the grid, thereby realizing VUA at the
PCC. We can leverage the spare capacity of IBRs to generate a
compensating current, avoiding any additional hardware costs.
There are two main types of IBR current reference generation
methods. The first category employs the product of a fixed or
adaptive droop coefficient and the negative-sequence voltage
as the NSC reference [2]-[4]. The second category employs
an optimization-based scheme [5]-[7]. In these optimization
frameworks, the minimization of VUA is typically formulated
as the objective, while physical constraints, including those
on inverter capacity and output current, are treated as the
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problem’s constraints. The model is then solved numerically
to obtain a globally optimal current reference command.

However, there is a lack of research on the transient behavior
of IBRs during current reference changes. Abrupt changes in
the current reference serve as broadband excitations that may
trigger the system’s inherent oscillatory modes, particularly
those with low damping ratios [8], [9]. The excitation of
such modes often induces current overshoot and prolonged
settling times. It may even cause instability if the system lacks
sufficient damping. Practically, IBR control loops and relevant
parameters are generally predefined and cannot be modified by
system operators. Variations in system conditions may shift the
dominant oscillation frequency, the preset damping becomes
ineffective. While input shaping methods like low-pass filters
are added to refine reference signals, they overly attenuate
high-frequency components, unnecessarily sacrificing the sys-
tem’s dynamic response [10]-[12].

To achieve a faster possible transition without exciting un-
derdamped oscillatory modes in a grid-connected IBR system,
this paper proposes a bi-level current reference optimization
approach. The upper level performs system modeling and
eigen-analysis to identify the dominant oscillatory modes. In
the lower level, a current reference trajectory (CRT) optimiza-
tion problem is formulated in frequency domain to generate
an optimal CRT (OCRT) that simultaneously ensures fast
transitions while avoiding undesired mode excitation. At this
level, the introduction of virtual acceleration and virtual energy
reformulates CRT optimization into a more systematic frame-
work, which improves convergence and simplifies modeling.

The remainder of this paper is organized as follows. Section
II presents the upper level procedure for extracting the domi-
nant modes. Section III develops the lower level formulation
of the CRT optimization problem and the associated parameter
selection. Section IV elaborates on the implementation details
of the proposed approach, supported by dynamic simulations.
Finally, Section V concludes the paper.

II. UPPER LEVEL FOR DOMINANT MODES EXTRACTION

The VU at the PCC primarily arises from the unbalanced
grid. The sequence extraction (SE) in Fig. 1 is implemented
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Fig. 1. Three-phase three-wire grid-tied system with dual sequence current
control.
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Fig. 2. Signal flow diagram of the studied system.

using a double second-order generalized integrator (SOGI).
For the positive-sequence extraction branch in SE, the cor-
responding complex expression is given as (1). Subscripts
“p/n” denote the positive- and negative-sequence components,
respectively. These notations are used hereafter.

i/aﬁp = i;p +ji/5p =0.5[Hp(s)+jHq(s)]iapg (1)
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The Park transformation performs frequency spectrum shift-
ing, i.e., Sqq+ = SapEjwo. The subscripts “dg+/dg—" denotes
the positive- and negative-sequence dq-frame, respectively.
Accordingly, (1) can be rewritten as

i;lqp = OS[HD(S+]WO) +.7HQ(5+]WO)] idq-ﬁ- (3)

By separating the real and imaginary parts, the purely real-
valued matrix form of (3) in positive-sequence dq-frame is
obtained, as shown in (4).
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where
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Similarly, the expression for the negative-sequence extrac-
tion branch in SE within the negative-sequence dqg-frame can
be derived as

ign | _ [Hiin(s) Hizn(s)|[ia—|_ )
|:l:1n:| B |:H21n(5) H22n(5) iq_ _HDindq- (6)
where Hpgn = Hng‘

The quantity igq+ is obtained by directly applying the
positive-sequence Park transformation to the i,g. It contains
the dc component and the second-harmonic coupled compo-
nent. The same goes for igq..

Fig. 1 is further transformed into the signal flow diagram
in Fig. 2. The operator e*72? represents the frequency shift
between positive- and negative-sequence synchronous frames,
i.e., 84q+ = Sdq¥ £ j2wo. The quantities in the two frames are
coupled. Specifically, any variation in the positive-sequence
current reference ia‘:lfp induces a transient response in the
negative-sequence channel due to cross-coupling, and vice
versa. These transient components eventually decay to zero.
In Fig. 2, Gpi, Ggec and Gq denote the PI controller, current
decoupling paths and control delay matrix, respectively, with
explicit forms given in (7). The positive-sequence transfer
function matrices of LCL filter are also given in (7). Ac-
cordingly, the negative-sequence matrices Grin, Gr2n, Gens
and Gg, can be obtained by replacing wg with —wq in the
positive-sequence expressions.

Gpi = (kp + k;) I,

0 -1
Gdec = WOLf |:1 0:| )

Grip = L1 P, Gegp = CfP, (7)
Grap = LoP, Gy = L,P + R,1,
P=s, —wo; wo, s], Ga=Gaal.

The expressions of Gy, Gx1, Gz, and Gy, shown in Fig. 2
are given as follows.

G1 = [ (I + GLiyGay) (Grap + Gap) + Gy B
Gy = — [Gsz + Ggp + Gr1p + G(—ﬂ -
Gr = [(I'+ GuinGcn) (Guan + Gen) + Gun|
Gy = — [GLG + Ggn + GLin + Gy } B
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According to Mason’s gain formula, the corresponding
signal flow graph determinant equals

A =1+ G4 — G5 —Gs| G4 + G4Gs, 9)

s=s+j2wo



where
G4 = G1Gq (Gpi — Ggec) Hpqp,

(10
Gs = G2Gq4 (Gpi + Gaec) Hpon-

The transfer relations between the reference vectors and the
actual dq currents are obtained by enumerating the forward
paths and their corresponding cofactors. For the same sequence
channels, the transfer matrices can be expressed as

LA A,

T, T, = 11
P A ) A ( )
where
1 = GlGdei, A1 =1 - Gs. (12)
lo = GZGdeh Ay =1+ Gy. (13)
The cross-sequence transfer relations are given by
Z3A3 l4A4
TpZn: TaTan: T (14)
where
l3=— (GlGdei)|s:s+j2wOGs, Az=I. (15)
li=—(G2G4Gy) ‘s:sijng"" Ay=I (16)

Since the forward paths I3 and [, contain frequency-shifted
components, the corresponding references i;ilfp and iflflfn should
also undergo the same frequency offsets to maintain consis-
tency. The obtained transfer function matrices are complex-
valued. By separating the real and imaginary parts, their real-
valued representations can be derived.

The overall transfer function matrices in positive- and
negative-sequence dq-frame are expressed in (17). By ana-
lyzing the poles and zeros of these matrices, the dominant
underdamped modes governing the system dynamics can be
identified.

III. LOWER LEVEL FOR CURRENT REFERENCE
TRAJECTORY OPTIMIZATION

A. Problem Formulation

Considering the finite sampling rate of practical digital
control systems, the CRT is formulated as a discrete-time
sequence. However, directly optimizing this sequence treats
each sampling point as an independent variable without an
underlying structure, which often leads to trajectories that
are neither smooth nor convergent. To address this, the CRT
is further modeled as a discrete signal that admits second-
order differences, from which the concepts of virtual velocity,
defined as the first-order difference of the CRT, and vir-
tual acceleration, defined as the second-order difference, are
introduced. By imposing spectral constraints on the virtual
acceleration sequence (VAS) around the system’s dominant
mode frequencies, the corresponding spectral components in

the CRT can be effectively suppressed, thereby avoiding
undesired mode excitation.

Let w = [wg,wy,...,wr_1]T denote the VAS of length
L.The n-th FFT coefficient is given explicitly by (18). The
frequency resolution is f..s = fs/L. The frequency corre-
sponding to W, is f, = nfres.

L—1
1 _i2mnk
anzkz,owke”ﬂ: nel0,L—1. (8

a) Mode Energy Constraints: Let the set of modes of
interest be Q = {f!, f2,..., fM}, where f™ denotes the
frequency of the m-th dominant mode, and M denotes the
number of dominant modes. To mitigate the impact of model
parameter inaccuracies, we introduced a frequency tolerance
o, to achieve suppression over a frequency band rather than
targeting a single frequency point. Accordingly, the forbidden
band corresponding to the m-th mode is defined as (19).

F™m = [fm—O't,fm—FO't]. (19)

And the index set of FFT points of each F™ is given in
(20).
Nm:{n|fn€Fm}a

An auxiliary variable A is introduced in (21) to represent
the global maximum energy among all frequency points. The
constraint in (22) then limits the total energy within each
frequency band.

m € [1, M]. (20)

IWLll> <A, Vnelo,L-1]. Q1)
ST Wl < pA, Vme [1,M]. 22)
neNm™

where p € (0,1) is a suppression factor.

b) Initial-Final State Constraints: To guarantee a smooth
and oscillation-free convergence of the CRT, the boundary
conditions of the virtual velocity sequence are constrained as

L—1
v =0, vy=TsY wp=0. (23)
k=0

By integrating the above velocity constraints, the corre-
sponding boundary condition of the CRT can be defined as

L-1

Z.()ZO7 Z.L+1=TS22(L—]€)U);C:1.
k=0

(24)

c) Objective: In the motion control field, the fastest tran-
sition between two positions with zero terminal velocity is
a classical time-optimal control problem [13]. The optimal
motion trajectory employs the maximum allowable acceler-
ation, such that the system acquires the maximum possible
energy from external actuation during the acceleration phase,

el - [ ol O] o ™) [0
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which is then dissipated during the deceleration phase. In this
sense, acquiring maximum energy is equivalent to applying
the largest admissible acceleration within the actuation limits.
Inheriting this principle, the proposed formulation defines the
virtual energy of VAS as J(w) = ||w]3 = wTw.

Overall, the CRT optimization problem is formulated as
(25). This problem is convex and can be solved by commercial
optimization solvers. By double integration of the optimal
VAS, the OCRT is obtained, which can be further scaled for
application. The OCRT is held at its terminal value to provide
a consistent input for the remaining time.

max J(w)

(25
s.t. (21)—(24).
B. Parameter Design and Practical Implementation
i) o, design: For each dominant pole p” = —o™ + jw™,

its normalized spectral energy density is defined as E™(f) =
s/2 m m m

[H™ 2/ [ [H™ Pdf, where [H™ (f)[? = (w2 — (27 f)*+

o™2)2 + (4w fo™)?] L. o™ is then determined such that (26)

holds.

frtor
/ E™(f)df >, 26)
f

m_gm
T

where 7 is the energy coverage ratio. The unified tolerance o,
is defined as the maximum among {o"}M_,.

ii) L design: L is obtained via an iterative procedure. When
fres = 0¢, each mode band contains at least two FFT points,
which is sufficient to ensure reliable optimization. Therefore,
fs/o+ is selected as the upper limit Ly;,,,. Subsequently, L can
be gradually reduced from L;;,, to find the smallest value that
still yields satisfactory performance.

iii) Practical Implementation: The proposed optimization is
conducted in an offline manner, where predefined tolerance
margins are incorporated to account for parameter uncertain-
ties. If a more accurate characterization of parameter uncer-
tainty is required, Monte Carlo trails can be further employed
to statistically evaluate its impact on the optimization results
[14].

IV. SIMULATION VALIDATION

System specifications and optimization parameters for sim-
ulation validation are summarized in Table I. The positive- and
negative-sequence grid voltages are set to Vg, = 217.720°V
and Vg, = 93.3Z— 30°V, respectively. To achieve optimal
VUA at PCC when the IBR output current is constrained, the
current references are set to Iy, = 19.19A, I, = —62.34A,
Ign = —15.53A, I, = —57.95A based on the optimal NSC
injection strategy described in our previous work [15].

Due to the structural symmetry of the system, the posi-
tive/negative sequence transfer function matrices and cross-
coupling terms are identical, i.e., Tp = T, and Tpon = Thzp.
Moreover, each of these transfer function matrices exhibits
internal symmetry: the diagonal entries are identical, and the
off-diagonal entries are negatives of each other. Therefore,
only the Bode plots of Tp(1,1), Tp(1,2), Tpan(1,1), and
Tpon(1,2) are drawn in Fig. 3. As can be observed, the
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Fig. 3. Bode plots of Tp(1,1), Tp(1,2), Tpza(1, 1), and Tpza(1,2).
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Fig. 4. OCRT responses of PCC voltage and output current under fault.

resonance peaks are located at 50Hz, 836Hz, and 937Hz,
corresponding to three dominant pole pairs —31.8 £ 5314.2,
—33.4 £ 75247.5, and —46.9 £ 75882.9, respectively.

By applying the lower-level trajectory optimization process
described earlier, a unit OCRT can be obtained and then
amplitude-scaled to the desired current reference value. For
comparison, three reference generation strategies are evalu-

TABLE I

SYSTEM SPECIFICATIONS AND OPTIMIZATION PARAMETERS
Description Symbol  Value
DC-link voltage Vie 400V
Nominal AC voltage amplitude Vg 311V
Maximum current limit Iiim 110A
Nominal/Sampling frequency folfs 50Hz/10kHz
Converter-side inductor of LCL filter Ly 1mH
Capacitor of LCL filter Cy 20uF
Grid-side inductor of LCL filter Lo 2.5mH
Line resistance/inductance Ry/Lg 1.1€/3.5mH
damping coefficient of SOGI 0.707
Current loop proportional/integral gain  kp/k; 107400
Optimization horizon 450
Energy coverage ratio n 80%
Frequency tolerance ot 10Hz
Spectral suppression factor p 0.0002
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Fig. 6. Input shaping responses of PCC voltage and output current under
fault.

ated, including the conventional ramp, the OCRT, and the
input shaping approach implemented using the ZZVD shaper
[10]. To ensure fairness, the ramp segment duration is matched
to the length of the OCRT. Figs. 5-6 show the PCC voltage
and output current responses under the OCRT, ramp and input
shaping references, respectively. It can be observed that the
ramp reference induces more pronounced oscillations during
the transient process. In contrast, both the OCRT and ZZVD-
based input shaping effectively suppress oscillatory behavior.
In terms of transient recovery performance, the OCRT achieves
the fastest settling, reaching steady state within 45 ms, whereas
the ZZVD-based input shaping settles in 70 ms, and the ramp
reference exhibits the slowest response with a settling time
of 79 ms. At steady state, both methods achieve full VUA
at the PCC once the NSC strategy is activated. These results
indicate that the proposed trajectory optimization approach can
be seamlessly integrated with the current injection strategy to
achieve VUA at the PCC, while avoiding system oscillations
during reference transitions.
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V. CONCLUSION

This paper proposed a bi-level trajectory optimization ap-
proach for the current reference configuration of IBRs. By
introducing the notions of virtual acceleration and virtual en-
ergy, the framework establishes an energy-based interpretation
of trajectory dynamics. The incorporation of spectral energy
constraints enables suppression of dominant oscillatory modes
while maintaining fast transient performance. Moreover, the
input—output transfer function model of the grid-connected
IBR system is also provided. Dynamic simulations validate
the effectiveness of the proposed approach.
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