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Abstract-- Grid-forming inverter-based resources (GFM-IBRs)
are considered crucial for power systems with high penetration
renewable energy, but their negative sequence behavior under
small perturbations remains understudied. This paper proposes a
novel decoupled sequence dynamic modeling approach for GFM-
IBRs incorporating double-fundamental-frequency negative-
sequence components. Using eigenvalue-based stability
assessment (EBSA) and electromagnetic transient (EMT)
simulation, we reveal that: 1. The proposed modeling approach
accurately captures GFM-IBR dynamics under unbalanced
small-scale perturbations. 2. Negative-sequence components
significantly impact system oscillatory modes. 3. Implementing
additional negative-sequence control improves system damping.
These findings provide new insights for designing robust GFM-
IBR controls and enhancing stability in systems hosting high-
penetration renewable systems.
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I. INTRODUCTION

RID-forming (GFM) controls enable inverter-based

resources (IBRs) to establish frequency, support voltage,
and provide black-start capability for high penetration of
renewable energy sources in future power systems [1]—[3].
Prevailing GFM control strategies, such as virtual
synchronous machine (VSM) control, droop control, and
dispatchable virtual oscillator control (dVOC) [2], [4], use
power-synchronization loops (PSLs) and voltage reference
generation to mimic traditional synchronous generators (SGs).
These are usually implemented with balanced positive-
sequence control (BPSC) structures.

Unbalanced disturbances generate sequence components
that protective relays detect for correct operation in SG-
dominated systems. GFM-IBRs are expected to replicate this
behavior under unbalanced conditions [5], allowing negative
sequence current flow like conventional SGs. Regarding
GFM-IBRs under unbalanced grid conditions, most studies
focus on control design for unbalanced fault ride-through
[6]-[8], power flow calculations [9], and steady-state analysis
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[10]. Although positive- and negative-sequence control (PNSC)
solutions are proposed for negative-sequence behavior [11],
BPSC is still favored for its simplicity. However, there's a
critical gap in understanding the dynamics of both strategies
under unbalanced small perturbations. As GFM-IBRs become
more prevalent, their negative-sequence behavior's impact on
system dynamics will likely grow in significance.

Existing studies on the dynamics of GFM-IBRs include
various aspects: System-level studies—Interactions between
GFL and GFM inverters [13], [14], comparisons of GFL and
GFM-based wind farms [15], optimal GFM inverter placement
[16], and stability analysis of systems with SGs, GFL-, and
GFM-IBRs [12], [17]. Control-level analyses—Advanced
virtual-impedance controls [18], [19], adaptive hybrid control
[20], power dynamic decoupling control [21], DC-link
dynamic regulation [22], and comparisons of VSM, dVOC,
and matching control impacts on stability [23]. Inner control
loop stability, control damping [24]—[26], SISO stability, and
adaptive droop mechanisms have also been studied [27], [28].
However, most studies assume three-phase balanced
disturbances, overlooking common unbalanced small
perturbations. While conventional GFL-IBRs with BPSC act
as open circuits during unbalanced conditions [5], GFM-IBRs
show distinct negative sequence dynamics due to their control
features. This behavior persists even with BPSC, highlighting
the need for further modeling of GFM-IBRs’ negative
sequence behavior under small, unbalanced perturbations.

Dynamic modeling is crucial for comprehensive modal
analysis of GFM-IBR behavior, incorporating control settings.
However, most existing models only consider positive-
sequence dg components, potentially overlooking oscillations
caused by negative-sequence components under small,
unbalanced perturbations. Recent research has begun
addressing this limitation. [29] proposed sequence-
decomposed impedance modeling for virtual admittance-based
PNSC, examining the impact of sequence component
extraction methods on small-signal stability. [30] introduced a
decoupled-sequence dg0 impedance modeling approach with
PNSC, setting negative-sequence voltage references to zero
for balanced voltage. While these studies advance PNSC
modeling, they don't address the negative-sequence behavior
of typical BPSC structures in GFM-IBRs under small,
unbalanced perturbations. Given that many GFM-IBRs use the
BPSC loop for dg components based on the synchronous
reference frame (SRF), there remains a gap in understanding
and modeling their behavior under these conditions.

Despite the growing importance of GFM-IBRs, there is a
significant research gap in understanding their negative



sequence behavior under unbalanced small perturbations. This
paper aims to address this gap with the following specific
objectives:

1. Develop a comprehensive decoupled-sequence modeling
approach for GFM-IBRs that incorporates double
fundamental-frequency negative-sequence components.

2. Validate the proposed model's accuracy in replicating
GFM-IBR dynamics under small, unbalanced perturbations.

3. Analyze the oscillatory modes of GFM-IBRs in the
negative-sequence system using modal analysis and EMT
studies.

4. Evaluate the effectiveness of additional negative-
sequence control strategies in improving system damping.

II. OSCILLATION UNDER UNBALANCED PERTURBATION
Fig. 1 depicts the structure of a typical GFM-IBR plant that
incorporates N GFM-IBR units. For each GFM-IBR unit,
BPSC strategy is employed to regulate the measurements from
IBR hardware and generate modulation signals to drive the

voltage source converter (VSC). For the main IBR transformer,

the high-voltage (HV) winding uses a grounded Y (Yg)
connection, while the medium-voltage (MV) winding uses a
D1 connection, with delta voltages lagging Y voltages by 30
degrees. For the IBR unit transformer, the MV winding also
uses a D1 connection, while the low-voltage (LV) winding
uses a Yg connection.
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Fig. 1. GFM-IBR plant in power systems

Under unbalanced perturbations, positive-, negative- and
zero-sequence components of both voltages and currents are
typically present in the AC grid. However, due to the presence
of a delta-connected winding in the IBR transformer, only the
positive- and negative-sequence components are present on
the converter side. Based on the SRF, dg components of an
arbitrary variable X in the BPSC loop can be derived as,

P Xq cos(0) + Xp sin(0)
44 | Xg cos(0) — X, sin(6)
X5 cos(2wt) + X sin(2wt)
— xt q _ -
= Xaq X; cos(2wt) — X sin(Za)t)] = Xaqg +Xaq (D)

where X’gq denotes double-fundamental-frequency (2w)
negative-sequence dg components, and 6 and w are the
orientation angle and angular frequency, respectively.
Superscripts + and — also refer to positive- and negative-
sequence components, respectively. For illustration, the
diagram of sequence components inside GFM-IBRs under
unbalanced perturbations is depicted in Fig. 2. M denotes
modulation signals. V, and I; are converter terminal
voltages and currents, respectively. I,;. denotes the DC-link

current on the converter side. R, and L. are the choke
resistance and inductance, respectively. The shunt filter is
modeled with capacitor Cr. In subscript, set refers to
setpoints, while dc denotes DC-link components.
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Fig. 2. Sequence components within the typical GFM BPSC system under
unbalanced perturbations

III. GENERIC DECOUPLED-SEQUENCE DYNAMIC MODELING
FOR GFM-IBRS

A. Generic Decoupled-Sequence Modeling Structure
To evaluate the influence of 2w negative-sequence
components within GFM controls, a decoupled-sequence
modeling approach for GFM-IBRs is designed, which can be
represented by a unified time-domain model, as follows

{x(t) = [%© x® %O 1O
x(t) = f(x(1))

where xj,(t) and xg,(t) represent the state variables of the
positive- and negative-sequence dg components, respectively.
xs(t) and x,4.(t) represent the state variables of the GFM
control system and DC system, respectively.

B. GFM BPSC System
1) GFM primary control:

The VSM control emulates the rotor motion and primary
frequency regulation of SGs, enabling GFM-IBRs to exhibit
the active power versus frequency droop mechanism and
swing behavior, as given by,

(Pset=xp) , Dp(wn-w)

Jon J (3)

Xp = wf(Pm — Xp)

w =

where ] is the virtual inertia constant, D, is the droop gain,
and w, and w; are the nominal frequency and cut-off

frequency, respectively. xp is a state variable of the low-pass
filter of active power. Under unbalanced grid conditions, the
d-axis voltage is given by,

Vo=V +V; =V} +V;cos(wt) +V, w Ssin(2wt) (4)
Then, the virtual flux leakage is derived as,

Yy =i + Py 5



(l/)I-'V—I = kpvac (Vser — Vd+) + kivacx;—
¥
{ v (6)

l;EI\_/I = kpvac (0— I7(1_) + kivacXy
_.,—/
Xy
where kpy,qc and ki, are the Pl-controller gains. x, is a
state variable of the PI controller for generating virtual flux

leakage. On this basis, the virtual voltage references are
determined as,

Vie = Tag(0)Tapwipiy sin( )

Vai = Taq(0)Togwibyy sin(6) @)
Lsin(é) = [sin(9) sin(6 — 2?”) sin(6 — %)]T
where
_[cos(8) sin(0)
Taq(0) = [— sin(8) COS(@)]
e ®)

The droop control replicates the speed droop characteristic
of the synchronous generator (SG) governor and balances
deviations in power injection. Frequency regulation is
modeled with (9) and voltage reference regulation is modeled
with (10) and (11), where m,, is the droop gain.

w=wn_mp(Pm_Pset) ©)
V‘; = Vd+* + Vd_*
{v; o (10)
Vd+* = kpvac (Vser — Vd+) + kivacx;—
_.,-'—_/
. v _ (11)
LVd = kpvac (0— Va ) + kivacXy
_',—/
Xy
The dVOC function regulates active and reactive power

separately, thus obtaining the amplitude and phase of virtual
voltage references [4], as follows:
Frequency regulation:

=w Pset Xp
{w n K (? ~ D) (12)
Xp = wp(By — xp)
Voltage reference generation:
” % * Qset xQ 'CZ(Vset (VJ)Z)

Vi =1V, (K ( -— ) + )

{ ¢\ \sen? (V)2 Vet (13)

xQ = wf(Qm - xQ)

where k; and k, denote synchronization gains. x, is a
state variable of the low-pass filter of reactive power. Since
the dVOC regulates voltage references via the reactive power,
V7 does not affect voltage reference generation.

2) GFM inner control:

The inner control loop consists of the inner voltage and
current control. Typical dual closed-loop design controllers
with feedforward terms are employed. Under unbalanced grid
conditions, the measured dg voltages and currents are given by,

X={LV,I} (14)

X1 + X cos(2wt) + X sin( 2wt)

X0 =X, +X, =
dq da 7 TAa X + X; cos(2wt) — X7 sin(2wt)

(15)
The formulas of inner voltage control are derived as,
Isdq kivxltdq + kpv (V;:; ng) + nyV;q + Iji—q
. x;dq feedforward (16)

L sdq = kiv%;dq + kpv (752 - VEq) + nyVaq + iaq
i17'(1(1 feedforward

where y = [—Ow (6)] and kp, and k; are Pl-controller

gains of the inner voltage control. X4, denotes state
variables of the PI controller of inner voltage control. The
formulas of inner current control are derived as,

sdq = kpt (I I;q) + kiix?dq + yLCI‘;q + V‘;q
xldq
L sdq = kpi (ag —Tag) + kuiaq + Ylclag +Vaq

El_dq

feedforward

(17

feedforward

where kp; and k;; are the Pl-controller gains of the inner
current control. X;4, denotes state variables of the PI

controller of inner voltage control. The modulation signals are
generated by the inner current control, as follows:

M;q Va Vsdq
o 2 e, (18)
qu = V_dc sdq
M7 cos(2wt) — M sin( 2wt
_ a cos(2wt) q Sin(2wt) (19)

Maa =\ 1= cos(2 > sin( 2
q cos(2wt) + My sin( 2wt)
C. GFM PNSC System

For regulating positive- and negative-sequence components
independently, a GFM PNSC structure is employed, as
illustrated in [30]. In PNSC, sequence component extraction
methods, such as decoupled double SRF (DDSRF) [31] or
quarter-cycle phase delay (QCPD) method [29], can be
utilized to eliminate the effects of 2w negative-sequence
components of voltages and currents. In this way, the positive-
and negative-sequence components can be separated. Hence,
for PNSC, the 2w negative-sequence components X’;q equal
zero in (3)—(19). To address these uncontrolled negative-
sequence components, two types of negative-sequence control
solutions for GFM-IBRs are considered in this paper, i.e., the
balanced voltage control strategy [32] given by (20) and
balanced current control strategy [33] given by (21).

Vi =0

Iiq = (kpy + ") (Vg = Vag) +¥CVag + I

i = Gkt + Uiy = Trag) + Vielzag + Vg ¥
kM dq = Vidc s_d*q
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kM dg = Vidc sdq



D. AC and DC systems
Since the paper focuses on the negative-sequence behavior
of GFM-IBRs on the AC side, the DC system can be
simplified to a DC-voltage-controlled current source, as given
by,
(lacser = kvac(Vacser — Vac)
— Idcset—ldc

Iq
c
Tdc

(22)
Idc_%(Ma,B)Tlsa,B
Cdc

y, — Igc—Iysc _
Vae =~c— =
dc

where T,;. and ky,. denote the time delay constant and DC
voltage control gain, respectively. For the AC system in Fig.
2, positive- and negative-sequence differential equations in dg
coordinates are derived as,

+ + +
) Vsag—Relsag—Vaq +vIt
sdq — L Y sdq
Vigo—R Ic_ vy (23)
y— _ Vsdq "cisdq”Vdq -
sdq — L + yIsdq
c
. J |
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qu - + yvdq
) P ) 24)
‘y— __ ‘sdq”'dq —

E. Linearization

By linearizing the proposed model x(t) = f(x(t)) at
steady-state equilibrium, decoupled-sequence small-signal
models of GFM-IBRs are derived as follows:

{Ax = [Ax}, Axgz, Ax, Ade]T
Ax = AAx + BAu

where A denotes the state-space matrix. B denotes the input
matrix. The state variables are then given by

(25)

T
Axl, = [AI;dq AVi, Axjgq ijrdq] (26)
AC system Inner control
- - - - T
Axz, = [Alsdq AVg, Axygg Axldq] (27)
AC system Inner control
T
Axge = |Alge  AVg (28)
DC system
For the VSM control strategy (GFMyswm),
Ax, = [Ax) Axy; A8 Aw  Axp]T (29)
- T
Au = [A’ dq Mag APser Ve (30)
VSM control input
For the droop control strategy (GFMaroop),
Axg = [Axj Axy A8 Axp]T (€2))
— T
Ay — [Algq A7, APy AVM] (32)
droop control input
For the dVOC strategy (GFMavoc),
Axg=[A8 AV; Axp Ax,]” (33)
- T
AU = [Alzq AIalq APset AQset AVset] (34)
dVOC input

Overall, the proposed modeling approach provides a
detailed illustration of the regulation of negative-sequence

components within GFM-IBRs. The derived state-space
matrix can be used to further analyze the impact of negative-
sequence components on system dynamics through modal
analysis.

IV. DYNAMIC MODEL VS. EMT MODEL

To validate the proposed decoupled-sequence modeling
approach of GFM-IBRs, a 9-bus test system is developed in
Matlab/Simulink as an EMT model. The original 9-bus model
can be found in [4]. For validation purposes, EMT simulations
are conducted to produce detailed power system transients
across various timescales. The parameter configuration of
GFM-IBRs is listed in Table Al of the Appendix.
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Fig. 3. Test system: 100% GFM-IBR-dominated system

In the test system, GFM-IBR operates at Pn=75 MW. For
illustration, when =15 s, a 75 MW unbalanced load is applied
at Bus (6), resulting in the imbalance of grid voltages and
currents. The negative-sequence components of grid voltages
are shown in Fig. 4.
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Fig. 4. Magnitude of negative-sequence grid voltages using EMT simulation

Per IEEE 2800 standard [34], IBRs can continue to operate
if the negative-sequence component of the applicable voltages
is below 3% of the nominal voltage for less than 10 seconds,
provided that the voltage imbalance is not caused or
exacerbated by unbalanced currents from the IBR.

The time step and simulation duration are set to 100 us and
20 s, respectively. For GFM-IBRs with the BPSC strategy, Fig.
5 displays the active power simulation results, along with the
numerical results from the existing model [23] and our
proposed model for comparison. The existing dynamic model
solely incorporates positive-sequence dg components in the
BPSC system and ignores 2w negative-sequence components.

During the interval =15—15.2 s, the transient dynamics of
active power differ among GFM-IBRs due to each plant’s
different primary control strategies. Under steady-state
unbalanced grid conditions, the dynamics of the proposed
model are highly consistent with the EMT simulations. In
addition, Fig. 6 shows that the 100% GFM-IBR-dominated
system can still provide a path for the flow of 2w negative-
sequence components.
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Fig. 5. Numerical results and EMT simulation results of active power
responses of GFM-IBRs
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Fig. 6. FFT analysis based on EMT simulation results of active power
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V. MODAL ANALYSIS AND EMT STUDIES FOR GFM-IBRS
UNDER SMALL UNBALANCED PERTURBATIONS

A. Oscillatory Modes of GFM-IBRs under Small
Unbalanced Perturbations
Based on the state-space matrix derived from the proposed
dynamic model, the eigenvalue-based stability assessment
(EBSA) is used to study the impacts of control settings and
negative-sequence control solutions on oscillatory modes
dominated by 2w negative-sequence components. Oscillatory

modes of the GFMysw are filtered out, as shown in Fig. 7.
State variable

50
1
2 40 I
33 2.
[}
g4 ] 305
0 -
2 20
2 s
O g =
9 -

T TG
DC Positive  pgp,

Positive Negative Negative
system  sequence sequence  sequence sequence
AC system Inner control AC'system Inner control

Fig. 7. Participation factors of GFMyswm

In Fig. 7, participation factors are employed to identify the
dominant variables. For illustration, the dominant variables are
defined as the state variables that exhibit a participation factor
exceeding 25%. The eigenvalue 4, damping ratio J, oscillation
frequency f, and dominant variables are listed in Table I.

TABLE I
OSCILLATORY MODES OF GFMysy

Mode A 0 f/Hz Dominant Variables
1 -1719+2524i 0.56 401.82 Al, AV,
2 -193142264i 0.65 360.45 Al AVS
3 -1763+1718i 0.72 273.55 Al AV
4 -1976+1457i 0.80 231.89 Alg, AV,
5 -7.20£143.7i 0.05 22.88 Aly.  AVy,
6 -2.17+0.73i 0.95 0.12 AXyaq

7 -2.23+0.0015i  1.00000  0.00025 AXFaq

8 -1.61£0.0007i  1.00000  0.00012 Axjy,

9 -1.53+0.0510i  0.99945  0.00812 AXjyq

Table I indicates that under the regulation of the GFM
control system, the 2w negative-sequence components would
lead to oscillations at various frequencies (0—0.12 Hz, 231 Hz,
225 Hz, 325 Hz, and 402 Hz), thus deteriorating the dynamic
performance. This issue is usually hidden by the dynamic
model  without consideration of negative-sequence
components.

For the DC side, there exists an oscillatory frequency of
22.88 Hz that is caused by the DC-link voltage and current,
indicating that the DC-link voltage and current exhibit an
oscillation at 22.88 Hz. The result is consistent with the FFT
analysis of the DC-link voltage using EMT simulation, as
shown in Fig. 8.

For the AC side, the oscillatory frequency caused by dg
voltages and currents is within the range of 224 Hz to 402 Hz.
The real parts of these eigenvalues are around -1800,
indicating they are significantly distant from the imaginary
axis. Hence, their impact on system stability is relatively
minimal. The negative-sequence GFM inner control also
generates oscillatory modes. The real parts of these
eigenvalues are closer to the imaginary axis, potentially
affecting the system’s stable operation.
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Fig. 8. FFT analysis based on EMT simulation results of the DC-link voltage
under small, unbalanced perturbations

B. Impact of Negative-Sequence Control Solutions on
Oscillatory  Modes  under  Small — Unbalanced
Perturbations

For GFMysy with the PNSC strategy, the negative-sequence
voltage at the POC and negative-sequence converter current
are shown in Fig. 9. The balanced voltage control effectively
suppresses the negative-sequence voltage, while the balanced
current control effectively suppresses the negative-sequence
current.
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Fig. 9. EMT simulation results with negative-sequence control solutions in
PNSC

For comparison, the oscillatory modes dominated by Axy 4,
and Axjg, under the original BPSC and negative-sequence
control solutions are shown in Fig. 10. Since there are no
negative-sequence voltages within the balanced current
control loop, the oscillatory modes dominated byAxy 4, do not
exist under the balanced current control. By using the
balanced current control and balanced voltage control
strategies, the oscillatory modes shifted to the left. The
imaginary part of modes is reduced to zero under the
regulation of negative-sequence control solutions. Hence, for
the oscillatory modes dominated by Axy,, and Ax;,,, using
the negative-sequence control solutions increases the damping
ratio while reducing the oscillation frequency. This indicates
that the additional negative-sequence control solution can

eliminate the oscillation, thus improving the control damping
of GFM-IBRs.
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VI. CONCLUSION

This paper introduces a novel generic decoupled-sequence
dynamic model for GFM-IBRs, providing crucial insights into
the behavior of 2w negative-sequence components within the
GFM BPSC system under small, unbalanced perturbations.
The modal analysis and EMT studies of GFM-IBR-dominated
systems reveal several significant findings:

1. Impact of Negative Sequence Components: The 2w
negative-sequence components induce undesirable oscillations
across various frequencies, substantially degrading system
dynamic performance. This critical effect is often overlooked
in conventional dynamic models that neglect negative-
sequence components.

2.  Effectiveness of Negative-Sequence  Control:
Implementing balanced current and voltage control strategies
shifts oscillatory modes leftward and reduces their imaginary
components to zero. This finding suggests the adoption of
supplementary negative-sequence controls in GFM-IBRs to
enhance control damping wunder small, unbalanced
perturbations.

The proposed model and analysis method provide a
powerful methodology for understanding and mitigating the
impacts of negative-sequence behavior on system dynamics in
GFM-IBR-dominated grids. While this study employs EBSA
to focus on oscillatory mode analysis rather than instability
mechanisms, it lays a foundation for future research. In this
paper, we focus on the oscillations caused by GFM inner
controls and the impacts of negative sequence components on
system responses. The coupling effects between the sequence
components and the frequency dynamics will be also
considered in future research.

VII. APPENDIX

TABLE Al
PARAMETER CONFIGURATION OF GFM-IBRS

Parameter Value Parameter Value
N 200 (kpvac, Kivac) (0.001, 0.0021)
(Tdc, kvac) (0.05 s, 0.83) (kpv, k,-‘,) (0.52,232.2)
Wn 314 rad/s (kpiy ki) (0.73, 0.0059)
Wy 31.4 rad/s (Psets Oser) (1 pu, 0 pu)
(Dp, J) (1.01e5, 2.02¢3) (Vsets Veset) (1 pu, 2.45kV)
(x1, 1) (0.0209, 1.39¢3) mp 3.14¢-8
(R, L) (5¢-6 Q, 1e-6 H) (Cae, Cp) (1.6 F,0.06 F)
- 230kV /13.8 kV T,. 13.8 kV/1 kV




In Table Al, T,,, and T,, denote the ratio of the main IBR
transformer (Yg/D1) and IBR unit transformer (D1/Yg),
respectively. This paper focuses on the IBR control dynamics
and system-level responses. We model the lines with their pi
equivalents. The three-phase transformer (two windings) is the
library element in Simulink.
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