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Abstract—The growth of inverter-based resources (IBRs) in
modern power systems can challenge system stability since they
do not natively provide inertia, prompting a need to develop
new methods to address the potential instabilities. In this paper, a
dynamically configurable grid-forming (GFM) and grid-following
(GFL) control is proposed, which enables inverters to flexibly
transition to support system needs. The operation mode transition
between GFM and GFL controls is adopted as an additional
degree of control flexibility to adjust the small-signal stability
margin. In addition, a holistic and detailed small-signal model
for a distribution feeder that captures the dynamics from both
synchronous generators (SGs) and IBRs is also derived and
used to evaluate the effectiveness of the proposed GFM/GFL
controls to augment the system small-signal stability margin.
Case studies with varying levels of IBRs were implemented
in MATLAB/Simulink to demonstrate the effectiveness of the
proposed approach.

Index Terms—grid-following control, grid-forming control,
operation mode transition, small-signal stability analysis

I. INTRODUCTION

With the increase of inverter-based resources (IBRs) (e.g.,
wind and solar energy), the modern power grid is gradually
dominated by static power electronic inverters rather than
synchronous generators (SGs) [1]; however, the replacement
of SGs with inverters reduces the grid inertia and changes the
fundamental dynamic characteristics of bulk power systems,
which makes the entire system susceptible to instabilities
under disturbances and poses additional operational challenges
[2].

Pulse-width modulation inverters are often used as the
interface to connect the IBRs and the power grid. The existing
grid-interactive inverters are generally in grid-following (GFL)
control mode [3]; however, GFL inverters cannot actively
establish grid frequency and voltage, and they could trigger

stability issues when the level of IBRs is high. In contrast,
grid-forming (GFM) inverters can actively establish frequency
and voltage at the local inverter level, which makes them
widely used in microgrids and large-scale distribution systems
[4]; however, the interactions and couplings among GFM
inverters and SGs might introduce undesired oscillatory modes
[5].

To further improve system stability with large amounts of
IBRs, numerous studies have been conducted in the literature.
A virtual inertia emulator-based model predictive control is
used in [6] to address the challenge of frequency regulation
introduced by a larger number of inverters. To address the
stability issue brought by the high shares of IBRs, a linear
quadratic regulator-based optimization technique is used in
[7] for the inverters with virtual synchronous machine control
to adjust the emulated inertia based on the system frequency
disturbance. To solve the problem of less effective voltage
regulation due to the low X/R ratios in the distribution system,
a voltage margin control is used in [8] to coordinate the
photovoltaic inverter and battery energy storage system for
voltage regulation without any communication.

Due to the low inertia, grid-interactive inverters could be-
come less robust in the face of various disturbances than SGs.
The usual way to ensure a sufficient stability margin is to fine-
tune the parameters of the designed controllers [9]; however,
the conventional control parameter tuning could reach a bot-
tleneck considering the limited number of adjustable control
parameters. Because IBRs naturally feature a high control
bandwidth, it is possible to enable additional control functions
for flexible-mode transitions at each IBR [10]; therefore, the
operation modes could be leveraged as an additional control
variable to maximize the small-signal stability margin of the
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Fig. 1. A typical distribution feeder with inverters with either GFM or GFL
controls.

entire system and improve the overall dynamic performance.
The rest of this work is organized as follows: In Sec-

tion II, the mathematical modeling of a distribution system
considering the impacts of SGs and IBRs is obtained. The
holistic small-signal model of a distribution system with SGs
and inverters is developed in Section III. In Section IV, case
studies aiming at system small-signal stability enhancement
are discussed, with emphasis on the amount of energy provided
by IBRs. Section V summarizes the work and draws the
conclusion.

II. MATHEMATICAL MODELING OF THE DISTRIBUTION
FEEDER

As shown in Fig. 1, a typical distribution feeder with
IBRs comprises inverters with either GFM or GFL controls.
The upstream system is represented by an aggregated SG.
To analyze the small-signal stability of the entire system, a
mathematical model of the distribution system is derived first.
The system can be divided into four subsections: inverters,
SG, load, and network. The mathematical modeling of each
part will be obtained separately and then used to derive the
holistic small-signal model of the entire system.

A. Modeling Inverters with GFM Control

A muti-loop diagram is developed for the inverters with
GFM control, including droop control, voltage control, and
current control. The inverter configuration is shown in Fig. 2
(a), and the droop control shown in Fig. 2 (b) is implemented
to establish the inverter frequency and voltage [11]. Thus:{

ωinv = ωn −mp(Pinv − P0)

Vinv = Vn − nq(Qinv −Q0)
(1)

where ωinv and Vinv are the inverter frequency and output
voltage, respectively; ωn and Vn are the nominal frequency
and voltage, respectively; mp and nq are the droop gains; Pinv

and Qinv are the inverter output active and reactive power,
respectively; and P0 and Q0 are the power set points.

The low-pass filters (LPFs) with the cutoff frequency of
ωc are used for the active and reactive power measurements.
Combined with the differential equation of the phase angle,

Fig. 2. GFM inverters configuration and control diagram: (a) inverter
configuration, (b) GFM inverter droop control. (c) GFM inverter inner loops.

the differential equations related to the power controller are
obtained as [12]:

θ̇inv = ωbωinv

Ṗinv = −ωcPinv + ωc(vodiod + voqioq)

Q̇inv = −ωcQinv + ωc(vodioq − voqiod)

(2)

where ωb is the base value of the angular frequency; ωc is
the cutoff frequency of the LPFs; vod and voq are the inverter
output voltage in the d− and q− axis, respectively; and iod
and ioq are the inverter output current in the d− and q− axis,
respectively. Note that all variables are expressed in the per-
unit system unless otherwise noted.

Further, as shown in Fig. 2 (c), the proportional-integral
(PI) controllers are deployed for the voltage and current loops
to enhance the controllability. The intermediate variables ϕd
and ϕq are defined for simplifying the equations of the PI
controllers in the voltage loop; the intermediate variables γd
and γq are defined for simplifying the equations of the PI
controllers in the current loop; they are defined as:{

ϕ̇d = v∗od − vod, ϕ̇q = v∗oq − voq

γ̇d = i∗ld − ild, γ̇q = i∗lq − ilq
(3)

along with: 
v∗od = Vinv , v∗oq = 0

i∗ld = Kpv(v
∗
od − vod) +Kivϕd

i∗lq = Kpv(v
∗
oq − voq) +Kivϕq

(4)

where v∗od and v∗oq are the inverter output voltage references
in the d− and q− axis, respectively; i∗ld and i∗lq are the
inverter-side inductor current references in the d− and q−
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axis, respectively; and Kpv and Kiv are the PI gains in the
voltage loop.

The LCL filter is interfaced with the inverter and the
point of common coupling (PCC) to mitigate the switching
harmonics. The differential equations that are used to describe
the dynamics of the LCL filter are given as [12]:

i̇ld = ωb(
vid − vod
Lf

− Rf

Lf
ild + ωinvilq)

i̇lq = ωb(
viq − voq
Lf

− Rf

Lf
ilq − ωinvild)

v̇od = ωb(
ild − iod
Cf

+ ωinvvoq)

v̇oq = ωb(
ilq − ioq
Cf

− ωinvvod)

i̇od = ωb(
vod − vpd

Lc
− Rc

Lc
iod + ωinvioq)

i̇oq = ωb(
voq − vpq

Lc
− Rc

Lc
ioq − ωinviod)

(5)

where vid and viq are the inverter terminal voltage in the
d− and q− axis, respectively; ild and ilq are the inverter-
side inductor current in the d− and q− axis, respectively;
Rf and Lf are the resistance and inductance of the inverter-
side inductor, respectively; Cf in the capacitance of the filter
capacitor; Rc and Lc are the resistance and inductance of
the PCC-side inductor, respectively; and vpd and vpq are the
PCC voltage in the d− and q− axis, respectively. Note that
the assumption is adopted that the inverter terminal voltage
outputs the demanded voltage [13]; thus:{

vid = v∗id = Kpc(i
∗
ld − ild) +Kicγd − ωnLf ilq

viq = v∗iq = Kpc(i
∗
lq − ilq) +Kicγq + ωnLf ild

(6)

where v∗id and v∗iq are the inverter terminal voltage references
in the d− and q− axis, respectively; and Kpc and Kic are the
PI gains in the current loop.

To coordinate with other generation units, loads, and the net-
work, the inverter output current and the PCC voltage should
be converted between the individual reference frame and the
common reference frame with the following transformation
[13]: 

ioD = iod cos(θinv)− ioq sin(θinv)

ioQ = iod sin(θinv) + ioq cos(θinv)

vpd = vpD cos(θinv) + VpQ sin(θinv)

vpq = −vpD sin(θinv) + VpQ cos(θinv)

(7)

where ioD and ioQ are the inverter output current in the
common D− and Q− axis, respectively; and vpD and vpQ
are the PCC voltage in the common D− and Q− axis,
respectively.

B. Modeling Inverters with GFL Control

A muti-loop diagram is also developed for inverters with
GFL control, as shown in Fig. 3; however, the outer power loop
is configured to track the power references rather than to im-
plement the droop control like the GFM inverters. Besides, the
capacitor-current-feedback active damping method is used to

Fig. 3. Control diagram of GFL inverters.

Fig. 4. Block diagram of SGs.

address the resonance issue given that the LCL filter is used in
the interface inverter [14]. Additionally, the angular frequency
of the inverter with GFL control can be obtained through a
phase-locked loop (PLL) [15]. The dynamic modeling of the
current loop, LCL filter, and the coordinate transformation is
similar to the counterparts of GFM inverters and will not be
detailed here for simplification.

For the PLL, the block diagram is shown in Fig. 3, and the
intermediate variable εL is defined for the PI controller; thus:{

ε̇L = voq − 0

θ̇inv = ωb(KpLvoq +KiLεL + ωn)
(8)

where KpL and KiL are the PI gains in the PLL.
For the power loop, the intermediate variables ϕ

′

d and ϕ
′

q

are defined for the PI controllers:

ϕ̇
′

d = P ∗
inv − Pinv , ϕ̇

′

q = Q∗
inv −Qinv (9)

along with:{
i∗ld = Kps(P

∗
inv − Pinv) +Kisϕ

′

d

i∗lq = Kps(Q
∗
inv −Qinv) +Kisϕ

′

q

(10)

where P ∗
inv and Q∗

inv are the active and reactive power
references for the GFL inverter, respectively; and Kps and
Kis are the PI gains in the power loop.

C. Modeling SGs, Loads, and Lines

A salient pole SG is studied, and the control diagram is
shown in Fig. 4. The dynamics of the stator, exciter, and
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q-axis amortisseur circuit are considered, and the models
of the exciter and turbine are simplified to the first-order
representations [16]:

Gf (s) =
Kf

1 + sTf
, Gt(s) =

Kt

1 + sTt
(11)

where Gf (s) and Gt(s) are the transfer functions of the exciter
and turbine, respectively; Kf and Tf are the first-order model
gain and time constant of the exciter, respectively; and Kt

and Tt are the first-order model gain and time constant of the
turbine, respectively.

A PI-based governor is used to regulate the output power
of the turbine [17]. An intermediate variable εv is used for the
PI controller; thus:

εv = P ∗
g +

ωn − ωg

Kp
− Pg

pv = Kpg(P
∗
g +

ωn − ωg

Kp
− Pg) +Kigεv

(12)

where pv is the valve position used as the input variable for
the turbine; ωg is the SG operating frequency; P ∗

g and Pg are
the SG active power set point and output, respectively; Kpg

and Kig are the PI control gains for the governor; and Kp is
the droop gain of the SG.

Further, the voltage equations and flux linkage equations
are used to describe the internal electrical dynamics. They are
[16]:

2H
dωg

dt
= Tm − Te −D(ωg − ωn) (13)



vgd = −Rsigd − ωgψgq +
dψgd

ωbdt

vgq = −Rsigq + ωgψgd +
dψqg

ωbdt

vfd = Rfdifd +
dψfd

ωbdt

vkq = Rkqikq +
dψkq

ωbdt

(14)

{
ψgd = −Ldigd + Ladifd, ψgq = −Lqigq + Laqikq

ψfd = Lfdifd − Ladigd, ψkq = Lkqikq − Laqigq
(15)

where Tm is the SG mechanical torque; Te is the SG
electromagnetic torque and Te = ψgdigq − ψgqigd ≈
vgdigd + vgqigq; H is the SG inertia constant; D is the
damping factor; ψgd(Ld), ψgq(Lq), ψfd(Lfd), and ψkq(Lkq)
are the flux linkages (self-inductances) in the stator d-
axis, stator q-axis, exciter, and q-axis amortisseur circuit;
vgd(igd), vgq(igq), vfd(ifd), and vkq(ikq) are the voltages (cur-
rents) in the stator d-axis, stator q-axis, exciter, and q-axis
amortisseur circuit; Rs, Rfd, and Rkq are the resistance in the
stator, exciter, and q-axis amortisseur circuit; and Lad and Laq

are the mutual inductance.
In this work, the constant impedance model is implemented

for all loads and lines [12]; hence, the mathematical modeling
of the loads and lines are similar to those shown in (5) and
will not be detailed here for simplification.

III. SMALL-SIGNAL STABILITY ANALYSIS OF THE
DISTRIBUTION FEEDER

A. Holistic Small-Signal Modeling of the Full Feeder

After considering the dynamics from the mutiple control
loops and LCL filter, the small-signal representation of the
ith inverter with GFM or GFL control is summarized as:

∆Ẋv,i = Av,i∆Xv,i +Bv,i∆VpDQ,i +Bvω,i∆ωcom (16a)

∆IoDQ,i = Cv,i∆Xv,i (16b)

where Xv,i = [δinv,i, Pinv,i, Qinv,i, ϕd,i, ϕq,i, γd,i, γq,i, ild,i,
ilq,i, vod,i, voq,i, iod,i, ioq,i]

T for the GFM inverter, and δinv,i
is the phase angle of the ith inverter with respect to the
common reference frame with the angular frequency ωcom;
Xv,i = [εL,i, δinv,i, Pinv,i, Qinv,i, ϕ

′

d,i, ϕ
′

q,i, γd,i, γq,i, ild,i,

ilq,i, vod,i, voq,i, iod,i, ioq,i]
T for the GFL inverter; and

vpDQ,i = [vpD,i, vpQ,i]
T ; ioDQ,i = [ioD,i, ioQ,i]

T ;
Similarly, the complete small-signal model of the SG can

be summarized as:

∆Ẋg = Ag∆Xg +Bg∆VgDQ +Bgω∆ωcom (17a)

∆IgDQ = Cg∆Xg,∆ωg = Cgω∆Xg (17b)

where Xg = [δg, ωg, ψgd, ψgq, ψfd, ψkq, εv, Tm, vfd]
T ; δg is

the phase angle of the SG with respect to the common refer-
ence frame; VgDQ = [vgD, vgQ]

T ; and IgDQ = [igD, igQ]
T .

Both the loads and lines are modeled in the common D-Q
frame, whose small-signal representations are adopted from
the existing work [13]. By combing the small-signal models
of all the subsystems, including SG, inverters, loads, and the
network, the holistic small-signal model of the distribution
system under study is summarized as:

∆Ẋsys = Asys∆Xsys (18)

where Xsys = [Xg,Xinv,Xd,Xl]
T ; Xinv =

[Xv,1, · · · ,Xv,N ]T , where N is the number of the inverters;
Xd is the state vector of all loads; and Xl is the state vector
of all lines. Note that the operating points can be obtained by
using the method proposed in our previous work [18].

B. Small-Signal Stability Quantification

The eigenvalues of the system matrix Asys in (18) are
denoted as λi for i = 1, · · · ,M . A zero eigenvalue would
be found in λi due to the invariant common reference frame.
This zero eigenvalue is denoted as λ1 and excluded in the
subsequent analysis. The system small-signal stability margin
is defined as the maximum real part of the nonzero eigenvalues
[19]:

Ωm = max[Re(λ2), · · · , Re(λM )] (19)

If Ωm < 0, the system is locally asymptotically stable. Ad-
ditionally, a smaller Ωm indicates a larger small-signal stability
margin. Considering the various disturbances or fluctuations
of the real power system in both the short-term and long-
term timescales, Ωm needs to be sufficiently negative to ensure
stable system operation.
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Fig. 5. Test system.

Fig. 6. Test results for dynamically configurable operation of inverters.

IV. CASE STUDY

A. Test System

To verify the principle of the operation mode transition, a
test system with one SG, 5 inverters, 5 loads, and 12 lines is
studied, and the system configuration is schematically shown
in Fig. 5. The SG is operated by following the control diagram
as shown in Fig. 4. The inverters are operated by either GFM
or GFL controls, and the lines and loads are represented by the
constant impedance models. The system parameters, including
the main power circuit and the control diagram of all the
components, are listed in Table I.

B. Dynamically Configurable Operation of Inverters

The dynamically configurable operation of inverters be-
tween the GFM and GFL controls can be realized by freezing
the integral values in the inner loops at the time when the
operation mode transition occurs. The frozen values will be
used as the initial ones when the new operation mode starts.
To demonstrate the proposed method, a test case is designed
in MATLAB/Simulink. The operation mode of Inverter #5 is
designed to be changed from GFL to GFM control at time t1
and then back to GFL control at time t2. The output active
power and load frequency of Inverter #5 are obtained to show
the dynamic responses. As shown in Fig. 6, the operation mode
transition can be realized through the proposed method without
large overshoots.

Fig. 7. Stability margin variations with fixed inverter operation modes.

Fig. 8. Stability margin variations with flexible inverter operation modes.

Fig. 9. Stability margin when the output power of the five inverters are 0.1,
0.1, 0.1, 0.5, and 0.1 p.u., respectively.

Fig. 10. System frequency variation under 90% IBR percentage for the stable
case.
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Fig. 11. System frequency variation under 90% IBR percentage for the
unstable case.

TABLE I
SYSTEM PARAMETERS

Parameters Values

SG
Parameters

H = 2.6 s, D = 1 p.u., Kpg = 10, Kig = 4,
Kt = 0.8, Tt = 0.5, Kf = 1.2, Tf = 0.2,
Rs = 0.002 p.u., Ld = 1.08 p.u., Lq = 1.05 p.u.,
Lad = 0.99 p.u., Laq = 0.96 p.u.,
Rfd = 0.0004 p.u., Lfd = 1.08 p.u.,
Rkq = 0.0037 p.u., Lkq = 1.39 p.u.

Inverter
Parameters

Rf = 0.02 p.u., Lf = 0.10 p.u., Cf = 0.10 p.u.,
Rc = 0.02 p.u., Lc = 0.05 p.u., mp = 0.02,
nq = 0.02, Kpv = 0.5, Kiv = 2.8,
Kpc = 1.0, Kic = 2.0, Kc = 0.1, ωc = 10π rad/s

Network
Parameters

(×10−3 p.u.)

Rl1 = 14.6, Ll1 = 27.2, Rl2 = 4.6, Ll2 = 8.5
Rl3 = 9.1, Ll3 = 17.0, Rl4 = 10.2, Ll4 = 102.5
Rl5 = 87.6, Ll5 = 163.2, Rl6 = 7.3, Ll6 = 13.6
Rl7 = 6.7, Ll7 = 10.3, Rl8 = 9.1, Ll8 = 17.0
Rl9 = 9.1, Ll9 = 17.0, Rl10 = 3.4, Ll10 = 5.2
Rl11 = 67.5, Ll11 = 103.5, Rl12 = 8.1,
Ll12 = 12.4

Load
Parameters

(p.u.)
Rload = 4.8075, Lload = 0.9620

*Base values are selected as: Sb = 100 MVA, and ωb = 120π rad/s; all
the inverters and loads adopt the same parameters.

C. System Stability Augmentation with Varying IBR Percent-
ages

The effectiveness of the dynamically configurable operation
of inverters with either GFM or GFL controls on small-signal
stability enhancement is validated by conducting case studies
with varying IBR percentages. As the IBR percentage moves
toward 100%, the derived system small-signal stability margin
is shown in Fig. 7, where all the inverters are operated in
GFL mode. Note that the inertia of the SG is proportionally
reduced as the IBR percentage increases because the increase
of the IBRs is usually accompanied by the displacement of
SGs and the consequent reduction in the system inertia [20].
As the IBR percentage increases, the system is gradually
destabilized. As designed, the operation mode of each inverter
could be flexibly adjusted, and the updated system stability
margins are shown in Fig. 8. By actively implementing the
desired operation mode transition, the system small-signal
stability can be maintained even with a high IBR percentage,
which could not be done when the operation modes are fixed.
Additionally, to highlight the impacts of the operation modes,
when the IBR percentage is 90%, the system small-signal

stability margin under different operation mode combinations
is presented in Fig. 9, which shows that it is possible to secure
stable system operation by implementing the properly selected
inverter operation mode.

The system stability margin is also validated in the time
domain. When the five inverters are operated in GFM, GFL,
GFL, GFL, and GFM modes, respectively (i.e., the 15th bar
in Fig. 9), a disturbance is introduced to the output power
of Inverter #4 at t1, and the corresponding system frequency
variations are presented in Fig. 10. The system remains stable
after the disturbance, which agrees with the stability analysis
in Fig. 9; however, when the inverters are operated in GFL,
GFM, GFM, GFL, and GFM modes (i.e., the 19th bar in Fig.
9), respectively, with the same power set points, the system
cannot maintain stable operation under the same disturbance,
as shown in Fig. 11, which also agrees with the stability
analysis in Fig. 9.

V. CONCLUSION

A detailed mathematical model of a distribution feeder with
dynamics from both SGs and IBRs is derived and then used
to obtain the holistic small-signal model of the distribution
system. The effectiveness of the operation mode transition
of the grid-interactive inverters is demonstrated by the case
studies with varying percentages of IBRs. Results show that
the IBR percentage could be further increased, even to 100%,
by leveraging the operation mode as an additional control
variable with the enhanced system small-signal stability.
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