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Abstract—A hybrid inverter-based resource (IBR) power plant
consists of grid-following (GFL) and grid-forming inverter-based
resources (GFM-IBR) connected in parallel. This research focuses
on how to design and tune GFM’s control parameters to ensure
stable operation of the hybrid power plant for weak and strong
grid conditions. We consider two design cases: one where the
GFL-IBR does not provide frequency support, and one where it
does. It is found that the GFM’s power-frequency synchronizing
system can lose stability when the power-frequency droop con-
stant is large and/or the grid is strong. Additionally, if the GFL
has its frequency support enabled, oscillation stability worsens.
To explain the mechanism of the interactions, we construct a
feedback system for the synchronizing loop, which consists of
the GFM’s power-frequency droop control that generates the
GFM’s synchronizing angle, the GFL’s phase-locked loop that
measures the voltage phase angle, the GFL’s frequency-power
control that generates its power order, and the rest of the system.
The feedback system is effective in illustrating the potential
stability risks. Successful design ensures that the hybrid power
plant can operate smoothly and ride through grid disturbances.

Index Terms—Inverter-based resources, grid-following, grid-
forming, oscillations, feedback systems.

I. INTRODUCTION

ANY existing IBRs are using legacy grid-following

(GFL) control, where a phase-locked loop (PLL) is
responsible for synchronization and real/reactive power reg-
ulation is achieved through vector current control [1]. On
the other hand, to fulfill the requirement of IEEE Standard
2800-2022 [2] for bulk power systems (BPS)-connected IBR
power plants, frequency support and voltage support are re-
quired. Grid-forming (GFM) control that relies on power-based
synchronizing (e.g., [3]]) can provide frequency and voltage
support. Addition of GFM-IBRs in an IBR power plant may
lead to many hybrid power plants with both types of IBRs.
This paper investigates how to tune GFM parameters to ensure
stable operation of a hybrid power plant for both weak and
strong grid conditions. In turn, potential stability issues in a
hybrid IBR power plant will also be identified.

A. A brief history of multi-loop GFM and the stability issues

As mentioned by Du et al. in [4], two types of P-f droop-
based GFM are popular: the single-loop GFM developed by
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Lasseter for microgrid projects in U.S. [5] and the multi-loop
GFM widely adopted in the literature [1f], [|6], [7]. The multi-
loop GFM has inner current control and outer voltage control.
Both the inner and outer control loops include cross-coupling
and feedforward units.

This type of GFM structure has been examined in the
classic book on voltage-sourced converters (VSC) [[1] (chapter
9 controlled-frequency VSC system), except that the frequency
is assumed to be fixed for autonomous operation. In [1],
the control is implemented in the dq frame based on the
synchronizing angle, and the voltage control design is derived
from the plant model of the filter capacitor dynamics. In a
numerical example presented in [[1]] (Example 9.3), the design
leads to a closed-loop control with a bandwidth of 170 Hz.

This multi-loop GFM control structure may be traced back
to a 2004 paper by Li et al. [|6], in which a microgrid consisting
of multiple VSCs is studied. The VSC control includes an
inner current proportional control and an outer voltage control
(also proportional). Both controllers are implemented in the
static frame and the voltage-control bandwidth is approxi-
mately 2 kHz. The angle and voltage magnitude are generated
by the real and reactive power controllers.

In 2007, a multi-loop control scheme in the dg frame was
designed by T.C. Green and co-authors [7] for 10-kW 200-V
(per phase RMS) inverters. The outer voltage control structure
proposed in this paper has since been adopted by many follow-
up research, including [1If]. In [7], with the filter capacitor
size as 50 pF and the proportional-integral (PI) controller
of 0.05 + 390/s, the voltage control achieves a bandwidth
of 700 Hz. This is significantly higher than the bandwidth
reported in [[1]. A quick examination of [4] shows an even
higher voltage-control bandwidth at about 4 kHz (using the
a 191-uF filter capacitor and a per-unit voltage controller of
10 + 200/s, with a 100-kW power base and a 480-V voltage
base). These inconsistencies make the parameter selection
process for voltage controllers rather puzzling.

It is worth noting that the dg-frame voltage control ob-
jective—regulating the d-axis voltage to follow a reference
and regulating the g¢-axis voltage to zero—is equivalent to
controlling the voltage magnitude through the d-axis while
aligning the point of common coupling (PCC) voltage space
vector with the synchronous reference frame through the ¢-
axis.

For the multi-loop GFM with coupled voltage control, in-
creasing P-f droop parameters has shown to lead to oscillations
in [4], [[7] even in the microgrid operation case. For example,
Fig. 12 of [7] shows that when the P-f droop parameter



increases to 1.9e-4 rad/(s.W) (or 0.6% pu/pu), the microgrid
experiences 10-Hz oscillations. Fig. 7 of [4] shows that when
P-f droop parameter increases to 2.3%, the system experiences
20-Hz oscillations. Reported by T.C. Green and co-authors,
when this type of GFM is deployed in the grid-connected
mode, it is vulnerable for small-signal stability in strong grids
[10]. This weak spot was reported by [11] as well.

Therefore, it becomes clear that proper GFM parameter
design is crucial for achieving stable operation. This paper
focuses on addressing the gap in GFM parameter selection for
hybrid power plants, particularly when they operate alongside
GFL-IBRs providing frequency support.

B. Literature survey of stability analysis of multiple IBR
systems

A few papers are somewhat related to the stability analysis
of multiple IBRs and can be grouped into two categories:
Category 1 [12], [13]] and Category 2 [11]], [14]], [15]]. The
first category studies networks with dispersed IBRs to analyze
IBR interactions. For example, [12] examined the transient
stability for a power grid dominated by different types of
GFM-IBRs. Those GFM-IBRs are all equipped with power-
based synchronization control in the form of either frequency
droop (without inertia) or virtual synchronous machine type
of control with the capability to provide inertia. The paper
finds that the droop control dramatically enhances the damping
effect and the transient stability region.

Reference [13]] examines a scenario when a GFL-IBR is
sending power to a GFM-IBR. This scenario emulates a wind
generator delivering power to an HVDC terminal where the
wind generator’s interfacing inverter is in GFL control mode
while the HVDC’s converter is in the GFM control mode. It is
found that the system is subject to oscillatory stability issues
when the phase-locked loop (PLL) of the GFL has a high
bandwidth. This phenomenon is similar to many phenomena
observed in GFL grid integration system (e.g., [[16]) and it is
attributed to GFL’s PLL. The topologies in these two papers
[12], [13] are for power transfer studies among IBRs. These
are very different from our goal of a hybrid power plant
interconnected to a main grid or serving loads.

In the second categories, the testbed setup aligns with the
hybrid power plant setup. For example, [14]] examined the
combination of GFL and GFM inverters on transient stability.
Simulation studies show that if a GFL is equipped with a
voltage to reactive power (current) droop control, the system
has better transient stability. The larger the droop control
gain, the greater transient stability can be achieved. Another
reference [|15] focuses on how to yield required the frequency
droop slope through GFL and GFM parameterization for a bus
connected to both GFL-IBRs and GFM-IBRs.

These two papers have not conducted a thorough examina-
tion of small-signal stability of a hybrid power plant.

Reference [[11] has used a testbed with two IBRs—one
GFL and the other GFM —connected to a grid. Moreover, the
control schemes of the GFL and the GFM are similar to those
in the current paper. [|11]] has also found that that “a strong grid
with GFM converters and low network impedance is likely to

suffer from low-frequency oscillations (e.g., subsynchronous
oscillation).”

While the authors of [11]] primarily rely on voltage/current
relationships or impedance models to build feedback systems,
our approach focuses on developng customized feedback
systems and providing deeper insights. Additionally, [11]
concentrates on identifying stability issues among IBRs and
between IBRs and the grid, without considering frequency
support through GFL-IBRs. Introducing frequency support via
GFL-IBRs increases the coupling between GFL- and GFM-
IBRs, necessitating a more detailed analysis. This paper aims
to address that gap.

C. Goals and contributions

We will identify potential small-signal stability issues in a
hybrid power plant and conduct proper design for GFM. A
testbed of a hybrid power plant operating in both the grid-
connected mode and the autonomous mode will be constructed
in the electromagnetic transient (EMT) simulation environ-
ment. EMT simulation will be conducted to identify potential
stability issues. Second, once stability issues are identified,
this paper adopts design-oriented analysis to examine the
mechanism of the identified stability issues.

Design-oriented analysis is a term coined by R. D. Mid-
dlebrook. This approach begins with a simple model, such as
a block diagram, and incrementally adds details as needed.
In essence, design-oriented analysis develops models that
are simple yet physically insightful, following a divide-and-
conquer methodology [17], [18]. Construction of block di-
agrams and frequency-domain analysis have long been em-
ployed by power system dynamics experts—such as Concor-
dia [ [19] and E. V. Larsen [20]—to study the stability of
synchronous machines.

In the literature of IBR related stability analysis, this ap-
proach has been adopted by several papers [21]-[23] when
conducting stability analysis. For example, in [21], the authors
examined synchronizing stability of a grid-forming IBR with
power-frequency droop and developed a first-order feedback
system for characterization. In [22], transient stability or
synchronizing stability of a grid-following IBR interconnected
to a grid represented by a Thévenin equivalent is characterized
through a 2nd-order feedback system by considering PLL’s
dynamics only. In the authors’ upcoming Power & Energy
magazine paper [24], many real-world event root cause analy-
sis and replication have been carried out using this approach.

In summary, our unique contribution of this research is
three-fold.

e Mechanism analysis on why GFM is vulnerable for
stability issues in a strong grid is provided using the
power-frequency feedback system and frequency-domain
analysis.

« Potential small-signal stability issues, in particular, inter-
actions between GFL-IBRs and GFM-IBRs in a hybrid
power plant have been identified and thoroughly ana-
lyzed. It is found that equipping GFL-IBR with frequency
control may introduce such interactions. A feedback
system consisting of both GFL-IBR’s and GFM-IBR’s



frequency control, as well as the rest of the system has
been constructed. This feedback system helps quantitative
stability analysis and revealing insights.

o This research leads to a well-coordinated design for GFM
in hybrid power plants and enhanced transient stability
can be achieved through with GFL’s frequency control
enabled.

D. Structure of the paper

The rest of the paper is structured as follows. Section
IT describes the testbed and the control logic. Section III
presents the potential small-signal stability issues in strong
grids through analysis and EMT demonstration. Section IV
presents the benefit of a well-designed GFM operating along-
side a GFL with frequency support for transient stability
improvement. Finally, section V concludes this paper.

II. A HYBRID POWER PLANT TEST BED & IBR CONTROL
Loaic

The per unit circuit diagram of the testbed is shown in
Fig. [} The hybrid power plant consists of a 100-MW GFL-
IBR and a 100-MW GFM-IBR. The plant either operates in
the grid-connected mode by connecting to the grid through
a transformer or operates in the autonomous mode. The two
IBRs are connected in parallel to the point of interconnection
(POI) bus. The impedances between the POI bus and their
PCC buses are assumed to be negligible.

The two IBR’s converter control structures are shown in
Fig. 2] IBRI is the GFM type and IBR2 is the GFL type.
In the GFL-IBR, the PLL-based synchronization, along with
decoupled real and reactive power regulation through current
vector control is deployed. In the GFM-IBR, the power-based
synchronization is deployed and the inner current control is
similar as that of the GFL. On the other hand, the outer
controls that generate the current orders are quite different.
This type of control structure has appeared in a 2007 paper
[7] and a classic textbook [1]] published in 2010. The outer
controls have the goal to regulate dgq voltage in the frame
set up by the synchronizing angle. This synchronizing angle
is generated by the power-frequency droop control. The dg
voltage regulation is achieved by adjusting the shunt capacitor
currents. Therefore, the outer voltage control generates the
shunt capacitor’s current orders. In order to generate the
orders for the converter current, the output current exporting
to the grid needs to be added. Therefore, two current sensors
are needed, one for the converter current and the other for
the output current. This control structure has been adopted
popularly by the research community and is termed as multi-
loop droop control [4].

Table ([ lists the parameters for the circuit and the controllers.
The bandwidth of each control system has also been calibrated
and presented in a column. Note that for PLL and GFM’s
outer voltage control, different sets of parameters will be
examined for comparison.
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Fig. 2: GFM and GFL control block diagrams.

III. SMALL-SIGNAL STABILITY: STRONG GRID

It has been perceived by the research community that power-
based GFM is vulnerable to small-signal stability issues when
the grid strength is high. In this section, we illustrate the
stability issues through two stages. In Stage 1, we examine
the synchronizing feedback system for a GFM grid integrated
system and explain why GFM-IBR is less stable in strong
grids. In Stage 2, we further examine whether equipping GFL
with frequency support can improve or deteriorate stability.

A. Stage 1: Single GFM system small-signal stability issue

It has been pointed out by the literature that while GFLs
are less stable in weak grids [25]], GFMs are opposite and
they are less stable in strong grids [10]. In [10], the authors
offer an explanation by assuming a GFM as a controllable
voltage source and the synchronization is achieved through
real current. The resulting synchronizing loop is a simplified
version of a second-order system, as shown in Fig. This
synchronizing system has implicated that the open loop gain
consists of an admittance, the real current to frequency droop,



TABLE I: Parameters for the circuit and the VSC control.

Description Values (SI/pu) bandwidth

Grid power base 200 MVA

Grid reactance Xy 0.2 pu, 0.5 pu

Grid resistance Ry 0.1X,

Transformer Zygy, 0.04 + 50.144 pu

IBR power base 100 MVA

Choke filter R 0.001 pu

Choke filter L ¢ 0.108 pu

Shunt filter C'y 0.0803 pu

GFM: P-f droop gain R1 1% -15% pu/pu

GFM: Q-V droop gain nj 0.2

GFL: {-P droop gain 1/R2 10 — 100 pu/pu

GFL: PLL’s PI controller 60 + 1400/s 13 Hz
180 + 3200/ s 32 Hz

Inner current control 0.5+5/s 278 Hz

GFL power control 0.3+ 30/s 4 Hz

GFL reactive power control 0.3 + 30 / S 4 Hz

GFM voltage control 2+42/s 160 Hz
05+1/s 60 Hz

and an integrator. Therefore, it can be reasoned that a small
impedance or a strong grid may introduce instability.

Labe

*
’qu

Vgabe

Fig. 3: The synchronizing loop based on Fig. 3a of [[10]. Z. stands for the
IBR’s impedance while Z, stands for the grid impedance.

On the other hand, this simplified version has not included
any characteristics associated with the rest of the control
logic except the power-frequency droop control. In this
research, we will fill the gap by including the GFM control
characteristics into the synchronizing loop.

1) GFM control design for angle tracking: First, let’s
examine the power-frequency-angle feedback system for the
GFM. The control design is very sophisticated involving
both the inner and outer controls. Our interest is on the
power-frequency-angle relationship. Therefore, we will form
a simplified feedback system to facilitate our analysis. Note
that the synchronizing angle is generated through the power-
frequency droop control. At steady state, this angle aligns with
the PCC bus voltage space vector’s angle. This alignment is
achieved through the g-axis outer-loop control where v, is
enforced to be 0.

Note that v, is the PCC bus voltage space vector’s projection
on the synchronizing frame’s g¢-axis, as shown in Fig.
Therefore, v, = ¥sin(fpcc — 0) =~ Opcc — 6 (where Opcc
is the angle of the PCC bus voltage space vector, while 6 is
the synchronizing angle). Additionally, © is assumed to be 1
pu during normal operation. It can be seen that enforcing the
error to the PI controller —v, to be 0 is equivalent to enforce
Opcc to track the synchronizing angle 6. The tracking speed
is determined by the v, control.

d-axis

v

WQt

v, = Usin(fpor — 0
q ( POI ) static reference axis

Fig. 4: Positions of the synchronizing frame, PCC bus voltage space vector.

Note that the outer control is based on a plant model of
the shunt filter capacitor dynamics. The dg-axis outer control
regulates the dg-axis voltage through PI controllers and adjusts
the capacitor currents. If we bring the outer control’s design
into analysis, we can find that the closed-loop systems of dg-
axis voltage regulation. From those closed-loop systems, how
fast the PCC bus voltage angle tracks the synchronizing angle
is known.

In the dq frame, the capacitor’s dynamics can be written as:

O OV = T, M)

= Cf5v4 = tcap,d + wCjug, 2)
T

Crsty = ieapa ~ 2Crvy ®

The plant model for voltage regulation is:

Avg 1 Avg, 1 @
Aug  Cys’ Au, Cps
The open-loop and closed-loop systems of the dg-axis voltage
tracking system are as follows:

K\ 1 1
GOL(S) - (Kp + S> Cifs 1 I 7_8’ (5)
Ay, Abfpcc  Gor
Gals) = Xpr ® "Ag ~ 1 +Gor’ ©

q

where 1/(1+ 7s) represents the current tracking system as a
low-pass filter (LPF). With the open-loop system consisting
of two integrators, the closed-loop system G 4(s) behaves as
a LPFE. It can be seen that the closed-loop system G A(s)
represents Av, versus its reference signal. Since v, represents
the angle difference between the PCC bus angle fpcc and the
synchronizing angle 6, v,’s dynamic response of returning to
0 is equivalent to the dynamic response of fpcc tracking 6.

The larger the PI controller’s gains, the faster the closed-
loop system responds. In other words, the angle tracking speed
increases as the PI controller’s parameters become larger.

In analysis, we check two different sets of PI parameters
which lead to very different bandwidth of angle tracking.
For K, =1, K; =2, 7 = 0.02 s, and Cy = B./w, where
B, = 0.0803 pu, the resulting bandwidth of the closed-loop



system G(s) is 120 Hz. If the PI controller is 0.1 + 0.5/s,
the resulting bandwidth is about 37 Hz.

2) Feedback system construction: The v, controller in
the GFM enforces —v, or  — fpcc to zero. This is similar
as enforcing fpcc to follow the synchronizing angle 6. Since
the POI bus and the PCC bus are located very close, we may
treat Opcc and Opop as the same. Opor can be expressed as
the sum of an angle with a constant frequency wy and another
angle dpo1, which at steady state is a constant:

0 = wot + 9, Opor = wot + dpor.
Adpor  Abpor

= =G . 7
As ) a(s) (7
Change in dpo; will influence the real power exporting from
the GFM-IBR. Furthermore, the real power will influence ¢
through the P-f droop control. Therefore, we may form a
feedback system describing the relationship, shown in Fig. [3}

) AV Vy .
Ad, —ig Xy Ygsm(épm)
Adpor
Ga 9 cos(dpor)
g

Fig. 5: The synchronizing feedback system for a GFM grid integration system.
The LPF represents the low-pass filter used to smooth measurement signals.

The power measurement is compared with the power refer-
ence to generate an error, which is passed through a LPF for
smoothing and further to the P-f droop control to generate the
frequency deviation in pu. :

Aw = Ry (P! — Py), (8)

where R, is the regulation parameter in the unit of pu/pu, and
it is usually set in the range of 1% to 10%.

The frequency deviation in pu is multiplied by the nominal
angular frequency wg (377 rad/s) and integrated into the syn-
chronizing angle 47 (rad). This synchronizing angle influences
the POI angle through G 4 or the v, controller. The real power
exported from the GFM-IBR to the grid is as follows:

VYV,
P1 = -9 sin(6p01),

Xg
AP, AP,
= AP = 3 Adpor + 1AV, ©)

where V; is the grid’s voltage and X, is the grid impedance.
It can be seen that

AP, VYV,

= —=cos(d
Aovor ~ X, (dpor)
APV,
AV = qu s1n(5p01). (10)

The P-f droop control, G4 and AA&f - form the major loop

in Fig.

The blue blocks represent the effect of the GFM’s syn-
chronizing angle §; on the PCC bus or POI bus voltage V,
and further the effect of the voltage on the real power. It can
be seen that if the GFM-IBR is assumed as a current source
integrated to a purely reactive grid (the grid reactance notated
as X,), in a dq frame with a constant rotating speed of wy,
which aligns with the POI voltage space vector at steady sate,
this current source can be expressed as

I = (ia+ jig)e”, (10
where 0 is the synchronizing angle 6 viewed in the syn-
chronous rotating frame, and 74 and i, are dg currents referred
in the dq frame set up by the synchronizing angle. The
angle difference between the synchronizing angle 6 and the
synchronous rotating frame is 8 — wot = 9.

Assuming that at the initial steady state, = dpo; = 0 and
iq = 0, then the small-signal expressions of the current phasor
and further the POI voltage phasor are:

AT = Nig + jigAé, (12)
AV = jX, AT = —ig XgAS + X Nig. (13)

Since V = Vel%Po1 | then
AV = AV + jV Adpor. (14)

Therefore, AV = —ig X Ad. It can be seen that the synchro-
nizing angle influences the voltage. Adding the impact of Ad;
to AV and further to APy, the blue blocks are formed in Fig.

If the effect of the synchronizing angle d; on the PCC bus
or the POI bus voltage V' is ignored, the blue blocks can be
ignored in Fig. ] If this effect is included, it can be seen
that the blue blocks act as a negative gain and decrease the
total gain from the synchronizing angle Ad; to the real power
AP;. Therefore, it is expected that increasing the real current
or power and/or increase the grid impedance can help stability.

Remark 1: The feedback system shown in Fig. |S|implicates
that a large R, and a small X or a strong grid may introduce
oscillation instability.

Remark 2: If we ignore the voltage’s influence, the entire
feedback system is very similar to a synchronous generator’s
swing dynamics. It can be seen if the transfer function from
the POI angle to the synchronizing angle is a unit gain, the
system is quite stable. Additionally, if the angle tracking speed
is higher or v, controller is fast, the system is more stable.

Remark 3: Increasing real power can help stability. The
remarks will be verified through analysis EMT simulation
results.

3) Linear System Analysis Results: We demonstrate the
effect of grid strength X,, the angle tracking control, and
the GFM’s P-f droop gain parameter ?; on the GFM only
system’s small-signal stability. To make the feedback system
simpler, the GFM is assuming to send out O real power and
therefore the real current 74 is also 0. This eliminates the effect
of the voltage variation on real power.

Fig. [6[a) shows the Bode diagrams of G4 (@), the transfer
function from the synchronizing angle to the PCC bus voltage
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Fig. 6: Linear system analysis results. (a) The angle tracking system. 37 Hz bandwidth (slow) versus 120 Hz bandwidth (fast). (b) The open-loop system’s
Bode diagrams. R1’s gain: 0.04 or 0.15. (c) Step responses. In (a)-(c), the grid impedance is assumed as 0.17 pu. (d) Eigenvalues of the closed-loop system

for the fast angle tracking control. (e) Eigenvalues of the closed-loop system
when the synchronizing angle varies from 0° to 50°.

phase angle. Two sets of the PI controller parameters are
used to compare the performance of the system for a fast
vg controller and a slow v, controller. The fast v, control
ensures a higher bandwidth of G4 and less phase lag in
the subsynchronous region. In turn, the open-loop gain has
its phase shifting frequency (when the phase angle changes
from —180° to +180°) delayed from about 15 Hz to 30 Hz,
according to Fig. [6(b).

The analysis results in Fig. [[b) of the open-loop gain of the
system in Fig. [5] confirm that the open-loop gain’s magnitude
is proportionally related to the droop gain Ry and 1/X,. A
larger droop gain in a strong grid may introduce instability
(Remark 1).

Furthermore, the oscillation’s frequency is dependent on the
v, controller parameters (or the angle tracking control), as
shown in both the open-loop gain Bode diagram in Fig. [6(b)
and the step responses of the closed-loop systems in Fig. [6]c).
A fast angle tracking control introduces less phase shift in
the lower frequency region and therefore can accommodate a
greater droop gain (shown in Fig. [[b)). In this example, we
show that for the slow angle control when the grid impedance
is 0.17 pu, the droop gain cannot exceed 4%, while for the

for the slow angle tracking control. (f) Eigenvalues of the closed-loop system

fast angle control, the droop gain can reach 15%. The analysis
results confirm Remark 2 (fast voltage control is better for this
type of oscillation stability).

The frequency-domain analysis method usually examines
the open-loop gain’s Bode diagrams, as shown in Fig. [6(b).
The two Bode diagrams present two marginal stability cases
for the slow and fast angle tracking control. In addition,
eigenvalues can be computed based on the poles of the closed-
loop system. In Fig. [6(d), the blue dots show the eigenvalue
loci for the case of fast angle tracking control. When X,
changes from 0.1 to 1 or grid becomes weak, the dominant
eigenvalue pairs move towards left. The system is always
stable when X, is in the range of 0.1 — 1 and R; is 0.04.
In addition, when X is fixed at 0.16 and R; increases from
0.04 to 0.15, the eigenvalues (red dots) move towards right.
When R; reaches 0.15, the system is subject to oscillations
close to 27 Hz.

As a comparison, Fig. [f[e) shows the eigenvalue loci for
the slow angle tracking control. It can be seen that that the
system is not always stable when X is in the range of 0.1-1
and Ry is 0.04. Instead, X, has to be greater than 0.16 for
the system to be stable. Otherwise, the system is subject to



20-Hz oscillations.

Fig. @f) provides further analysis to show that when X,
is fixed at 0.16 and R; is fixed at 0.04, for the flow angle
tracking control, if the synchronizing angle increases from 0°
to 50°, the dominant oscillation mode will move to the left.
This implies that higher power exporting from the GFM helps
mitigate oscillations.

B. Stage 2: The effect of GFL’s frequency support

In Stage 2, we consider the impact of the GFL when it is
equipped with f-P control.

1) Feedback system construction: The feedback system
has been updated to include GFL’s f-P control effect, as shown
n Fig. [/] The GFL’s PLL tracks the PCC bus voltage phase
angle, as shown in Fig. [7| (the yellow block). The block is the
closed-loop transfer function of a PLL’s angle tracking system
and it acts as a low-pass filter:

Kypus + Kaaie) 1

S S

PLL = (

1+ (KP,PLL"Fm) 1’ (15)

S S

The above closed-loop transfer function is for a simple second-
order PLL with per unit voltage as input signals and it has
been derived in many textbooks, including [1f], [8]. For the
PI control parameter set of (60,1400), this PLL leads to a
bandwidth of 13 Hz (named as PLLI1 in the following studies),
for the parameter set of (180, 3200), this PLL leads to a
bandwidth of 32 Hz (named as PLL2).

The PLL’s output angle Ads is used to generate a frequency
for the f-P droop control. It can be seen that

LiA(g

— 1
Ro w0 (16)

AP;Ef =
where Rj is the droop parameter in pu.

Furthermore, through the power PI controller, the power
reference influences the d-axis’ current order Ai;czf and further
the d-axis current measurement Aigo. If the effect of voltage
on real power is ignored, then AP, = VAigp ~ Aig.
Therefore the closed-loop system from the power reference
to the power measurement can be expressed as follows:

AP K,+ %
= o = T g (17)
AP T 14K, + K

S

Gp

For the PI controller of 0.30 4 30/s, this is a low-pass filter
of bandwidth 4 Hz.

It can be seen that the introduction of the f-P control
influences the real power Pj, through the blocks in green.
The total effect of the green blocks is equivalent to the
addition of a high-pass filter. This addition can make stability
WOrse.

2) Linear System Analysis Results: Fig. [§] shows the
analysis results in three subplots. Fig. [§(a) shows the effect
of the addition on the path from the synchronizing angle to
the GFM’s real power P;. If there is no frequency support,
the real power from the GFL P, can be viewed as constant.
Therefore, AP; = AP, or the change in the total power from

the plant to the grid is same as the change in P;. With the
GFL’s frequency support, the synchronizing angle set up by
the GFM’s power-based synchronizing §; now influences the
GFL’s PLL angle, which further influences the power order
P5ef. So P, can no longer be assumed as constant. It can be
seen that the effect of the GFL’s frequency support acts as a
high-pass filter. In the frequency range of 10 Hz, the GFL’s
frequency support makes the sensitivity from P, to d; greater.
In turn, the open-loop system’s gain will be increased. This
can lead to oscillation instability in that frequency range.

Fig. [§[b) further demonstrates the effect of the frequency
support addition from the GFL on the overall feedback system.
It can be seen that the addition makes the open-loop system
gain greater and makes the previously stable system unstable.
Finally, Fig. [Bc) shows the time-domain step responses of a
change in Pf°f. It can be seen that the oscillation stability
becomes worse with the frequency support addition.

Fig. [0] shows the closed-loop system’s eigenvalue loci for
a changing R,. The grid impedance and R; are fixed at
0.17 pu and 2.5%, respectfully. It can be seen that when
R% increases, the dominant oscillation mode moves to the
right. When R% becomes 40, the system is subject to marginal
oscillatory stability. This set of analysis results again confirms
that the GFL’s frequency regulation may introduce unwanted
interactions with the GFM. The greater R% (or the smaller R5),
the more unstable the system becomes. A smaller droop reg-
ulation parameter means that for the same frequency change,
a generator is required to provide more power variation. This
constraint on Ry’s lower limit implies that the GFL’s frequency
support capability is limited in a hybrid power plant.

Remark 4: Introducing the f-P control in the GFL may
worsen oscillation stability related to the synchronizing loop.

C. Verification of the remarks EMT simulation results

The EMT simulation results are shown in Figs. and
The grid reactance is set as X, = 0.2 pu for the power
base of 200 MW. For the IBR’s power base of 100 MW, this
impedance is 0.1 pu. The grid strength is high. The GFM’s
outer controls are set as 0.5+ 1/s for both v4 and v, control,
while the GFL’s outer controls are set as 0.30 4+ 30/s for
real and reactive power regulation. The GFM’s P-f droop gain
is set to R; = 0.02, while the GFL’s f-P gain is set as
1/Ry = 80 = 1/0.0125. Additionally, the Q-V droop gain
n is set as 0.2.

Fig. [10] shows the simulation results when the Q-V droop is
initially disabled and both IBRs send out 0 power. At ¢ = 0.5
s, the power order of the GFM increases from O to 1. It can be
seen that the synchronizing angle and the real power P; both
increase. However, the system experiences 14-Hz oscillations.
At t = 1 s, when the Q-V droop is enabled, the oscillations
are dampened out. The Q-V droop control has the expression
as follows:

AV = —nAQ ~ nii,. (18)

If we consider that voltage is around 1 pu, then AQ) ~ —Ad,.
n can be viewed as a reactance. Therefore, the V-Q droop
control can be viewed as an equivalent circuit where a constant
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Fig. [T1] Equivalently, the V-Q control increases the effective
grid impedance and thereby can enhance stability caused

by the GFM’s synchronizing system. This simulation result
confirms Remark 1 that a larger grid impedance is beneficial

or strong grid may introduce oscillations.
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Fig. 10: The EMT simulation results. At t = 1 s, Q-V droop is enabled.

Fig. [I2] shows the effect of real power exporting level,
GFL’s frequency control, and grid strength on stability. The

Q-V droop is enabled for this study. Initially, the GFL’s f-P
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Fig. 11: The equivalent circuit of V-Q droop.

droop control is disabled. It can be seen that the system shows
poorly-damped oscillations. At ¢ = 0.5 s, the GFM’s power
order has a step change from O pu to 1 pu. It can be seen that
the GFM real power measurement P; follows the order and
also the system’s oscillation damping enhanced. This confirms
Remark 3 (increasing real power is beneficial to stability). At
t = 1s, the GFL’s {-P droop control is enabled and the system
is now subject to unstable 17-Hz oscillations. This confirms
Remark 4 (the GFL’s f-P control can make worsen stability).
At ¢t = 1.5 s, the grid strength reduces by doubling X,. This
helps oscillation damping. This again confirms Remark 1 (A
large X, is better for stability).

This case also compares a system without and with the
GFL’s frequency support. It can be seen that the addition can
make stability worse. The EMT simulation results clearly show
that the oscillations are most observable in GFM’s real power
and reactive power. The oscillations are visible in the GFL’s
real power and are negligible in reactive power. This fact
implicates that the while the oscillations are largely associated
with the GFM’s control and the GFL'’s frequency support
contributes to the oscillations as well. GFL’s reactive power
control does not contribute to the oscillations.
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Fig. 12: The EMT simulation results. At ¢ = 0.5 s, P{ef changes from 0 pu
to 1 pu. At t = 1 s, the GFL’s f-P control is enabled. It can be seen that
oscillations appear. At ¢ = 1.5 s, the grid strength reduces.

The stability issues can be resolved by having a faster
voltage control. Fig. [T3] shows the simulation results for the
same set of events of Fig. [I2] The voltage controller has a PI
controller of 2 + 2/s. It can be seen that the entire system
works stably.
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Fig. 13: The EMT simulation results for faster voltage control.

IV. TRANSIENT STABILITY IMPROVEMENT THROUGH
ADDITIONAL FREQUENCY SUPPORT

We illustrate the benefit of a well-designed GFM along with
a GFL with frequency support. Frequency support is available
in a GFM since it deploys power-based synchronization. This
synchronization provides frequency support. When the system
experiences frequency drop, the GFM will improve its output
power. On the contrary, a GFL in the real power regulation
control mode will not respond to frequency drop by improving
its real power. Prior research has shown that adding frequency
support can enhance synchronizing stability or suppress the
large PLL angle increase for a grid voltage dip [26]. Large
PLL angle deviation or PLL loss of synchronism has been
observed in real world (2021 Texas Odessa disturbance) and
resulted in large-scale solar PV tripping for a remote grid fault
contingency [27[]. Therefore, it is desirable to have not only
GFM in a hybrid power plant but also equip the GFL-IBR
with frequency support. The effect of the frequency control is
demonstrated using EMT simulation.

Fig. [T4] shows the EMT simulation results when the grid
strength is about 2 pu for the 200 MW power base. The
reactance of the grid is X, = 0.5 pu. Initially, the IBR power
plant is operating in the grid-connected mode. The two IBRs
are exporting zero power. At t = 1 s, the GFM-IBR’s power
order P;*! increases from 0 pu to 1 pu (the power base is 100
MW). At t = 2 s, the GFL-IBR’s power order P5°f increases
from O pu and 1 pu. At ¢t = 3 s, the grid voltage is subject
to a 50% dip. This dip lasts for 0.05 s and the grid voltage
recovers to 1 pu at 3.05s. At ¢ = 4 s, the breaker between
the transformer and the grid is open, disconnecting the power
plant from the main grid.

The P-f droop gain R; for the GFM is 0.04 pu/pu (the power
base is 100 MW), while the f-P gain for the GFL 1/Rs is 25
pu/pu (the power base is 100 MW). Therefore, both IBRs have
the same f-P droop gain of 0.04. Before 4 s, both IBRs send
out 1 pu real power. After 4 s, the main grid is disconnected
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Fig. 14: EMT simulation results. At t = 1 s, the GFM’s power order Pf‘Sf changes from O to 1 pu. At ¢t = 2 s, the GFL’s power order Pf‘Sf changes from 0
to 1 pu. From 3 — 3.05 s, a voltage dip of 0.5 pu occurs at the grid voltage. At ¢ = 4 s, the hybrid power plant is disconnected from the main grid.

and the IBRs serve 0 load power. Therefore, the total real
power from the two IBRs should be 0 pu, implicating a drop
of 2 pu real power. Based on the power-frequency relationship
shown below:

1 1
AP, = ——Af, AP, = ——A 1
1 7 /s 2 i f (19)
11
9= AP+ AP, = — [ — 4+ =) A 20
1+ AP, (R1+R2> f (20)
=—Af=0.04 pu= 2.4 Hz. 1)

It can be seen that the frequency after disconnecting from
the main grid should increase from 60 Hz to 62.4 Hz. This
analysis result matches the final frequency shown in Fig. [I3]
at 5 s.

During the grid-connected operating condition (from the
beginning to 4 s), the frequency is kept at 60 Hz at steady
state despite disturbances. It can be seen that at ¢ = 1 s, for
a step change in the GFM’s power order P}, the frequency
f1 immediately increases. This leads to the increase in the
synchronizing angle §;. Increasing the synchronizing angle
helps to increase the real power P; (when the voltage is kept
relatively constant) to match its order eventually. On the other
hand, from the control logic of the GFM, the increase in d;
leads to v, < 0. Due to the cross coupling item from v, to
ittt (—Bc,vy), the real current order increases and this leads
to the increase in real power until it matches the order. The v,
controller also responds to a dip in vj. iff increases, which
leads to the decrease in v4. Due to the cross coupling unit

Be +Vd added to the ig’f, ifff has to decrease. The two effects
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lead to oscillations in i;"f (and i,) as well as @Q);. Therefore,
(21 is seen to experience fast oscillations in the initial 0.2
seconds after the power order change.

The GFL’s power order P3¢’ is based on the f-P droop
control. When §; increases, the POI angle dpo; follows.
Furthermore, the GFL’s PLL angle 5 follows the POI angle.
An increase in the angle leads to an increase in the frequency
fo. This further leads to the initial decrease in P, att =1 s
due to the f-P droop control. Eventually P> is back to 0 pu
and fy is back to 60 Hz.

Att =2 s, the GFL’s power order Pi¢f has a step change
from O pu to 1 pu. In turn, the grid is subject to an increase in
the real current injection. Consider an inductive transmission
line:

Avg + jAvy = (Aig + jAZq)]X, 22)

it can be seen that an increase in 74 leads to an increase in
vq. In the GFL IBR, the increase in v, leads to the increase
in the PLL’s frequency f> and further the PLL’s output angle
d2. In the GFM IBR, the increase in v, leads to the reduction
in i;ﬁf due to the v, controller and the decrease in 4% due
to the cross coupling unit from v, to the d-axis current order
(—Bc,vg). Therefore, the initial response after ¢ = 2 s should
be an increase in (01 and decrease in P;. Eventually, P; is back
to 1 pu to follow its order, P» also follows its oder and settles
at 1 pu. The angles all settle at a larger value. )2 follows
its order and settles at 0 pu while (); increases to ensure the
voltage at 1 pu.

At t = 3 s, the grid voltage is subject to a 50% dip and this



o
a 051 o p2
0
295 3 305 31 315 32
—_ 1 [ Q
3 o5t 1[4
g 0 Q; H
0.5
295 3 305 31 315 32
1 . . . . \
3 —\r"’\f\/\/\ Vi
Sost
V2
0 ! ! ! ! :
295 3 305 31 315 32
65 . : : . .
= f
£ 60 TH
55 . A A . :
295 3 305 31 315 32
100 . : : . .
8 o
(=)
2 50 I~ & |
295 3 305 31 4§ 9 pol
Time (s)
(a)

100
3
S5 50 / | | ‘
2.95 3 3.05 3.1 3.15 3.2
Time (s)

(b)

Fig. 15: Comparison of with and without the frequency support from the GFL for a 0.5 pu voltage dip at the grid. (a) With the frequency support, the system

is stable. (b) Without the frequency support, the system becomes unstable.

dip lasts for 0.05 s. The enlarged plots are shown in Fig. [T3[a).
For a side-by-side comparison, the simulation results for the
case when the f-P droop control of the GFL is disabled are also
presented in Fig. [I3[b). It can be clearly seen that for a grid
voltage dip, there is an immediate increase in the POI angle
and an immediate decrease in the voltage. This translates to an
increase in vg and a decrease in vg. The reason is that v, is the
projection of the POI voltage on the synchronizing frame and
the synchronizing angle cannot change immediately, hence v,
has an immediate increase: Av, > 0. vg also experiences an
immediate decrease due to the grid voltage dip: Avg < 0.
Based on the outer loop control logic, Av, > 0 leads to an
immediate decrease in %' due to the cross coupling item.
Similarly, Avg < 0 leads to an immediate decrease in ifﬁf.
Compared to the effect of the cross-coupling items, the PI
controllers act much slower. Therefore, the initial change can
be seen as an increase in reactive power (J; and a decrease in
real power P;.

It can be seen that with the frequency support from the
GFL, the GFL’s real power decreases more since there is an
increase in frequency due to voltage dip and the power order
is reduced. Reduction in the real power helps boost voltage
and also helps reduce the POI angle. Both benefit transient
stability. The stabilizing effect of the frequency support can
be clearly seen in Fig. [T3]

V. CONCLUSION

In this paper, potential interactions among IBRs of two
different types in a hybrid power plant have been demonstrated
through EMT simulation studies. In addition, a set of feedback
systems consisting of the frequency controls of GFL-IBR
and GFM-IBR has been constructed. The block diagrams are
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used for quantitative stability analysis and identifying the
influencing factors for stability. It is found that strong grid, a
large P-f droop gain in the GFM, and introduction of additional
frequency support in GFL, contribute to oscillations in the sub-
synchronous region. It is also found that the voltage controller
in the GFM should be tuned fast for smooth operation. In
the power-angle feedback loop, fast control ensures fast angle
tracking performance and reduces phase lag in the open-loop
system. This characteristics helps oscillation stability. The
learning from this research can help IBR coordination design
and operation in a hybrid power system.
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