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Abstract——With the increased penetration of renewable ener‐
gy sources, the grid-forming (GFM) energy storage (ES) has 
been considered to engage in primary frequency regulation 
(PFR), often necessitating the use of a frequency deadband 
(FDB) to prevent excessive battery charging cycling and miti‐
gate frequency oscillations. Implementing the FDB is relatively 
straightforward in grid-following (GFL) control. However, im‐
plementing the FDB in GFM control presents a significant chal‐
lenge since the inverter must abstain from providing active pow‐
er at any frequency within the FDB. Therefore, in this paper, 
the performance of PFR control in the GFM-ES inverter is ana‐
lyzed in detail first. Then, the FDB is implemented for GFM in‐
verters with various types of synchronization methods, and the 
need for inertia response is also considered. Moreover, given the 
risk of oscillations near the FDB boundary, different FDB set‐
ting methods are proposed and examined, where an improved 
triangular hysteresis method is proposed to realize the fast re‐
sponse and enhanced stability. Finally, the simulation and exper‐
iment results are provided to verify the effectiveness of the 
above methods.

Index Terms——Primary frequency regulation (PFR), frequency 
deadband (FDB), grid-forming (GFM) control, energy storage 
(ES) inverter.

I. INTRODUCTION 

THE environment protection endeavor has been promot‐
ing the rapid expansion of sustainable and environment-

friendly renewable energy sources (RESs) [1], [2]. The RES 
typically works in the maximum power point tracking mode, 
resulting in the power fluctuation problem [3]. Energy stor‐
age (ES) inverters, with bi-directional power transmission 

and fast response capability, can suppress random and fre‐
quent power fluctuations, which are gradually used in auxil‐
iary service [4].

Currently, most ES inverters are integrated into the power 
grid in the grid-following (GFL) mode. However, in some re‐
gions with very high penetration of RESs, severe stability is‐
sues may arise in weak grids [5]. This GFL control utilizes 
the voltage phase derived from the phase-locked loop (PLL) 
to facilitate effective power tracking. The power reference 
for primary frequency regulation (PFR) is conventionally dis‐
seminated by a central controller through dedicated commu‐
nication lines. The central controller serves as an integrative 
mechanism that facilitates real-time communication among 
multiple inverters, ensuring a coordinated response to fre‐
quency deviations [6]. Nonetheless, the GFL control method 
necessitates a central controller with high computational and 
communication speeds. When faced with deteriorating fre‐
quency quality and grid voltage fluctuations, this method en‐
counters substantial challenges in terms of response time and 
the ability to support grid voltage [7].

Therefore, the grid-forming (GFM) control is considered 
in the recent deployment of ES to deeply participate in the 
voltage/frequency support. The droop control is a well-
known method that realizes voltage/frequency support and 
reasonable power allocation among different inverters [8]. 
Moreover, the virtual synchronous generator (VSG) is also a 
well-known method that can lower the rate of change of fre‐
quency (RoCoF) in the transient state by adding virtual iner‐
tia to the P-f droop control loop [9]. According to recent 
findings, the GFM inverter performs better in weak grids re‐
garding stability enhancement, transmission of renewable en‐
ergy over long distances, and voltage/frequency support. Re‐
garding different synchronization methods to realize the PFR 
and inertia control, the power synchronization control (PSC) 
and DC voltage synchronization control (DVSC) can be 
used in the ES inverter [10], [11]. The GFM converter with 
the DVSC method has a better physical equivalence with the 
synchronous generator (SG). The size of the DC-side capaci‐
tance is equivalent to the inertia constant of the synchronous 
generator (SG), while the DC voltage is equivalent to the ro‐
tational speed of the SG rotor [12].

PFR is one of the auxiliary services to realize fast power 
balance and frequency maintenance. In the PFR, the output 
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power and frequency must adhere to a predefined curve, typ‐
ically comprising a droop area, frequency deadband (FDB), 
and saturation area [13]. Due to fluctuations in short-term 
load demands and the inherent variability of RESs, minor 
perturbations frequently occur in the power grid, leading to 
frequency oscillations near the nominal range. Therefore, the 
governors of SGs need an FDB to mitigate unnecessary oper‐
ations and reduce wear and tear [14]. In China, the typical 
FDBs of hydropower units and thermal power units are 
±0.05 Hz and ±0.033 Hz, respectively. Similarly, the ES in‐
verters also need an FDB to avoid the frequent charging and 
discharging, thereby extending their lifespans and minimiz‐
ing unnecessary frequency adjustments. Hence, it is crucial 
to properly set the FDB size and select the FDB types for 
ES inverters.

Conventionally, SGs participate in PFR with the frequency 
governor of the prime mover after the release of rotor kinet‐
ic energy [15]. However, the response speed of SG is rela‐
tively slow due to the mechanical delay of the prime mover 
[16]. Currently, the ES inverter usually operates in the GFL 
mode, wherein implementing PFR is straightforward as the 
inverter merely needs to track the setpoint defined by the P-f 
curve [17]. For example, the GFL inverter can easily achieve 
zero power response within the FDB by simply setting the 
current reference to zero. In [18], considering the limitations 
of the state of charge (SOC) of ES, the droop coefficient 
and FDB size setting are discussed. Reference [19] proposes 
a step FDB to enhance the fast and accurate response capa‐
bilities of the ES inverter. However, in the above-mentioned 
methods, the algorithm is executed on a central controller, 
which then issues a power command to the GFL-ES invert‐
ers for power tracking. The adaptation of FDB methods spe‐
cifically for GFM-ES inverters has not been addressed.

When the GFM-ES inverter engages in the PFR, its out‐
put power is adjusted indirectly through the manipulation of 
the terminal voltage. Consequently, the current is not direct‐
ly controlled, posing challenges to precise power control 
[20]. The implementation of a droop control is relatively 
straightforward within this control framework; however, 
achieving a precise FDB and saturation control proves to be 
a more formidable task. As shown in Fig. 1, within the 
FDB, zero power output corresponds to a frequency range. 
Nevertheless, in a GFM inverter, frequency serves as a set‐
point for an internal control loop. Herein lies the issue: a 
range cannot serve as a definitive control command; other‐
wise, it would introduce substantial control complexities.

FDB

Δp

∆f

Fig. 1.　Diagram of PFR with FDB.

Regarding the FDB control in GFM-ES inverters, the piv‐
otal challenge lies in maintaining zero active power output 
within the specified FDB. This aspect has received limited 
attention in prior studies. The issue can be recast as the 

quest for precise and rapid control of the output current of 
GFM inverter, a topic that has garnered more research ef‐
forts. For example, after an overload or a grid fault, the 
GFM-ES inverters need current limiting control in the tran‐
sient state [21]. In [22] and [23], the current is directly limit‐
ed with a saturation module after the voltage loop to revise 
the current reference in the dq frame. In [24], an indirect 
current limiting method is proposed, where the virtual im‐
pedance increases in the transient state in the voltage loop. 
However, these approaches are not well-suited for power 
regulation within the FDB. This is because the current limit‐
ing control is primarily designed for abnormal transient con‐
ditions, where the voltage synchronization is significantly 
compromised due to the temporary suspension of the power 
control loop. Conversely, functioning within the FDB is a 
sustained normal operational mode that necessitates stringent 
voltage synchronization. Furthermore, devising a control 
strategy for zero power response within the FDB needs to 
consider variations in system configurations and different 
GFM topologies.

In this paper, the improved FDB control of the GFM-ES 
inverter is proposed. Firstly, the PFR performance of the 
GFM-ES inverter is investigated in detail. Then, the zero 
power response strategies suitable for GFM-ES inverters 
with different synchronization methods (i. e., DVSC and 
PSC methods) within the FDB are proposed. Furthermore, 
different FDB setting methods are proposed to enhance the 
PFR capability of the GFM-ES inverter and reduce oscilla‐
tions near the FDB boundary. Finally, the simulation and ex‐
periment results are given for verification. These methods 
address the critical barriers in the FDB control of the GFM-
ES inverter, and the main work and contributions are sum‐
marized as follows.

1) The PFR performance of GFL-ES and GFM-ES invert‐
ers are investigated and compared to quantify the merits of 
GFM-ES in PFR, especially under different grid strengths.

2) Two distinct methods for implementing FDB with dif‐
ferent inertia responses (IRs) have been proposed to cater to 
different application scenarios: ① the power-reference-based 
(PRB) method, which is further categorized into AC- and 
DC-side strategies, and ② the ES output point (EOP) volt‐
age-frequency-based (EVFB) method. The two methods can 
be applied to GFM-ES inverters with different topologies, 
synchronization methods, and IR demands, where all of 
them can realize almost zero power response in the steady 
state within the FDB.

3) To enhance the PFR performance of the GFM-ES in‐
verter, a step FDB with triangular hysteresis method is pre‐
sented, which can accelerate the response speed in PFR and 
suppress the oscillation near the FDB boundary.

II. DIFFERENCE OF GFL-ES AND GFM-ES INVERTERS WHEN 
PARTICIPATING IN PFR 

A. Control Scheme for ES Inverter when Participating in 
PFR

The control structure of a three-phase grid-connected ES 
inverter is illustrated in Fig. 2, where PI is short for propor‐
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tional and integral; PWM is short for pulse width modula‐
tion; and RPC is short for reactive power controller. Nota‐
bly, the DC voltage is set to be constant as the inverter con‐

trol in PFR is mainly studied. The variables related to the 
non-control part of the grid-connected ES inverter are de‐
scribed in Supplementary Material A. 

The control structure of the GFL-ES inverter is shown in 
Fig. 2(a), which includes the PLL, IR, and PFR controllers, 
power calculation and power command generation modules, 
and inner current control loop. In contrast, the GFM-ES in‐
verter shown in Fig. 2(b) uses the PSC loop for synchroniza‐
tion. Notably, the GFM-ES inverter omits the need for an ex‐
plicit power command, as the power response is inherently 
adaptive to the changes of the grid voltage. Furthermore, the 
participation of GFL inverters in PFR is generally achieved 
by using a central controller to facilitate power allocation be‐
tween the plant and individual inverters via communication 
during a disturbance. Therefore, in GFL inverters, the IR and 
PFR are typically realized within a centralized control archi‐
tecture. Conversely, in GFM inverters, the implementation of 
IR and PFR is integrated directly into the local control loop, 
thereby eliminating the need for a separate central controller.

B. Active Power Response Analysis for ES Inverter

Currently, PFR primarily relies on the central controller 
applied as a fast frequency control manager, which involves 
command transmission from the station to the individual in‐
verter, and this command transmission introduces the time 
delay e-ts. Neglecting the higher-order terms of the time de‐
lay, it can be approximated as a first-order inertial element 
1/(Td1 s + 1), as shown in Fig. 2(a). During sudden power dis‐
turbances, both the frequency and RoCoF from PLL mea‐
surements experience abrupt changes, leading to suboptimal 
dynamic performance. The PLL struggles to accurately mea‐
sure the actual frequency and RoCoF, which reduces the iner‐
tia support power supplied by the ES, diminishing the effec‐
tiveness of inertia control in the GFL method. To address 
this challenge, this paper was inspired by using the first-or‐
der high-pass filter, denoted as s/(Td2s + 1), as shown in IR 

and PFR module in Fig. 2(a). This approach helps mitigate 
oscillations and fluctuations, thereby improving the IR abili‐
ty.

The power response of GFL-ES inverter to frequency 
changes is given by:

p̂ES =-
1

Td1 s + 1
kDESω̂ES -

1
Td2 s + 1

kIES

dω̂ES

dt (1)

where kD,ES and kIES are the droop coefficient and virtual in‐
ertia, respectively; ωES is the angular frequency of ES invert‐
er; pES is the output power of ES inverter; and the symbol  ̂ 
represents the increment of the corresponding variable.

For the GFM-ES inverter, the frequency control is funda‐
mentally governed by the PSC loop, as illustrated in Fig. 2(b). 
The control structure here embodies the principle of a VSG, 
wherein IR is inherently considered. When the frequency dif‐
ferential is excluded from the control algorithm, the system 
reverts to a conventional droop control. The PSC loop can 
be depicted as:

p̂ES =-kDESω̂ES - JESωref

dω̂ES

dt
(2)

where JES is the virtual inertia; and ωref is the reference angu‐
lar frequency.

The difference between (1) and (2) is that the GFL-ES in‐
verter has an uncertain delay, and the relationship of JES and 
kIES can be written as (3) if ignoring the delay of low-pass 
filter.

kIES = JESωref (3)

The time delay impacts on the GFL-ES inverter connected 
to an SG with limited capacity are analyzed, which means 
the SG itself has PFR capability. Figure 3 shows the dynam‐
ic PFR of the GFL-ES inverter with different delay time Td1 
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Fig. 2.　Control structure of a three-phase grid-connected ES inverter. (a) GFL-ES inverter. (b) GFM-ES inverter.
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and GFM-ES inverter considering a load step increase of 
0.01 p.u., where fBUS is the frequency of the AC bus, which 
is also called grid frequency fg. Though the PLL is not used 
for PFR control in the GFM-ES inverter, as shown in Fig. 
2(b), it is still employed for observation to ensure the fair‐
ness of comparison between the GFL-ES inverter and GFM-
ES inverter. It is evident that as Td1 increases, the GFL in‐
verter experiences a notable increase in both RoCoF and fre‐
quency deviations, which means a smaller Td1 can support 
the frequency more quickly and decrease the frequency na‐
dir. Furthermore, Fig. 3 reveals that the performance of the 
GFM-ES inverter remains superior, even when Td1 in the 
GFL-ES inverter is reduced to an anomalous value of 0.005 
s, i.e., a duration much shorter them typical PFR communica‐
tion delays within RES stations.

The impact of the time constant Td2 is also investigated, 
as shown in Fig. 4. The simulation outcomes of fBUS with 
GFL-ES inverter show that smaller Td2 will lead to increased 
frequency oscillations, but even if Td2 is large enough, the 
PFR performance of GFL-ES inverter is also worse than that 
of the GFM-ES inverter.

After choosing suitable Td1 and Td2, the dynamic PFR in 
weak grids is examined, where the SCR serves as an indica‐
tor of grid strength, and a decreasing SCR means a weaken‐
ing grid. As depicted in Fig. 5, we compare the dynamic 
PFR of GFM-ES and GFL-ES inverters with different SCRs. 
As shown in Fig. 5(a), for the GFM-ES inverter, the grid fre‐
quency exhibits a relatively low sensitivity to variations in 
the SCR. However, as illustrated in Fig. 5(b), the GFL-ES 
inverter exhibits pronounced RoCoF and increased frequency 
deviation when the SCR decreases, despite the utilization of 
optimized Td1 and Td2 settings. This highlights the vulnerabil‐

ity of GFL-ES inverter to grid weakness. Therefore, the PFR 
of GFM-ES inverter is important, which is introduced in the 
following sections.

III. IMPLEMENTATION OF FDB FOR DIFFERENT TYPES OF 
GFM-ES INVERTERS 

In the GFM-ES inverter, the active power is determined 
by the voltage phase difference between the inverter termi‐
nal and EOP. This feature will cause continuously active 
power change within the FDB, potentially leading to a di‐
minished ES service life and exacerbating frequency oscilla‐
tions. Therefore, this section discusses how to implement 
FDB for different types of GFM-ES inverters.

As shown in Fig. 6, the ES inverters are typically catego‐
rized into two primary architectures: ① single-stage and ② 
two-stage configurations, which are with and without DC/
DC pre-stages, respectively. Notably, the PSC method can be 
used in both types of ES inverters, while the DVSC method 
is exclusively applicable to the two-stage configuration. The 
implementation of FDB is studied for GFM-ES inverters 
with both methods.

A. Implementation of FDB for GFM-ES Inverter with DVSC 
Method

1)　DVSC Method
The active power response of SG can be derived with the 

model shown in Fig. 7.
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The relationship between the angular frequencies of EOP 
ωo and SG ωSG is written as [25]:

ì

í

î

ï

ï
ïï
ï

ï

ï

ï
ïï
ï

ï

ω̂SG

ω̂o

=
1

1 +
kDSG

kpSG

s +
JSGωref

kpSG

s2

kpSG =
3ESGUo

2XSG

(4)

where kDSG, kpSG, JSG, ESG, Uo, and XSG are the droop coeffi‐
cient, power coefficient, rotor inertia of SG, voltage of SG, 
voltage of EOP, and line impedance on SG side, respective‐
ly.

The control structure of DVSC method is shown in Fig. 8, 

where the relationship between ωo and angular frequency of 
ES ωES can be written as (5), which has been introduced 
in [26].

ì

í

î

ï
ïï
ï
ï
ï

ï

ï
ïï
ï

ï

ω̂ES

ω̂o

=
1

1 -
GuGω

kpES

s -
CdcUdcGω

kpES

s2

kpES =
3UESUo

2XES

(5)

where kpES, UES, XES, Cdc, and Udc are the power coefficient 
of ES, voltage of ES inverter terminal, line impedance on 
the ES side, capacitance of DC capacitor, and DC rated volt‐
age, respectively; and the temporary variables Gω and Gu 
can be obtained as (6) by comparing (4) and (5) to imitate 
the characteristic of SG.

ì

í

î

ï
ïï
ï

ï
ïï
ï

Gω =
JESωref

CdcUdc

Gu =-
CdcUdckDES

JESωref

(6)

According to (6), the physical meaning of the DVSC 
method is clear, and it can be used for guiding the design of 
virtual inertia JES and droop coefficient of ES kDES.
2)　DC-side PRB Method

For the GFM-ES inverter with DVSC method, the FDB is 
implemented by modifying the DC-side power reference 
pdcref, and then the DC/DC control loop is used to track 
pdcref with a inner current loop. As shown in Fig. 8, a switch 
signal is added to realize zero power response. The switch 
signal is determined by whether the magnitude of the fre‐
quency deviation is within the FDB. As shown in Fig. 9, tak‐
ing the triangular hysteresis as an example, when the fre‐
quency variation falls within the FDB, the switch signal is 
set to be 0; otherwise, it is set to be 1. Furthermore, if the 
frequency deviation transitions from being outside the FDB 
to within it, yet remains within the triangular hysteresis area, 
the calculated droop coefficient GHDu is renewed and utilized.

The FDB size is determined based on the current field ap‐
plication status of PFR and the requirements for the partici‐
pation of RES in PFR. The triangular hysteresis size is deter‐
mined by considering the need to suppress frequency oscilla‐
tions and reduce the number of ES charging and discharging 
cycles.

Within the FDB, the post-stage power increment Dpac is 
equal to zero as the switch signal is 0. Therefore, setting the 
post-stage power reference PESref = 0, the DC-side power ref‐
erence pdcref will equal zero, and the zero power response 
for PFR will be realized within the FDB. It should be noted 
that with the DC-side PRB method, the ES inverter can also 
provide IR through the DC capacitor instead of the ES with‐
in the FDB as the 1/Gω is related to the inertia JES, which al‐
so helps reduce unnecessary cycling of ES.

B. Implementation of FDB for GFM-ES Inverter with PSC 
Method

1)　PSC Method
The control structure of the PSC method is illustrated in 

Fig. 10. 
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Based on the quasi-static model, the dynamic relationship 
between the active power response and grid frequency distur‐
bance can be expressed as:

ì
í
î

pES = kpESδ

δ = θES - θo

(7)

where δ is the difference between the voltage phases of ES 
inverter terminal θES and EOP θo.

In the time domain, the voltage phases of the ES inverter 
terminal and EOP can be expressed as (8). By combining (7) 
and (8), the relationship between δ and reference angle for 
active power control δref in the time domain can be formulat‐
ed as (9).

ì
í
î

θo (t)=ωot

θES (t)=ωreft + δref (t)
(8)

δref (t)= (ωo -ωref )t + δ(t) (9)

From (9), different ωref will influence the output active 
power in steady states, which can be illustrated by (10). 
Therefore, setting the droop coefficient of ES kDES to zero 
or ωref to ωo will enable the implementation of FDB.

pES =PESref - kDES (ωo -ωref ) (10)

2)　AC-side PRB Method
As shown in Fig. 11, the AC-side power reference can be 

modified to mimic the DC-side PRB method. This method 
sets the droop coefficient kDES to zero. Typically, there are 
two types of control methods for the PSC method: VSG and 
droop control. Both utilize the same switch signal module of 
the triangular hysteresis, as illustrated in Fig. 9, to imple‐
mente the FDB.

In the VSG control, the switch signal module is incorpo‐
rated into the feedback loop of the P-f droop control, while 
the IR remains active. Then, the power increment DpESD 

changes to zero when the frequency deviation is within the 
FDB. Herein, the IR unit inherently functions as an integral 
control loop to track the power reference of ES PESref that is 
set to be zero in this state. This implies that the VSG control 
realizes zero power output within the FDB in steady state 
while IR is still active. It should be noted that AC-side PRB 
method cannot be applied to the droop control shown in 
Fig. 11(a). This is because the control loop will break if 
DωES equals zero within the FDB, especially with the ab‐
sence of an inertia-based integral unit.

C. Implementation of FDB for GFM-ES Inverter with EVFB 
Method

In the EVFB method, the frequency reference ωref changes 
to ωME within the FDB, using a PLL for frequency measure‐
ment. Figure 12(a) illustrates the switch signal selection 
module, which comprises a PLL and a triangular hysteresis. 
The Quasi-static model for active power response is shown 
in Fig. 12(b). Equation (10) is modified to (11) with frequen‐
cy reference ωn, showing that the output active power is pro‐
portional to the deviation ωo -ωn.

pES =PESref - kDES (ωo -ωn ) (11)

The measured frequency ωME is captured from ωo, and 
then (10) is modified as:

pES =PESref - kDES (ωo -ωME ) (12)

In the steady state, the measured frequency ωME equals 
ωo. Consequently, the actual output power is equal to the 
power reference PESref. Therefore, the GFM-ES inverter with 
the EVFB method does not participate in the PFR within the 
FDB after setting PESref = 0.

Notably, the EVFB method can be applied to both VSG 
and droop control, and it also can be utilized in the DVSC 
method as all the GFM control methods have a similar rela‐
tionship shown in (10). Compared with the PRB method, the 
key difference is that the EVFB method can reduce the IR 
within the FDB, as the terminal frequency is directly fed 
back into the control loop, and the IR is only provided in 
the transient state for the control delay.

In summary, two types of methods for the implementation 
of FDB have been proposed to cater to different application 
scenarios: ① the PRB method, which is further categorized 
into AC- and DC-side PRB methods, and ② the EVFB 
method. The PRB method activates the IR while the EVFB 
method does not activate IR within the FDB to satisfy differ‐
ent IR requirements. The following conclusions can be drawn.
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1) The DC-side PRB method is applicable in two-stage to‐
pologies utilizing the DVSC method, whereas the AC-side 
PRB method is utilized for VSG control.

2) The EVFB method for FDB is universally applicable to 
GFM-ES inverters.

IV. CONFIGURATION OF FDB

This section discusses the configuration of various types 
of FDB mechanisms and proposes an improved triangular 
hysteresis based FDB setting method, particularly aiming at 
enhancing the system dynamic response and eliminating os‐
cillations near the FDB boundary.

A. FDB Setting Method

Figure 13 shows four different FDB setting methods. Fig‐
ure 13(a) shows a normal deadband (NBD) in which the out‐
put power begins to increase from zero when the frequency 
deviation exceeds the FDB. This FDB setting method is gen‐
erally used for the conventional SG because the response 
speed is slow. To enhance the PFR capability of the ES in‐
verter, the step deadband (SDB) shown in Fig. 13(b) is 
adapted. When the frequency deviation is outside the FDB, a 
fast step response can accelerate the desired frequency re‐
sponse and also reduce frequency deviation in the steady 
state. However, this control method may lead to oscillations 
near the FDB boundary, especially when the ES inverter op‐
erates in the GFM mode. To deal with the oscillation prob‐
lem, a rectangular hysteresis is usually added to the step 
deadband, termed RHSDB, as shown in Fig. 13(c), which 
can reduce the oscillation near the FDB boundary.

The RHSDB method is expressed as:

DpES =

ì

í

î

ï

ï
ïïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

0 ||Df < fhdbES

0 fhdbES < ||Df < fdbESDfDf ̇> 0

Pdb sgn(Df ) fhdbES < ||Df < fdbESDfDf ̇< 0

kDESDf fdbES < ||Df < fsES

Pmax sgn(Df ) ||Df > fsES

(13)

where fhdbES, fdbES, and fsES are the boundaries of the hystere‐
sis, FDB, and saturation areas, respectively; Pdb and Pmax are 
the output power values in the hysteresis and saturation areas, 
respectively; Df and DpES are the frequency deviation and relat‐
ed power increment, respectively; and sgn(×) is the signum 
function.

The rectangular hysteresis method needs a larger hystere‐
sis band to prevent oscillation more effectively. However, 
this will deteriorate the performance both in droop and dead‐
band states. To address the aforementioned issues, an en‐
hanced triangular hysteresis method in step deadband, which 
is termed THSDB, is proposed, as shown in Fig. 13(d), 
which can be mathematically represented by (14). This con‐
trol method employs a vertical transition when frequency 
moves from the FDB to the droop area, thereby expediting 
the system response time. Conversely, a diagonal line is uti‐
lized when returning from the droop area to the FDB, which 
moderates the RoCoF near the FDB boundaries, thus damp‐
ening oscillations. This allows active power adjustments 
through an additional droop curve in this area and the fre‐
quency reference equals fn ± fhdbES. The THSDB method ef‐
fectively mitigates oscillation that occurs near the FDB 
boundary and reduces the need for larger hysteresis margins.
DpES =

ì

í

î

ï

ï

ï
ïï
ï

ï

ï

ï

ï

ï
ïï
ï

ï

ï

0 ||Df < fhdbES

0 fhdbES < ||Df < fdbES DfDf ̇> 0

kHDES ||Df - fhdbES sgn(Df ) fhdbES < ||Df < fdbES DfDf ̇< 0

kDESDf fdbES < ||Df < fsES

Pmax sgn(Df ) ||Df > fsES

(14)

In summary, the EVFB method with triangular hysteresis 
is suitable for both DVSC and PSC methods. The PRB meth‐
od with triangular hysteresis can be applied in the DVSC 
and VSG methods.

B. Triangular Hysteresis Size

The triangular hysteresis size should not be excessively 
large. Currently, the mechanical FDB, the minimum FDB of 
RESs, and the frequency deviation experienced under distur‐
bances are approximately 0.02 Hz [18]. Therefore, the 
boundary for the THSDB can be set as 0.02 Hz, which 
means || fhdbES = 0.02 Hz.

The PFR deadbands for hydropower units and thermal 
power units are set to be ±0.05 Hz and ±0.033 Hz, respec‐
tively. To decrease the PFR times provided by conventional 
SGs, the FDB of the ES inverter needs to be smaller. There‐
fore, once fdbES is determined, the droop coefficient kHDES in 
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Fig. 13.　FDB setting methods. (a) NBD. (b) SDB. (c) RHSDB. (d) THSDB.
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the improved triangular hysteresis area can be derived as:

kHDES =
kDES fdbES

fdbES - fhdbES
(15)

V. SIMULATION 

To verify the effectiveness of the FDB control methods 
for the GFM-ES inverter, the system depicted in Fig. 6, 
which includes a two-stage DC/AC converter and an SG, is 
simulated. The rated active power of SG PSGref is scaling 
down to 20 kW to align with the power level of ES inverter. 
To enhance the PFR ability of ES inverter, the FDB of ES is 
set smaller than that of SG, and the main simulation parame‐
ters are shown in Table I. Notably, to suppress the power os‐
cillation within FDB, the damping is still required within 
FDB, including the damping from the dual-loop control and 
damping control of the power loop.

A. DVSC Method

Figure 14 shows the simulation results of the DVSC meth‐
od with a load disturbance of 0.2 kW at 10 s, where WDB 
is referred to without FDB.

As shown in Fig. 14(c), all frequency deviations remain 
within the FDB. With the DC-side PRB and EVFB methods, 
the active power response of ES inverter for the PFR is zero 
in steady state, as indicated in Fig. 14(a). The output power 
of ES inverter is zero in the transient state with the DC-side 
PRB method as the IR is provided by the DC capacitor. To 
ensure the DC voltage variation Dudc smaller than the limit, 
the inertia should not be too large, and the related simulation 
results are shown in Supplementary Material A Fig. SA1.

B. PSC Method

The simulation results for PSC method are presented as 
follows with a load disturbance of 0.2 kW at 10 s.

The simulation results of droop control are depicted in 
Fig. 15. As previously introduced, the AC-side PRB method 
makes DωES equal to zero within the FDB, preventing the ac‐
tive power response from being zero. Therefore, the droop 
control method can only utilize the EVFB method.

The simulation results for VSG are shown in Fig. 16. It 
can be found that the power response within the FDB is zero 
in the steady state with the AC-side PRB and EVFB methods. 
A little power change is observed in the transient state due to 
the IR, while the AC-side PRB method has more evident IR.

TABLE I
MAIN SIMULATION PARAMETERS

Parameter

kD,SG

Damping factor of SG DSG

JSG

FDB of SG fdb,SG

kD,ES

Cdc

Udc

fdb,ES

fhdb,ES

Value

20 kW/Hz

0.12 kW/Hz2

3 kg·m2

±0.05 Hz

20 kW/Hz

8×10-4 F

750 V

±0.03 Hz

±0.02 Hz
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Fig. 15.　Simulation results of droop control. (a) Active power of ES invert‐
er. (b) Grid frequency.
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Fig. 16.　Simulation results of VSG control. (a) Active power of ES invert‐
er. (b) Grid frequency.
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C. FDB Setting Methods

This subsection simulates different FDB setting methods 
when the ES inverter suffers a sudden load increase that 
causes the frequency deviation exceeding the FDB. As 
shown in Fig. 17, the load increases by 0.5 kW at 10 s and 
decreases by 0.4 kW at 14 s.

From Fig. 17(a) and (b), it can be observed that the NDB 
method weakens the PFR ability of the ES inverter, leading 
to a larger frequency deviation. The SDB and RHSDB meth‐
ods can enhance the PFR performance; however, the SDB 
method converges fES to 49.97 Hz, resulting in power refer‐
ence oscillations between 0 and 0.6 kW. In addition, the 
RHSDB method will make fES between 49.97 Hz and 49.98 
Hz, contributing to power reference oscillation as shown in 
Fig. 17(c) and (d). This indicates that both the SDB and 
RHSDB methods may cause oscillations after disturbance.

The THSDB method shown in Fig. 13(d) effectively ad‐
dresses the oscillation problem by preventing sudden chang‐
es in the power reference from 0 to 0.6 kW. As shown in 
Fig. 17(b), all of the FDB setting methods can smoothly re‐

turn to the FDB area when the load decreases at 14 s.
In summary, ① the EVFB method for zero active power 

response within the FDB is universally applicable for the 
GFM-ES inverter and operates with a smaller IR; ② the 
PRB methods with a larger IR are beneficial for the two-
stage ES inverter with the DVSC and VSG methods, but the 
DC-side PRB method needs to consider the deviation of DC 
voltage; and ③ the THSDB method for FDB setting can en‐
hance the PFR performance of ES inverter and prevent oscil‐
lation in more situations.

VI. EXPERIMENT 

To further verify the effectiveness of the FDB control 
methods for the GFM-ES inverter, an islanded microgrid 
comprised of two single-stage GFM-ES inverters is built as 
shown in Fig. 18. In this setup, VSG1 is used to emulate the 
SG, while VSG2 is utilized to validate the FDB control 
methods. The FDB of VSG1 is set to be zero with PFR capa‐
bility, which can provide extra power demand when VSG2 
is within the FDB. The main experiment parameters are 
shown in Table II.
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Fig. 17.　 Simulation results of different FDB setting methods. (a) Active 
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A. FDB Control Loop

Figure 19 presents the experiment results of different im‐
plementation methods for FDB with a load increasement of 

0.56 kW. The active power of VSG1 and VSG2, and the 
grid frequency values are output via the DAC ports of digi‐
tal signal processor (DSP). The active power range is set 
from -0.5 to 2.5 kW, and the frequency range is set from 
49.9 to 50.05 Hz.

From Fig. 19, it can be observed that the grid frequency 
remains within the FDB. The output active power of VSG1 
and VSG2 is evenly distributed for WDB, as shown in Fig. 
19(a). After increasing the load, the output active power of 
VSG2 remains zero in the steady state with the PRB and 
EVFB methods, while VSG1 provides all the power, as 
shown in Fig. 19(b) and (c). In addition, to further verify the 
reliability of different implementation methods for FDB and 
imitate the real-world power grid, the experiment results for 
the voltage and current of VSG2, and a continuous load dis‐
turbance are shown in the Supplementary Material A Fig. 
SA2 and Fig. SA3, respectively.

From Fig. 19, it can be found that both the PRB and 
EVFB methods have no power response for PFR in the 
steady state, the PRB method provides larger IR in the tran‐
sient state with a lower RoCoF as discussed in the theoreti‐
cal analysis.

B. FDB Setting Methods

This subsection conducts experiments with various FDB 
setting methods in response to a sudden load increase of 
0.99 kW, which causes the frequency deviation to exceed the 
FDB. Follows this, a load decrease of 0.74 kW is set after 
the system reaches the new steady state to confirm that the 
system can return to the FDB.

From Fig. 20, it can be observed that the experimental re‐
sults align closely with the simulation results. The NDB 
method weakens the PFR capability of VSG2, as shown in 
Fig. 20(b), leading to larger grid frequency deviations. Fig‐
ure 20(c) demonstrates that the SDB method can enhance 
the PFR performance of VSG2 to a certain extent. However, 

this method introduces power reference oscillations as 
shown in Fig. 20(f), indicating oscillations in control loops. 
The RHSDB method can further enhance the PFR ability, as il‐
lustrated in Fig. 20(d), with a larger power response, but it 
still exhibits oscillations in control loops, as shown in Fig. 
20(g). The experiment result in Fig. 20(e) shows the THSDB 
method can enhance the PFR ability of VSG2 and suppress 
the oscillation in control loops within the hysteresis area.

The experimental results validate the effectiveness of the 
PRB and EVFB methods for the implementation of FDB. 
Additionally, the THSDB method for enhancing the PFR ca‐
pability and suppressing oscillation in control loops is also 
verified.

TABLE II
MAIN EXPERIMENT PARAMETERS

Symbol

Ug

Udc

PVSG1,ref

PVSG2,ref

kD,VSG1

kD,VSG2

JVSG1

LVSG1

LVSG2

fdb,VSG2

fhdb,VSG2

Rc

Definition

Rated grid voltage

Rated DC voltage

Power reference of VSG1

Power reference of VSG2

Droop coefficient of VSG1

Droop coefficient of VSG2

Inertia of VSG1

Line impedance of VSG1

Line impedance of VSG2

FDB of VSG2

Boundary of hysteresis for VSG2

Constant load

Value
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Fig. 19.　Experiment results of different implementation methods for FDB. (a) WDB. (b) PRB. (c) EFVB.
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VII. CONCLUSION 

In this paper, the methods for minimizing the participation 
of GFM-ES inverter in PFR within the FDB are presented. 
In addition, the THSDB method for the FDB setting is pro‐
posed to enhance PFR capability and suppress oscillations in 
the FDB border. The conclusions are drawn as follows.

1) The PRB and EVFB methods are proposed for the im‐
plementation of FDB with different IR in the GFM-ES in‐
verter. The PRB method is applicable in both DVSC and 
VSG methods while maintaining the IR performance. The 
EVFB method is universally suitable for the GFM-ES invert‐
er with reduced IR performance. These methods can reduce 
ES charging cycling, thereby extending the battery’s lifes‐
pan.

2) To enhance the PFR performance of ES inverter, the 
SDB and RHSDB methods are presented, while these meth‐
ods may cause oscillations around the FDB boundary. Fur‐
thermore, the THSDB method is proposed to address oscilla‐
tion, and it not only improves the PFR performance but also 
facilitates smoother transitions between different operating 
states, and reduces the risk of frequency oscillation in the FDB.
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