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Abstract—Ultra-low-frequency oscillations (ULFO) below 0.1
Hz have become a serious stability concern in hydropower-
dominated and low-inertia systems. This paper shows that fast-
acting energy storage systems (ESS), originally installed for fast
frequency response (FFR), can also provide effective damping
for ULFO. Building on this insight, we develop a state-space
framework that embeds ESS frequency-control loops and analyt-
ically clarifies how ESS capacity, control gains, and siting reshape
ULFO modes. Eigenvalue loci with increasing ESS participation
confirm a shift from weak or negative to positive damping. Time-
domain simulations on a representative hydropower-dominated
network reproduce a historical-type ULFO event and demon-
strate that suitably sized and sited ESS units suppress oscillations
without wholesale governor retuning; with ESS support, only a
subset of governors requires adjustment to meet damping targets.
Overall, ESS markedly reduces oscillation amplitude, increases
damping in the ULFO band, and remains effective across
high-renewables scenarios, offering a practical complement to
governor-centric solutions.

Index Terms—Ultra-low-frequency oscillations, energy storage,
auxiliary damping, eigenvalue analysis.

I. INTRODUCTION

The rising share of clean energy has heightened the risk
of ULFO in hydropower-dominated systems with large out-
bound transfers. Observed in regions such as Yunnan/Sichuan
(China), Colombia, and Ireland, ULFO appears as a grid-
wide synchronous frequency swing, driving large fluctua-
tions in frequency and power flow. Consequences range from
equipment wear and HVDC blocking to frequency collapse,
posing serious threats to secure operation. Understanding
ULFO mechanisms and developing effective countermeasures
is therefore essential for high-renewables power systems.

ULFO stems from negative damping arising from the inter-
action between turbine water-hammer dynamics and governor
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control, which sustains a mismatch between mechanical and
electromagnetic power. Existing mitigation follows two main
tracks: governor parameter optimization and auxiliary damping
control.

For parameter optimization, [1], [2] address single-machine
cases using improved beetle antennae search and PSO to tune
PID gains, while [3] proposes deep reinforcement learning
for hydropower clusters. By building an analytical damping
model with security constraints, the model balances oscillation
suppression and frequency-regulation performance. To adapt
online, [4] designs a switching-type governor based on local
damping contribution ratios.

For auxiliary damping, [5] optimizes an SVC-based con-
troller; [6], [7] add active-power damping support from PV
plants. Governor-based designs show that traditional PSS
offers limited damping in the ULFO band, whereas a governor-
based PSS (GPSS) can supply significant positive damping
[8]. A proportional-resonant PSS (PR-PSS) is proposed in [9],
with DRL used to retune parameters across operating points.
Further, the control-frame-based GPSS (CFSGPSS) in [10]
sustains ULFO suppression and improves PFR relative to PID
tuning.

However, optimizing governor parameters can blunt fast
unit response and degrade PFR, slowing post-fault recovery.
Added damping loops may also compromise performance
at other frequencies (e.g., inter-area/low-frequency modes).
Meanwhile, higher penetrations of wind and PV intensify
frequency variability, increasing demands on hydropower reg-
ulation and potentially aggravating ULFO risk.

To overcome these limitations, this paper shifts the focus
to ESS with millisecond-level response and examines the
mechanisms by which ESS participation in FR shapes ULFO
modes. The detailed contributions are as follows: 1) clarifies
how millisecond-response ESS participation in FR reshapes
ULFO modes, relieving the regulation burden on hydropower
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Fig. 1. The frequency of different power plants.

units and enhancing system damping; 2) develops a detailed
multi-machine model with ESS frequency-control loops to
analyze the impacts of ESS capacity, control parameters,
and interconnection location on dominant ULFO modes; 3)
demonstrates that properly configured ESS can suppress oscil-
lation amplitude, increase damping in the ultra-low-frequency
band, and remain effective under high-renewables scenarios.

II. REVIEW OF ULTRA-LOW-FREQUENCY OSCILLATION
A. ULFO in Yunnan Asynchronous Power Grid

The China Southern Power Grid (CSG) planned Yunnan as a
separate sending-end system tied to the main grid via six back-
to-back HVDC links. During an asynchronous interconnection
test on March 28, 2016, after AC tie-line disconnection, the
Yunnan grid exhibited multi-hour frequency swings: around
50.05/49.95 Hz during up/down regulation, intensifying to
0.053 Hz between 21:00-22:00 (as shown in Fig. 1).

Disabling Automatic Generation Control (AGC) or reduc-
ing output was ineffective; the oscillation ceased only after
disabling primary frequency control at six major hydropower
stations.

B. Phenomenology

ULFO is a phenomenon characterized by frequency sta-
bility, in which generators remain synchronized and exhibit
nearly identical trajectories across the grid within a frequency
band of less than 0.1 Hz. This behavior is distinct from
conventional low-frequency oscillations, which occur between
0.2 and 2 Hz and are driven by relative rotor-angle motions.

979-8-3315-8138-1

The 0.053 Hz oscillation observed during the 2016 Yunnan
event confirms the frequency nature of this phenomenon.

C. Mechanism

In hydro-dominant systems, hydraulic inertia from the
water-hammer effect and governor phase lag can inject neg-
ative damping in the ULFO band if PID gains are poorly
tuned, undermining small-signal stability [11], [12]. Weak
system connectivity further lowers the oscillation frequency
and damping ratio as hydro share rises, aggravating ULFO
risk [13].

D. The Current Measures of Yunnan Power Grid to Deal with
ULFO and Its Limitations

Currently, engineering practice emphasizes governor-
parameter optimization, which has removed ULFO under
multiple fault scenarios. However, optimization entails trade-
offs and parameter uncertainty: it can blunt fast response and
PFR, and depends on hard-to-generalize parameters such as the
water-hammer time constant 7, limiting achievable damping
margins.

III. ANALYSIS OF THE CHANGE OF FREQUENCY
CHARACTERISTIC IN YUNNAN ASYNCHRONOUS POWER
GRID

A. Large-scale Grid Connection of Renewable Energy Sources

Since 2021, the Yunnan asynchronous system has changed
in two material ways:

1) Large-scale wind and PV integration has reduced iner-
tia and available frequency-regulation resources, while
ULFO has further weakened hydro units’ effective reg-
ulation capability; together, these factors increase fre-
quency instability risk.

2) In parallel, the rapid deployment of new-type ESS has
improved system regulation speed and flexibility; by
July 2025, cumulative ESS capacity in Yunnan reached
5,465.4 MW, ranking first in CSG and among the top
nationwide. This development offers a practical path to
supply the missing damping at ultra-low frequencies.

Therefore, the rapid development of energy storage tech-
nologies offers a promising path to provide the missing
damping.

B. New Type of Energy Storage Participates in FR - Damping
Enhancement Mechanism

The participation of energy storage in FR delivers direct
frequency support through rapid power response. The steady-
state power equation of the ESS is as follows:

(fref*f)“i’bp(Pref*PESS) =0 (1)

Thus, the ESS equipped with droop-based active-power
control provides fast frequency support:

1
PESS_Prcf:_F(f_frcf) (2)
D



Recorded as: )
APgss = *b*Af 3)

p

Among which APgss = Pgss — Pret, Af = f — fret- When
the grid frequency rises, the ESS absorbs power; when it
falls, it injects power, creating an immediate positive-damping
effect. Because its response is nearly delay-free (millisecond-
level), the ESS behaves as an additional damping term in the
system swing equation:

d . . . . 1
TJd—J; = Pl P!~ DynAf+ APess = i~ P — (Dyn 5 )Af
" @
That is:
df . «
T, = Pr = P! — DM (5)

where T; is the system inertia constant (in seconds), Deq =
Dgyn + Dgss = Dgyn + i Hence, ESS participation increases
total damping and improves the real part of the dominant
eigenvalue.

IV. THE ESTABLISHMENT OF THE SYSTEM STATE
EQUATION AND ASF MODEL CONSIDERING ENERGY
STORAGE

Given the millisecond-scale response of ESS, droop control
is effectively delay- and hysteresis-free at ULFO time scales,
i.e., it manifests as an additional damping term in the equiva-
lent generator. We therefore adopt an ASF (Fig. 2)/state-space
formulation to quantify how ESS capacity and controller gains
shift the dominant eigenvalues toward the left half-plane.

The hydro-turbine governor, ESS, and synchronous gen-
erator dynamics are written as (6)~(11), and assembled
into the compact state-space form T% = Jz in (12).
This yields a transparent mapping from [o, Kp, K1, b,2] and
[Ty, Tp, Ta, T, bp, by] to the ULFO eigenstructure.

Here, T'; represents the inertia time constant of the system
equivalent generator, Dyy, denotes the system damping coeffi-
cient (excluding ESS); In the energy storage system, K p and
K7 are proportional and integral gains, respectively; and b,2
is the droop coefficient. In the governor, T}, is the servo time
constant; b, represents the permanent droop coefficient, T,
denotes the pilot valve and servomotor time constant, Ty is
the dashpot time constant, 7T}, represents the water hammer
effect time constant, and b; indicates the transient droop ratio.
and « € [0, 1] represents the energy storage penetration level.

Hydro-turbine governor equation:

Tng% =—(1—-a)zs —bpro — x4 — Tya1 (6)
L o, ™

Td% - thd% = -4 3
0572 4 1,2 0y g ©)
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Fig. 2. The ASF model diagram of the hydropower system with energy
storage.

Energy storage system equations:

dx
7; = —OéK[.”L'6 — bpgK[(LUg — Othl‘@) (10)
Synchronous generator equations:
d
TJ% = 25 + 73 — 0K prg — Dyns (11)

The state equations of the complete system are formulated
as follows:

dx
T i Jx (12)
where the coefficient matrix 7" is given by:
1,7,
1
1
—b/Ty Ta
Tw 0.5,
Ty
and the Jacobian matrix .J is:
Ty —bp -1 a—1
1
—bp2 K7 . —aKr(1—bpaKp)
1 -1
1 1 —aKp — Dyn

V. CASE STUDY
A. Case Study Based on the ASF Model

The parameter setting in simulations is listed in Table V-A,
and the initial ESS share « is set to 0.

Without ESS integrated into the system, the system eigen-
values are shown in Fig. 3(a). The system exhibits a pair of
negatively damped oscillatory modes at 0.034 £ 0.229¢, with
an oscillation frequency of approximately 0.0364 Hz, which
falls within the ULFO range.

With the increase in the energy storage ratio o, the damping
ratio of the ULFO mode (Eigenvalue 3 in the figure below)
improves from a negative value to a positive one, as seen in
the root-locus trajectory (Fig. 3 (b)).



TABLE I
PARAMETERS AND VALUES

Parameter ~ Value  Parameter  Value
Ty 10s by 0.05
D 1 Ty 0.04 s
K P 10 Td 5s
Ky 3 Tw 5s
bp2 0.005 bt 0.5
Ty 0.25 s

Imaginary Part
°
°
L

-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 -3.5 -3 =25 -2 -1.5
Real Part Real Part

(a) System eigenvalue distribution (b) System eigenvalue trajectory
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Fig. 3. The system eigenvalue and eigenvalue trajectory.

Thus, investing a certain proportion of energy storage in
system FR enhances the damping ratio in the ULFO mode.
Therefore, while ensuring a sufficient damping ratio for the
ULFO mode, it is feasible to appropriately relax the FR
pressure of hydroelectric units to maintain system frequency
stability under large disturbances.

B. Case Study Based on Yunnan Power Grid Data

1) Reproduction of the ULFO Phenomenon: A time-
domain simulation was conducted using the bulk power anal-
ysis (BPA) software, based on operational data from the
Yunnan power grid with a high penetration of renewable
energy sources. The water hammer time constants 7, for the
Nuozhadu Plant and 12 other plants were set to measured
values, while the governor PID parameters were maintained at
their original settings (i.e., unoptimized for ULFO mitigation).
The dead band of the HVDC Frequency Limit Controller
(FLC) was set to £0.15 Hz.

The disconnection of one unit at the Xiaowan Plant was
simulated as a large power disturbance. The system subse-
quently exhibited ULFO with an amplitude of approximately
+0.15 Hz and an oscillation period of 18 seconds. The power
output of the major hydroelectric plants varied in phase with
the system frequency. The HVDC FLC, operating outside its
dead band, also adjusted its power in phase with the frequency,
thereby containing the frequency deviation within the £0.15
Hz range (Fig. 4).

2) ESS Configuration: ESS1, ESS2, ESS3, and ESS4 are
nodal energy storage systems situated at specific locations
within the Yunnan power grid. Four nodal ESS units are
modeled with field-calibrated parameters: ESS1 (166 MW),
ESS2 (134 MW), ESS3 (166 MW), and ESS4 (134 MW),
battery rack rated power 1.25 MW, initial State of Charge
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Fig. 4. The reproduction result of ULFO in Yunnan power grid.

s0.15

= E

A noAA

VLA

2388

228

Ll

L
Zs00s
=
g s
Zoss
£

Power output (MW)

Frequency (Hz)
>

Power output (MW)

BITSAVII 1Y

VAT INA Y

\
\ VvV oy Vv )

00T 7 & 00T [ 00T

%100 1

Time (s Time (s) ime (s)
(a) System frequency dynamics and power output of ESS1 in Scenario 1 er output of ESS1, ESS2 in Scenario 2

sy 58

—IESSI - B8S

A

f

H
LN A B

AN

Eh

|

Power output (MW)

‘1
A

\Z

4985 Ly

|

[ TRAF AT R R EJRRF N 00 T2 %0 a0 60 80 100 i @ w10 T

Time (s) Time (s) Time (s) Time (5
(©) System frequency dynamics and power output of ESSI~ESS3 in Seenario 3 (d) System frequency dynamies and power output of ESSI~ESS4 in Seenario 4

Fig. 5. Scenarios 1-4: frequency response and ESS power; ULFO amplitude
shrinks as the participation number of ESS units increases.

(SOC) of 0.5, frequency deviation dead band of +0.033 Hz,
and a frequency regulation droop coefficient of 200.

3) Analysis of the Suppression Effect of ESS on ULFO in
Different FR Capacities: The influence of energy storage-
based FR on the ULFO mode was validated under scenarios
of integrating 1 to 4 energy storage units:

Scenario 1: Only ESSI participates in FR.

Scenario 2: Only ESS1 and ESS2 participate in FR.

Scenario 3: ESS1, ESS2, and ESS3 participate in FR.

Scenario 4: ESS1, ESS2, ESS3, and ESS4 integrated for
FR.

As shown in Fig. 5, the integration of four 150 MW energy
storage units for FR control can suppress the occurrence of
ULFO without modifying the governor parameters of the
hydroelectric units.

4) Optimizing Governor Parameters of Selected Hy-
dropower Plants with FR participation of ESS: Furthermore,
to analyze the impact of energy storage-assisted frequency reg-
ulation on relaxing the frequency regulation requirements for
hydroelectric units, the governor parameters of the hydropower
station units are listed in Table II. were optimized using
the ULFO suppression method. Simultaneously, simulation
analyses were conducted to assess the impact of different
numbers of energy storage units on frequency regulation.

TABLE II
GOVERNOR OPTIMIZATION PARAMETERS

Power Plant Unit Kp Kp Ky
Nuozhadu #1~#9 4.00 1.00 0.80
Xiaowan #l~#6 3779 190 0.76
Jinangiao #1~#4 442 221  0.88
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Fig. 6. Scenarios 5-7: frequency response and ESS power; system damping
improved by the optimization of the governor parameters and the collaborative
effect of the participation of ESS in FR.

Scenario 5: No energy storage participates in frequency
regulation.

Scenario 6: Only ESS1 and ESS2 participate in frequency
regulation.

Scenario 7: ESS1, ESS2, and ESS3 participate in frequency
regulation.

According to Fig. 6, with three 150-MW ESS participating
in frequency regulation, only three hydropower plants require
governor parameter optimization to meet damping targets.

Based on the comprehensive case studies, the participation
of energy storage in frequency regulation alters the underlying
mechanism of ULFO. Its rapid power response alleviates the
frequency regulation burden on hydroelectric units. Simultane-
ously, through droop control, the energy storage injects power
in opposition to frequency deviations, thereby introducing pos-
itive damping (with its magnitude proportional to the installed
capacity) and consequently enhancing the system’s damping
characteristics. A properly configured energy storage system
can effectively suppress oscillations, improve the ultra-low
frequency damping ratio, and demonstrate strong adaptability
even in scenarios with high penetration of renewable energy
sources.

VI. CONCLUSION

This paper establishes a mechanism-to-model-to-practice
pathway for ESS-based suppression of ULFO in hydropower-
dominated systems. Mechanistically, droop-controlled ESS
provides near-instantaneous bidirectional power, manifesting
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as an added damping term in the swing equation and directly
enhancing the damping ratio of the dominant ULFO mode.
Analytically, the derived ASF/state-space model with embed-
ded ESS loops explains how ESS capacity, controller gains,
and penetration jointly shift eigenvalues into the left half-
plane. Practical case studies calibrated to the Yunnan system
show that integrating several 150-MW ESS units at suitable
locations suppresses ULFO without exhaustive governor retun-
ing; with ESS support, only a subset of hydro governors needs
optimization to meet damping targets, easing FR pressure on
hydropower units. Overall, ESS provides effective auxiliary
damping, reduces oscillation amplitude, and preserves adapt-
ability under high-renewables conditions—offering a scalable
complement to governor-centric solutions for frequency sta-
bility in future hydro-rich grids.
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