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Abstract—Battery hybridization in hydropower plants is a
hydropower flexibility enhancement technology innovation that
can potentially expand hydropower’s contributions to the grid,
but its fundamental characteristics and influencing mechanisms
are still unclear. In this paper, primary frequency regulation
(PFR) performance and the mechanism of this new technology
are studied. A battery hybridized hydropower plant (BH-HPP)
model, based on a field-measured-data-based hydropower plant
(HPP) model and a verified battery simplified model, is estab-
lished. Analysis of system stability and dynamics is undertaken
for three different battery control strategies by root locus and
participation factor methods. Compared to conventional HPPs,
analysis results theoretically reveal BH-HPP can not only accel-
erate system regulation rapidity but also effectively enlarge HPP
stability region during PFR process. Time domain simulation
verifies the results and further shows synthetic control has better
performance among introduced strategies. Besides, initial design
ranges of control parameters considering battery capacity and a
renewable energy source scenario case are also discussed. This
work could provide theoretical support for flexibility enhance-
ment solutions for hydropower systems.

Index Terms—Battery hybridization, dynamic response,
hydropower plant, primary frequency regulation, stability.

I. INTRODUCTION

AT present, power system structures are undergoing no-
table changes due to the rapid development of intermit-

tent renewable energy sources (RESs), e.g., wind and solar
energy [1]. As one of the main regulating power sources of
the grid, hydropower is going to be called upon more to
compensate for RES integration, which means more frequent
regulation action of hydropower plants (HPPs), as well as a
heavier burden on hydropower units [2], [3].

Therefore, the most pressing concern for HPPs is how
to enhance regulating capability while reducing wear and
tear on units. In addition to seeking optimization of existing
HPPs, some flexibility enhancement technology innovations
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are also being explored. One of these is the cooperative
regulation of HPPs (or hydropower units) with batteries. This
new technology has been investigated within the frame of
the European project XFLEX Hydro [4]. In a hydropower
retrofit program called HydroWIRES initiated by the U.S.
Department of Energy, some fast response energy storage
devices including batteries are also planned to be installed on
the power source side to help enhance the flexibility of run-
of-river (ROR) HPPs [5]. German utility RWE also recently
embarked on a project that includes the integration of massive
battery energy storage systems (ESSs) with ROR-HPPs [6].
Being in the infancy, further research on the use of batteries to
improve grid ancillary service capability of HPPs on the power
source side is needed, especially these flexibility enhancement
technologies for hydropower that have not yet taken off in most
countries.

In the future, the ‘regulator’ role of HPPs may even exceed
their role as ‘power sources’. Frequency regulation is an
important function of HPPs as grid regulators, and their
performance not only affects a power plant’s revenue, but
also directly affects power system security [3]. The frequency
regulation performance of HPPs is mainly reflected in two as-
pects: stability and rapidity. Ensuring stability is an especially
important prerequisite. The negative damping effects induced
by fast regulation of governors and water hammers are the
key reason for instability and ultra-low frequency oscillations
(ULFOs) of the grid (frequently occurring in hydropower-
dominant systems) [7]–[9]. However, governors are usually
set to be extremely sensitive in many HPPs to pursue better
primary frequency regulation (PFR) response performance,
and it further aggravates the risk of ULFOs. Consequently,
efforts to ensure the stability and rapidity of hydropower
systems are often in contradiction. To address the problem,
considerable research has been carried out. For example, the
influence of different control modes on the regulation quality
of HPPs is analyzed in [10], while the governor parameters
are adjusted in [11]. Besides, multi-objective optimization
methods and some novel strategies have been used to mitigate
the contradictory relationship between the negative damping
effect of hydropower units and the rapid response of PFR [12]–
[14]. Although the above works enhance frequency regula-
tion performance, they are only improvements in terms of
control strategies. Nonetheless, inherent characteristics of the
hydropower system structure make it difficult to fundamentally
solve the contradiction between stability and rapidity. For
HPPs at high-voltage direct current (HVDC) sending termi-
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nals, a frequency limitation controller (FLC) seems to be a
feasible method [15], [16]. However, it is difficult to extend
this approach to more common AC power systems because of
the ‘DC system only’ feature.

This further underscores the importance of developing flex-
ibility enhancement technology innovations for hydropower
systems to improve the provision of grid services. Integrating
with fast response ESSs is a viable new conceptual design
of hydropower facilities by retrofitting existing conventional
units (even large capacity units) [17], which means it has
potential to be promoted in HPPs. Studies on hydropower units
integrated with flywheels [18], [19] and supercapacitors [20],
[21] to improve frequency regulation capability have been
carried out in the past few years, but minimal research has been
conducted on the synergistic frequency regulation of batteries
and hydropower units. The benefits of the combined operation
of hydropower units and batteries in power regulation mode
are investigated in [22], but the dynamic characteristic of the
more common frequency control mode in PFR is ignored. A
wear and tear evaluation research in Kaplan turbines coupled
with batteries is introduced in [4] and has been conducted
on a prototype. A model predictive control strategy for HPP
hybridized with a large enough battery is proposed in [23]
to reduce penstock fatigue, but battery capacity has been
neglected. Two complementary methods for a combination of
pumped storage plant with battery are discussed in [24], while
the hydraulic transient process is simplified into ramp rates.
In short, existing research focuses more on applied control
strategy, but how this new technology affects the original
hydropower system has not been revealed. Moreover, most
current works have been conducted for synergistic operation
on the grid side and system level [25]–[27] instead of on the
power source side, or unit side.

To sum up, studies on the mechanism of cooperative regula-
tion of battery hybridization in hydropower plants (a unit side
enhancement) are needed, as it is exactly what the technology
lacks at present, and a theoretical basis for subsequently
improving source-grid coordination of the power system in
the future. Hence, the main contributions of this paper are
to reveal the mechanism of battery-hybridized hydropower
plants (BH-HPPs) and explore characteristics of common-
used battery control strategies; the PFR dynamic process and
performance of a BH-HPP are studied, especially focusing
on how the battery affects the stability and rapidity of the

hydropower system.
The paper is composed of six sections including the intro-

duction. The model of the BH-HPP is established in Section II.
Stability analysis is performed in Section III. Section IV
explores the main influences on the system. Time domain
response analysis is performed in Section V. Section VI
discusses the performance improvements of the BH HPP in
the PFR process, and Section VII concludes.

II. MATHEMATICAL MODEL

This paper focuses on a BH-HPP for frequency regulation.
As shown in Fig. 1, the power source side hydropower
flexibility enhancement is achieved by hybridizing a small-
size battery in parallel to the hydropower unit’s busbar before
power is integrated and delivered to the grid through the
generator step-up transformer. In this section, a small-signal
mathematical model of the system for PFR is established.

A. PFR Model for Hydropower System

The hydropower system generally consists of an actuator,
penstock, Francis hydraulic turbine, generator, loads, and a
proportional-integral (PI) governor [28], [29]. As the unit is
in the frequency control mode during PFR, guide vane opening
(GVO) is the feedback for the governor. Hence, the governor
equation is:

(1 + bpKp)
d∆yPI

dt
+ bpKi∆yPI = −Kp

d∆ω

dt
−Ki∆ω

(1)

where bp is the droop coefficient of the governor; Kp and
Ki are respectively, the proportional gain and integral gain of
the governor; yPI is the PI governor output signal; and ω is
system frequency.

The actuator model, penstock model based on the second-
order elastic water hammer equation, and the linear Francis
hydraulic turbine model based on transfer coefficients can be
expressed as (2) to (4), respectively:

Ty
d∆y

dt
= ∆yPI − ∆y (2)

∆h

∆q
=

−Tws
1 + αT 2

e s
2

(3){
∆Pm = ey∆y + eω∆ω + eh∆h

∆q = eqy∆y + eqω∆ω + eqh∆h
(4)
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Fig. 1. Battery-hybridized hydropower plant (BH-HPP).
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where ey , eh, eω are partial derivatives of turbine power
output with respect to guide vane opening, head, and speed;
eqy , eqh, eqω are partial derivatives of turbine discharge with
respect to guide vane opening, head, and speed; h is water
head; q is flow; s is Laplace operator; Te is time constant
of water column elasticity; Ty is servo time constant; Tω is
water starting time constant; and α is elastic coefficient of the
penstock; y is actuator stroke.

A single machine with loads in an isolated grid, which is a
hazardous operating condition detrimental to stability, is set as
a research scenario in this paper. Generator and loads can then
be approximated by the first-order rotor equation of motion as:

Ta
d∆ω

dt
= ∆Pm − ∆Pe − eg∆ω (5)

where eg is the change rate of the generator load torque
with speed; Pm and Pg are respectively, output torque of
hydropower unit and electromagnetic torque of loads; and Ta
is rotor inertia time constant.

The basic dynamic process of HPPs can be fully described
by (1) to (5). Taking ∆x = [∆h, ∆ḣ, ∆ẏPI , ∆y, ∆ω]T

as state variables, the state space model of the isolated
hydropower system can be written as (6), where A1 is a 5 ×
5 state matrix:

∆ẋ = A1∆x (6)

Consequently, the block diagram of the isolated hydropower
system model shown in Fig. 2 is obtained, where Gi(s) is the
transfer function corresponding to each subsystem (without
expanded derivation in the text).

Pe

Pmy
Gr′(s) Ga(s) Gt(s) Gg(s)

Governor actuator Hydraulic turbine
& pinpeline

Generator

ωω0
ΣΣ

Control system Controlled system

Fig. 2. Block diagram of the isolated hydropower system.

The open-loop transfer function and the overall transfer
function in frequency control mode are then as follows:

Goh(s) = −Gg(s)Gr′(s)Ga(s)Gt(s) (7)

G(s) =
ω(s)

Pe(s)

= − b0s
4 + b1s

3 + b2s
2 + b3s+ b4

a0s5 + a1s4 + a2s3 + a3s2 + a4s+ a5
(8)

where ai and bi are coefficients of the characteristic equation.

B. Frequency Regulating Model for Ancillary Battery
A reduced-order model for the ancillary battery system is

applied in this paper to facilitate theoretical analysis, based on
the following considerations:

• In the concerned electromechanical transient time scale,
some time-varying characteristics of batteries (open-
circuit voltage, temperature effects, ramp rate, etc.) can
be ignored.

• Compared to the secondary frequency regulation (SFR)
reserve of the battery, its PFR reserve is small, implying
little change of state of charge (SOC) during PFR merely
has a slight impact on the battery performance.

• Except for power response, the type, SOC management,
degradation, as well as the advanced controller of the
battery, are not the concerned issue of this work.

• Power capacity of the ancillary battery is expected to be
about 5% (even lower) of that of the unit, but it does not
affect models and analysis. More discussion on battery
capacity can be seen in Section V.

The battery converter is controlled by a classical dual
closed-loop strategy, the power outer-loop of which responds
to frequency variation ∆ω and generates current inner-loop
input (active power command ∆Pbset). The outer-loop control
includes a proportional term and a derivative term, which
can represent the most commonly used control methods in
the industry. The proportional term and gain Ke can be,
respectively, regarded as the virtual droop control and unit
droop power; similarly, the derivative term and gain Me can be
abstracted as virtual inertia control and unit regulation power.
Thus, the outer-loop controller equation is obtained:

∆Pbset = −Me
d∆ω

dt
−Ke∆ω (9)

Here, the inner loop is simplified to a first-order transfer
function [30], in which the external response characteristics of
the controller and battery are reflected by a storage response
time constant Tpb (typically 0.1 s), as shown in (10):

Tpb
d∆Pb

dt
+ ∆Pb = ∆Pbset (10)

where Pb is charge or discharge power of the battery.
Because the frequency regulation strategy can be altered to

a single (virtual droop or virtual inertia) or a synthetic control
strategy, the outer-loop controller equation should be adapted
to the specific condition.

C. Model Verification

In this section, verifications of the HPP and battery models
are presented. Measured data of a large HPP in China, which is
planning to be equipped with batteries to help its units avoid
vibration zones, is used to validate the hydropower model.
Although HPP in the real world is a complex nonlinear system,
its dynamics in small-disturbance conditions can be simplified
to a linear process [31]. As shown in Fig. 3, this conclusion
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Fig. 3. Comparison between simulation and a field-measured result of the
HPP.
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Fig. 4. Schematic diagram of the SPS model of the battery.

was verified again by good consistency between the introduced
model’s numerical simulation and a field-measured result of
the plant in a grid-connected frequency disturbance condition,
which illustrates sufficient accuracy of the hydropower model.

Verification of the battery is conducted by comparing active
power response from the introduced first-order model and a
SimPowerSystems (SPS) model. The SPS model is based on
a standard generic battery block in MATLAB/SPS, and the
Lithium-Ion type is adopted in the verification. The model in-
cludes a detailed representation of power electronic converters
by modeling a DC/DC converter, a two-level DC/AC converter,
and a complete dual closed-loop control strategy. Fig. 4 is the
schematic diagram.

Comparison is shown in Fig. 5. Generally, simulations of
rapid power response by the first-order model have good agree-
ment with the result from the SPS model, which shows the
reliability of the simplified battery model. The main difference
occurs in fluctuation and noise, which is expected, as merely
the battery’s rapidity was considered in the simplified model,
while it does not matter in the focused time scale.

D. Integrated System
The integrated system model with input ∆Pe and output

∆ω can be obtained, as shown in Fig. 6. Hence, the open-
loop transfer function and overall transfer function are given
as (11) and (12).

Go(s) = −Gg(s) · [Gc(s) ·Gb(s) +Gt(s) ·Gr(s)] (11)

G(s) = − b0s
5 + b1s

4 + b2s
3 + b3s

2 + b4s+ b5
a0s6 + a1s5 + a2s4 + a3s3 + a4s2 + a5s+ a6

(12)

Taking ∆x = [∆h,∆ḣ,∆ẏPI ,∆y,∆ω,∆Pb]
T as state

variables, the state space model of the integrated system can
be written as (13), where A2 is a 6 × 6 state matrix:

∆ẋ = A2∆x (13)

Note the equations should be adapted to the frequency
regulation strategy. For example, the numerator order of (12)
changes to fourth under virtual droop control, and the state
matrix of (13) changes accordingly. Table I shows general
system parameter values, on which the whole work is based.
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Fig. 5. Comparison between first-order model and detailed SPS model of
the battery.

Energy storage system

Gb(s)

Gg(s)

Gc(s)

Gt(s) Gr(s)

Converter

Covernor & actuatorTurbine & pipelines

Hydropower system

Battery

Generator/Load

ΔPbset

Δy

Δω

ΔPb

ΔPe

ΔPm

Fig. 6. Integrated system model.

TABLE I
SYSTEM PARAMETER VALUES

Parameter Value Parameter Value Parameter Value
Tw 1.28 s Ty 0.2 s Ke 2.5
Te 0.49 s Ta 10.25 s Me 5.0
α 0.5 s eg 0 ey , eh, eω 0.5, 1.5, −1.0
bp 0.02 s Tpb 0.1 s eqy , eqh, eqω 0.8, 0.5, 0

III. STABILITY ANALYSIS

In this section, the isolated HPP system is set to a critically
stable condition (Kp = 8.0, Ki = 1.5) as the standard
condition to examine the effects of different battery control
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strategies on the stability of HPPs. As mentioned in Section II,
the battery control strategy is based on proportional and
differential terms, as well as their combinations. Integral outer-
loop control with the function to mainly eliminate steady-
state error is not considered, because HPP is a system with
steady-state error. If an integral term is applied, the battery
will partially replace the SFR task to remain charging or
discharging, which is a substantial challenge to an ancillary
small-sized battery.

A. Proportional Control

When only the proportional control strategy is applied,
outer-loop controller equation changes to ∆Pbset = −Ke∆ω,
and proportional gain Ke is set to 2.5. The Bode diagrams
of the isolated HPP system and the BH-HPP are drawn from
(7) and (11), as shown in Fig. 7(a). The Bode diagrams show
battery ancillary regulation with proportional control notably
reduces amplitude response in low-frequency band compared
to the isolated HPP system, which implies the steady-state
error is reduced, and it is because the HPP in frequency
regulation mode is a constant-target system. For medium-
frequency band, battery regulation with proportional control
slows down the rate of amplitude-frequency characteristic

and shifts cut-off frequency to the left, while the phase-
frequency characteristic has a notable increase. This greatly
increases phase margin, improves system stability, and reduces
overshoot, as well as regulation time, indicating the system
has better dynamic performance to low-frequency oscillation
signals. In other words, it reflects the virtual droop (damping)
characteristics of the battery with proportional control.

To visualize the effects of a battery on the stability of HPP,
stable regions of governor parameters (Kp−Ki) for HPP and
BH-HPP are obtained from (8) and (12) based on the Hurwitz
stability criterion [32], [33]. Fig. 7(b) shows PFR with battery
virtual droop control vastly widens the stable region (red),
creating a large stability margin, especially in Ki direction, so
the initial HPP operating condition (“©”), which is critically
stable, is re-integrated into a more stable region. Abbreviation
‘OP’ refers to the operating point of the hydropower unit.

B. Derivative Control

When only the derivative control strategy is applied, the
outer-loop controller equation is ∆Pbset = −Me∆ω̇, and
derivative gain Me is set to 5.0. Fig. 8(a) presents the Bode
diagrams of HPP and BH-HPP in battery derivative control.
Unlike with virtual droop control, the Bode diagram shows
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battery ancillary regulation with derivative control mainly
affects the medium-frequency band: amplitude-frequency char-
acteristic slightly shifts to the left, while phase-frequency
characteristic decreases slightly. This reflects an inertia effect.
Although the overall dynamic performance of the system
is slightly reduced, stability to maintain constant values is
improved. The slight decrease in amplitude-frequency charac-
teristics also indicates the system’s immunity to interference
is enhanced, and the affected band depends on the rapidity of
the battery.

Similarly, stable regions of HPP and BH-HPP in derivative
control are obtained based on the Hurwitz stability criterion.
Fig. 8(b) shows frequency regulation with battery virtual
inertia control also notably widens thestable region, especially
in Kp direction (red), which means a larger adjustable space
for governor proportional gain. Moreover, the critically stable
HPP operating condition (“©”) is re-integrated into the more
stable region, as well.

C. Synthetic Control

When synthetic control strategy is applied, the outer-loop
controller equation is as (9), where Ke = 2.5, Me = 5.0.
Fig. 9(a) shows the Bode diagrams in synthetic control. Fre-
quency characteristics of BH-HPP with synthetic control are

the superposition of those for virtual droop control and virtual
inertia control. The system not only can respond quickly in the
initial stage after frequency changes but also improve steady-
state performance, as well as interference immunity. The stable
region shown in Fig. 9(b) is greatly extended in both Kp and
Ki directions.

IV. INFLUENCE MECHANISM ANALYSIS

A. Analysis of Battery Control Parameters

To further examine the effects of battery control on PFR
performance, parameter root loci of BH-HPPs for the three
strategies are investigated, as shown in Fig. 10.

Figure 10(a) shows the root loci of dominant poles when
Ke increases from zero in virtual droop control. The original
HPP is in ULFO. As Ke increases, conjugate dominant poles
move away from the imaginary axis and the ULFO area,
showing a beneficial trend to system stability; the negative real
pole gradually tends to the imaginary axis, but it eventually
stagnates at a position left of the imaginary axis.

Figure 10(b) shows the root loci of dominant poles when
Me increases from zero in virtual inertia control. As Me

increases, conjugate dominant poles first move away from the
imaginary axis rapidly, then converges at a slower speed after
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an inflection point; the negative real pole shows a trend of
moving away from the imaginary axis, first slowly and then
quickly. Gradually, only conjugate poles remain as dominant
poles (the light blue one is no longer dominant pole), and the
system moves deeply into the ULFO area, implying that huge
inertia (including water flow inertia, unit inertia, and virtual
inertia) is likely to be the cause of ULFO in hydropower
systems. In addition, the root locus shows the damping ratio of
a system with too large a value of Me will become very small,
which means an extremely weak anti-interference capacity and
a negative impact on stability.

A new parameter, virtual inertia control task coefficient am,
which needs to satisfy Ke = (1−am)Ke0 and Me = amMe0,
is proposed to represent the percentage of virtual inertia effect
in the integrated strategy. Standard case is set as Ke0 = 2.5,
Me0 = 5.0. Fig. 10(c) shows the dominant poles’ root loci of
BH-HPP in the synthetic control strategy when am changes (0
to 1). As battery virtual inertia effect increases, the change of
dominant poles shows a similar trend to Fig. 10(b). However,
the addition of virtual droop control means poles have an
overall shift to the left, enhancing system stability and also
partly reducing risks of ULFO.

B. Analysis of Hydro-battery Coupling Interaction

According to the participation factor method, Equations (14)
and (15) need to be satisfied for every eigenvalue. Participation
factor pki is expressed as (16), which reflects the participation
degree of kth state variable in ith mode [34].

Aϕi = λiϕi (14)

ψiA = λiψi (15)

pki = ϕkiψik (16)

Table II compares participation factors of each state variable
of the HPP and three BH-HPPs. The isolated HPP system,
which is the standard scenario of this paper, has two oscilla-
tion modes: one is the ULFO mode, the dominant mode of
the system, which is the so-called governor-dominant mode
because governor participation factors of ypi and y are largest;

the other is water-elastic-dominant mode because change rate
of water head h1 is the most important.

Compared to HPP, the biggest difference in the BH-HPP is
the addition of a negative real pole with a large absolute value;
this means greatly improved response dynamic characteristics
and a notably shortened settling time. Further, the position
of the poles almost depends on battery power output. It
fully demonstrates the rapidity advantage of battery ancillary
frequency regulation. Another notable difference is the battery
greatly reduces the involvement of frequency ω in water-
elastic-dominant mode. A comparison of the three BH-HPPs
shows, for the governor-dominant mode, actuator stroke y is
still the most involved state variable in the virtual droop control
system, while governor command ypi is the most important
in both virtual inertia control system and synthetic control
system. In addition, in the virtual inertia control system, ypi
becomes the most critical factor of the negative real dominant
pole, and participation of y is also significantly enhanced.
This indicates that, for systems with large inertia, such as
hydropower systems, governor parameter adjustment is still
a highly critical part of the frequency regulation process.

V. TIME DOMAIN RESPONSE ANALYSIS

Based on the above theoretical analysis results, time domain
response analysis of the BH-HPP for PFR is executed in this
section by using MATLAB/Simulink software.

A. Frequency Response Characteristics

PFR results of different system responses to step load
disturbance are presented in Fig. 11, and simulation OPs
are shown in stability regions in Section III. For OP1, the
battery not only helps HPP significantly reduce frequency
deviation but also quickly stabilizes frequency. Values of PFR
performance evaluation indexes are given in Table III, where
maximum frequency deviation ∆fmax reflects damping char-
acteristics (stability), settling time Ts and maximum inverse
power output of hydropower unit ∆Pinv−max reflect dynamic
performance (rapidity), and frequency steady-state error ∆fs
reflects steady-state performance of the system (accuracy).

TABLE II
PARTICIPATION FACTORS OF THE HPP AND BH-HPPS

System Parameters Eigenvalues ξ f (Hz) T (s) Participation factors OM
w ypi y h h1 Pb

HPP Kp = 8.0,
Kl = 1.5

−0.009+0.583i 0.015 0.093 10.783 0.133 0.911 1.000 0.346 0.038 — Governor
−5.093+3.001i 0.862 0.478 2.094 0.700 0.442 0.698 0.509 1.000 — Water elasticity
−0.229 1.000 0.000 4.367 1.000 0.301 0.133 0.020 0.000 — —

HPP &
Battery (P) Ke = 2.5

−0.117+0.766i 0.152 0.121 8.292 0.178 0.886 1.000 0.470 0.069 0.022 Governor
−5.133+3.088i 0.861 0.483 2.071 0.030 0.451 0.690 0.516 1.000 0.036 Water elasticity
−0.141 1.000 0.000 7.092 1.000 0.514 0.148 0.013 0.000 0.007 —
−9.791 1.000 0.000 0.102 0.022 0.004 0.004 0.003 0.006 1.000 —

HPP &
Battery (D) Ke = 5.0

−0.155+0.391i 0.368 0.062 16.083 0.319 1.000 0.824 0.217 0.018 0.015 Governor
−4.968+2.256i 0.911 0.359 2.785 0.010 0.371 0.797 0.418 1.000 0.177
−0.352 1.000 0.000 2.841 0.848 1.000 0.606 0.143 0.010 0.014
−14.714 1.000 0.000 0.068 0.002 0.013 0.010 0.009 0.014 1.000

HPP &
Battery (PD)

Ke = 2.5,
Me = 5.0

−0.299+0.575i 0.462 0.091 10.932 0.085 1.000 0.974 0.409 0.053 0.023 Governor
−5.003+2.290i 0.909 0.364 2.744 0.008 0.376 0.796 0.420 1.000 0.174 Water elasticity
−0.161 1.000 0.000 6.2112 1.000 0.310 0.101 0.010 0.000 0.007 —
−14.545 1.000 0.000 0.0688 0.009 0.013 0.010 0.009 0.014 1.000 —

One color represents an oscillation mode (OM), and the length of the color bar represents the relative size of the variable participation factor in each
oscillation mode.
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Fig. 11. Stability verification. (a) Frequency response in OP1. (b) Frequency
response in OP2.

TABLE III
VALUES OF PFR PERFORMANCE EVALUATION INDEXES FOR OP1

Evaluation index ∆fmax (p.u.) Ts (s) ∆Pinv−max (p.u.) ∆fs (p.u.)
HPP 0.022 299.50 0.0364 0.0019
BH-HPP (P) 0.013 15.20 0.0075 0.0018
BH-HPP (D) 0.015 18.70 0.0000 0.0019
BH-HPP (PD) 0.010 11.70 0.0000 0.0018

In general, rapidity and stability contradict each other, but
indexes of ∆fmax, Ts, and ∆Pinv−max are all markedly
improved by adding a battery to the system, indicating an
evident improvement both in rapidity and stability for BH-
HPP that cannot be achieved by conventional HPP. If virtual
droop control is considered, ∆fs will be reduced and system
steady-state performance is enhanced. For OP2, when assisted
by a battery, HPP can rapidly become stable from its original
unstable state with a similar dynamic performance described
above. Numerical simulation results are in good agreement
with theoretical analysis results in Section III.

To further reveal the PFR response mechanism of the BH-
HPP, Fig. 12 shows the power output of systems under the
three control strategies, in which the filled area is the penalty
energy.

Due to water flow inertia (water hammer), there is an
obvious reverse regulation, which is the main reason for the
deterioration of regulation performance in HPPs. Since the
battery can quickly respond to system requirements in the
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Fig. 12. Power simulation results. (a) Virtual droop control. (b) Virtual inertia
control. (c) Synthetic control.

same direction at the initial stage of disturbance, it effectively
counteracts reverse regulation of the BH-HPP (dotted line).
When virtual inertia control is applied, the system’s reverse
regulation can even be completely offset. For virtual droop
control, the battery eventually maintains an output, explaining
why it can reduce steady-state error. For virtual inertia con-
trol, because the battery responds to frequency change rate
while HPP mainly responds to frequency deviation, battery
output is approximately in reverse phase with hydropower
output. Although it leads to an increase in action amplitude
and penalty energy of the HPP, fluctuation of the integrated
system is mitigated. However, synthetic control combines the
best of both and markedly improves transient processes of
the hydropower system and implies less wear and tear on
hydropower units.
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B. Discussion of Ancillary Battery Capacity

Indeed, the damping effect (Ke), inertial effect (Me), and
their percent contributions (am) to the BH-HPP are achieved
by changing battery power, which is essentially the energy
and sthe reserves capacity of the ancillary battery. Since both
technical and economic factors have to be considered in the
design capacity of battery devices, it is necessary to discuss
how to limit the value of the control parameters. A small
fluctuation of hydropower systems, i.e., the main PFR working
condition, is generally defined as a load disturbance varying
from 5% to 10%. If the HPP is in a critical steady state,
with a 10% load disturbance as input, maximum charging
or discharging battery power output in the PFR process can
be obtained by simulation. Theoretically, the battery with a
rated power exceeding this value can effectively assist the
HPP in PFR. Besides, because the capacity of the battery with
a certain discharge time depends on output power, the rated
power represents battery capacity to a certain extent. Hence,
in this paper, the maximum simulation power is considered as
the designed rated power to reflect the capacity of the ancillary
battery.

Figure 13(a) is the maximum simulation battery power
when the BH-HPP is perturbed by a 10% load under different
control parameters. Maximum battery power increases with
Ke and Me, indicating increase in battery capacity. If the
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Fig. 13. Maximum simulation battery power in (a) PFR and (b) battery
capacity-control parameter adaptive domain.

rated power of the ancillary battery is assumed to be 5%
of the HPP, the battery capacity-control parameter adaptive
domain can be shown in Fig. 13(b). Only when Ke and
Me are adjusted in this domain, battery power will not be
over-limited and the BH-HPP achieve good PFR performance.
Similarly, battery capacity-control parameter adaptive domain
under other battery capacity limitations can be obtained. In
this paper, battery capacity can be simply obtained by a power
output limitation.

C. Case Study

In the last decade, the development of RESs has increased
demand for better performance by frequency regulation power
sources [35], [36]. Hence, a case study is carried out here to
further investigate the advantages of the BH-HPP. The case is
based on a hypothetical islanded hydro-wind hybrid system,
as shown in Fig. 14(a), in which the HPP is the only regulator
to smooth frequency fluctuation induced by the uncertainty of
wind power.

The HPP model is based on prototype data of the real
HPP mentioned in Section II, of which models of the turbine,
pipeline, and generator systems are still linear with identical
data in Table II except ey = 0.53, eqy = 0.5325, eh = 1.25,
Tw = 1.0 s and Ta = 10.315 s; while a refined governor
model (Ty = 0.368 s) including dead band, saturation, rate
limitation, and communication delay components is adopted to
be the same as the real plant. Besides, the above-introduced
battery model with a 5% hydropower capacity is applied in
the BH-HPP scenario. As for the wind farm, it is simplified to
a disturbance source by using actual normalized wind power
data (from a grid in China, as shown in Fig. 14(b)).
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deviation and (c) frequency response of the case power system.
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The simulation result for the BH-HPP (synthetic control) is
shown in Fig. 14(c). Even though the turbine governor is set
to be in a well-stable state (Kp = 6.0, Ki = 1.5), frequency
response is still notably improved especially in relatively large
disturbances after being assisted by the battery (red line).

VI. DISCUSSION

Compared with current HPPs equipped with conventional
hydropower units, the performance improvements of the BH-
HPP in the PFR process proposed in this paper are discussed
as follows:

1) Stability: The stability region of isolated BH-HPP for
PFR is theoretically derived and intuitively plotted. Through
analysis of the frequency-domain and root locus, it is proved
the ancillary battery at the unit side can notably expand the
stability of HPPs.

2) Rapidity: Time-domain simulation results and participa-
tion factor analysis argue that the negligible ramp rate of the
unit-side battery effectively improves the frequency response
speed of the hydropower unit. It offers the hydropower system
near-instant response speed for PFR while retaining large
capacity advantages.

3) Transient: From the aspect of overall output, the hybrid
unit can even counterbalance the inherent reverse regulation
of hydropower units due to flow inertia; from the perspective
of hydropower units, the ancillary battery shares regulation
burden, which provides a feasible tack for further study of
utilizing battery to reduce unit wear and tear.

Meanwhile, there are several limitations in this work, and
some aspects can be further researched in the future.

1) The linearized small disturbance model is used for theo-
retical analysis in this paper. However, in practical operation,
some nonlinear factors may affect the regulation effect, such
as turbine characteristic curves and battery efficiency.

2) Capacity planning and detailed control of the ancillary
battery is less discussed. In the future, battery performance
management should be further considered.

3) For now, research is a prospective theoretical study of
battery ancillary frequency regulation in hydropower systems.
To enhance reliability, physical model experiments are our
ongoing and future work.

VII. CONCLUSION

By hybridizing a battery on the unit side to assist hy-
dropower, the PFR performance of HPPs can be vastly im-
proved. Contents of this paper mainly include the following
aspects:

1) Model integration: A battery hybridized hydropower
plant model with linear characteristics but sufficient accuracy
is established in this paper, in which the HPP model is
validated by field-measured data and the simplified battery
model is verified based on a standard detailed model.

2) Theoretical understanding: The mechanism of this new
hydropower flexibility enhancement solution is studied by
theoretical analysis and numerical simulation. Even a small-
sized battery can help conventional HPPs overcome the con-
tradiction between rapidity and stability in PFR, because

the battery’s negligible ramp rates not only notably improve
response speed but also markedly broaden the stability region
of turbine governor parameters.

3) Research inspiration: Systems under different common
battery control strategies show unique characteristics, and
synthetic control strategy demonstrates the best results; be-
sides, battery capacity should be considered in the tuning of
control parameters. BH-HPP also shows good performance in
a RES scenario case. Refined controls combined with battery
operation and hydropower characteristics should be included
in future work.
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