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ABSTRACT The main merit of grid-connected adjustable-speed pumped storage unit (ASPSU) is the
capability to control the pumping power flexibly, which contributes to active power balance in power system
operation. Physics-based dynamic modeling of ASPSU in pumping mode under power regulation is the
foundation of the quantitative analysis on its transient performance, which has been studied inadequately.
This study aims to derive a dynamic model of ASPSU in pumping mode which embodies reversible pump-
turbine characteristics, and to conduct eigen analysis on ASPSU in pumping mode which facilitates a better
understanding of its intrinsic dynamics. Firstly, the dynamic model of reversible pump-turbine is revealed
to depict its regulation properties that the pumping power is adjusted by rotational speed rather than guide
vane opening. Then, the state-space representation of ASPSU in pumping mode is established to be utilized
with small disturbances (including indicial and ramp tests) and validated by comparing simulated results
with actual records of a commissioned ASPSU in Japan. It is also effective for compensating the wind
power fluctuations based on a timescale of seconds in simulation. Finally, the eigenvalues, damping ratios,
and participation factors of the state variables are investigated based on the small-signal-stability model of
ASPSU in pumping mode under power regulation. The results of eigen analysis indicate that the small-signal
behavior of the system is characterized by electromechanical mode and electromagnetic mode, and the latter
is dominant. Moreover, the damping ratio of electromagnetic mode which is sensitive to system stability
needs to be increased.

INDEX TERMS Adjustable-speed pumped storage unit (ASPSU), pumping mode, dynamic modeling, eigen

analysis.
NOMENCLATURE ey  partial derivative of the torque with respect to wicket
m  torque relative deviations [p.u.]. gate opening.
q  flow rate relative deviations [p.u.]. ep  partial derivative of the torque with respect to
o  rotational speed relative deviations [p.u.]. water head
y  wicket gate opening rel.atllve deviations [p.u.]. eqo  partial derivative of the flow with respect to
h water head relative deviations [p.u.].

rotational speed.

eqy  partial derivative of the flow with respect to
wicket gate opening.

The associate editor coordinating the review of this manuscript and eqn  partial derivative of the flow with respect to

e, partial derivative of the torque with respect to
rotational speed.
approving it for publication was Ruisheng Diao . water head.
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mechanical torque [N - m].

rated mechanical torque [N - m].

flow rate [m3/s].

rated flow rate [m3/s].

rotational speed [rad/s].

rated rotational speed [rad/s].

wicket gate opening [mm)].

rated wicket gate opening [mm)].

water head [m].

rated water head [m].

water time constant [s].

pumping efficiency.

intermediate flow surface radius of outlet
area [m].

runner intermediate flow surface angle [rad].
number of the guide vane.

intermediate flow surface effective outlet
area [m].

gravitational acceleration, equals to

9.81 [m/s?].

resistances of stator and rotor windings [p.u.].

self-inductances of stator and rotor
windings [p.u.].

mutual inductance between stator and rotor
windings [p.u.].

d, g-axis voltages of stator winding [p.u.].
d, g-axis voltages of rotor winding [p.u.].
d, g-axis currents of stator winding [p.u.].
d, g-axis currents of rotor winding [p.u.].
leakage coefficient.

pole number.

d, g-axis magnetic fluxes of stator winding
[p.u.].

real-time value of active power on stator
winding [p.u.].

real-time value of reactive power on stator
winding [p.u.].

amplitude of magnetic flux of stator winding
stator voltage.

stator voltage.

synchronous rotational speed [p.u.].
rotational speed [p.u.].

inertia constant [s].

damping coefficient.

electromagnetic torque [p.u.].

mechanical torque [p.u.].

proportional gain of the power adjuster.
integral gain of the power adjuster [s~'].
proportional gain of the current adjuster.
integral gain of the current adjuster [s~!].
command value of active power on stator
winding [p.u.].

command value of reactive power on stator
winding [p.u.].

intermediate variables.

intermediate variables.

Sy slip frequency.
Vv amplitude of the infinite bus voltage.
X7, X the reactances of the transformer and

transmission line [p.u.].
X1g reactance of the grid-side transformer [p.u.].

I. INTRODUCTION

Rocketing penetration of renewable energy sources with the
intermittent nature into power system brings new challenges
to active power balance. Large-scale energy storage facil-
ities are effective solutions to meet these challenges, and
the pumped storage plant is the major solution in terms of
reliability and massive scale [1], [2]. The fixed-speed pumped
storage unit has a constant runner speed due to directly
connecting to the grid, and its pumping power cannot be
properly adjusted in this regard. However, the adjustable-
speed pumped storage unit (ASPSU) with a variable rota-
tional speed typically has 30-40% power regulation range
in pumping mode [3]-[5]. Therefore, it is vital and put into
operation to establish the dynamic model and quantitatively
analyze the power regulation characteristics of ASPSU in
pumping mode.

ASPSU is usually composed of an alternating-current (AC)
excitation induction machine and a reversible pump-turbine,
as illustrated in Fig. 1 [6]. The reversible pump-turbine has
adjustable guide vanes controlled by the speed governing sys-
tem and fixed runner blades. In this way, two parts are mainly
concentrated on in the dynamic modeling of ASPSU under
power regulation. One is AC excitation induction machine
and its controller [7]-[9], and the other is the reversible
pump-turbine and associated governor [10], [11].

ASPSU under power regulation typically operates in two
modes, that is, in turbine mode and in pumping mode. The
reversible pump-turbine and associated governor operates
differently in two modes. In details, the reversible pump-
turbine is equivalent to a regular hydro-turbine when ASPSU
runs in turbine mode, and it runs like a centrifugal pump when
ASPSU runs in pumping mode [12]. From this perspective,
the reversible pump-turbine and associated governor need to
be carefully considered in dynamic modeling of ASPSU in
different modes under power regulation.

The dynamic modeling of ASPSU in turbine mode has
recently been investigated [11], [13], [14] and has also been
considered in our previous study [10], while that in pumping
mode has inadequately been studied. With respect to ASPSU
model in pumping mode, some published results were
obtained by neglecting the differences in regulation prop-
erties of the reversible pump-turbine between two modes,
so the model of reversible pump-turbine and its controller
in pumping mode was regarded as the same as that in tur-
bine mode [15], [16]. Lung et al. introduced a simplified
model of hydro-turbine and a model of associated governor
for tuning guide vane opening in modeling of ASPSU in
pumping mode [15]. Guo and Zhu established a linearized
model of reversible pump-turbine and a model of its governor
for adjusting guide vane aperture in modeling of ASPSU in
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FIGURE 1. Typical schematic of ASPSU (figure modified from [6]).

pumping mode [16]. In fact, the input power of reversible
pump-turbine in turbine mode is generally regulated by guide
vane opening [3], [15], [17], [18], while its output power in
pumping mode is adjusted by rotational speed rather than
guide vane opening [5], [19]-[21]. Consequently, the model
of reversible pump-turbine in turbine mode cannot be directly
utilized in pumping mode, and the governor in turbine mode
for tuning guide vane opening has no obvious effect on the
adjustment of pumping power in this respect.

Following the fact that the pumping power of reversible
pump-turbine is tuned by rotational speed rather than guide
vane opening, some reports presented that the pumping power
is proportional to the cube of the runner speed depending
on the affinity law [5], [19]. But this law only explains the
regulating principle of pumping power from a static per-
spective. There is no better way but to rely on empirical
relationship when we determine the proportional coefficient
in most cases [9].

Although some physics-based static models for ASPSU
in pumping mode were derived [22], [23], they are unable
to fully describe the dynamic behavior. So physics-based
dynamic modeling of ASPSU in pumping mode under power
regulation is still required for the simulation, the controller
design, and the quantitative analysis on its transient perfor-
mance. Pannatier et al. proposed a complicated hydraulic sys-
tem model based on an electrical analogy, where pressure is
analog to voltage and discharge is analog to current [24], [25],
but the simulation is insufficient to compare results with the
practical records. In summary, studies on the physics-based
dynamic model of ASPSU in pumping mode under power
regulation are meaningful, but still lacking yet.
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Based on the dynamic modeling, the transient behav-
ior of ASPSU in pumping mode under power regulation
has been explored. The majority of published results were
based on time-domain simulation which provides a depic-
tion of the transient performance on ground of visual preci-
sion [18], [24], [25]. Nevertheless, they are unable to identify
and quantify dynamic properties. These matching messages
can be acquired with eigenvalues studies which have been
insufficient so far.

This study aims to present the dynamic model of ASPSU
in pumping mode which accurately describes reversible
pump-turbine characteristics and to carry out eigen analy-
sis on ASPSU in pumping mode. The main contributions
and originality of this article are as follows: (1) The accu-
rate model of reversible pump-turbine in pumping mode is
established to shed light upon its regulation characteristics.
(2) The physics-based dynamic model of ASPSU in pumping
mode under power regulation is proposed and validated by
comparing simulated results with practical records in indicial
and ramp tests, respectively. This model is also effective for
offsetting the wind power fluctuations based on a timescale
of seconds in simulation. (3) The oscillation modes in this
system are classified and discussed owing to eigen analysis.

The remaining of this paper is organized as follows:
Section II performs the regulation properties of reversible
pump-turbine in pumping mode and establishes its model
according to this. Section III derives the mathematical model
of ASPSU in pumping mode under power regulation and
verifies its correctness. Section IV proposes the small-
signal-stability model and accomplishes the eigen analysis.
Section V condenses the main contributions and conclusions.

Il. MODEL OF REVERSIBLE PUMP-TURBINE

IN PUMPING MODE

A. CHARACTERISTICS

Reversible pump-turbine, a key physical component of
ASPSU, is the most used in pumped storage plants [26]. Its
characteristics stem from measurements on a reduced-scale
model with certain speed v = 0.2 and demonstrate over
the four quadrants in light of the IEC 60193 international
standards, shown in Fig. 2 [25], [27]. N11, Q11, and M1y
are factors often used in practical engineering ground on the
speed N, the discharge Q, the torque M, the head H, and
the reference diameter of the pump turbine D,,¢, shown in
formula (1).

0 M

Ql] == 2 My, = 3
\/ﬁ'Dref H'D;ef

ey

The reversible pump-turbine commonly operates in steady
state condition when the guide vane opening is over 50% (i.e.,
y > 0.5) [28], [29] in pump mode (i.e., N1 < 0,011 < 0,and
M1 > 0) for meeting hydraulic characteristic requirements.
In most circumstances, it operates at the rated point, point A
shown in Fig. 2. Both speed and guide vane aperture can be
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FIGURE 2. Reversible pump-turbine characteristics (figure modified from [24]).

controlled in reversible pump-turbine of ASPSU in the range
of N11 €[0.9, 1.1] [2] and y € [0.5, 1.0]. Fig. 2 shows that the
guide vane opening has no obvious adjustment effect on the
flow and torque in steady state condition in pumping mode.
This proves the affinity law [5], [19] again that the torque
could be tuned by speed instead of guide vane opening in this
case.

B. MODEL

The linearized model of reversible pump-turbine applied to

small operation variations is established on the basis of the

standard six coefficient method, shown in formula (2) [30].
m=e,w + eyy + eph o)
q = egow + eqyy + egnh

The six partial derivatives of the reversible pump-turbine
are written in formula (3).

_d(M/Mg)  d(M/Mg) B (M/Mg)
T wiwr) T 0 (YY) " 8 (H /Hg)
3 (Q/0r) d0(Q/0r) _ 3(2/0r)

3

e Coy = egh =
T (w/wr) (YY) 0 (H /Hr)
Formula (4) can be proposed owing to the reversible pump-
turbine characteristics in pumping mode that the regulating
guide vane aperture has no remarkable effect on the flow
and torque. In this regard, the formula (2) can be rewritten
in formula (5).

ey~ 0 andey ~0 @)

m = e,w + eph
q = eqow + egph

&)

The penstock system without significant influence by the
elasticity of water and tube wall can be considered as rigid
water hammer model, thus its dynamics can be described in
formula (6) [31].

h=—Tywg ©)

155038

FIGURE 3. The block diagram of the reversible pump-turbine in pumping
mode.

e(l)

[0} q ~T,s
i 1+eq,, T.s

FIGURE 4. The equivalent block diagram of the reversible pump-turbine
in pumping mode.

Therefore, the block diagram of the reversible pump-
turbine in pumping mode can be demonstrated in Fig. 3, and
equivalently expressed in Fig. 4. Meanwhile, the transient
model of the reversible unit in pumping mode is given by
formula (7)-(8).

Gy () = m(s) =ey+epw (_L> en
w (5) 1 +egnTys
_ Co— LyS (eqa)eh - eqhew) %
1+ egnTys
M, = Mpy +m 8)

Ill. DYNAMIC MODEL OF ASPSU IN PUMPING MODE

A schematic diagram of ASPSU in pumping mode under
power regulation is depicted in Fig. 5. ASPSU operates as a
pump to store water from downstream reservoir to upstream
one for converting electric energy into hydro energy. It is
worth noting that ASPSU has breakthrough in pumping
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FIGURE 5. Schematic diagram of ASPSU in pumping mode under power regulation.

power adjustment under small disturbances because of having
the ability to vary rotational speed [17], [18]. In this regard,
the model of ASPSU in pumping mode for power regulation
includes reversible pump-turbine &) AC excitation induction
®) drive train ©) vector control system (D) and interface with

power grid B

A. REVERSIBLE PUMP-TURBINE

The analytical expressions of transfer coefficients in the
dynamic model of reversible pump-turbine in pumping mode
are shown as [32]

o = 4l o 1 @

“ g 1—cawy qh_a—l—cho 9)
e, = be —@ eh:beh+@

4} qw 0)0’ q ,’lO

where a = (p0wy/ho) iz wi/gHR); b = (1 — )molqo);
¢ = k*Qo/mpos g0 = Qo/Or; wo = wo/wr; ho = Ho/HR;

reported [17], [18], is studied to get specific values of transfer
coefficients. The results are e,, = —3.590, e;, = 2.080, ¢4, =
—3.440, and ey, = 1.670 based on the operation parameters
shown in Appendix A. Therefore, the reversible pump-turbine
model for the typical case is illustrated in formula (10).

—3.590 + 0.580s

10
1 +0.835s (19)

w (s)

m(s) =

B. AC EXCITATION INDUCTION MACHINE
The state-space representation in the d-q reference frame
is applied to AC excitation induction machine model,
as described in equations (11)—(13), as shown at the bottom
of the page, [10], [14].

The active power, reactive power, and electromagnetic
torque on the stator winding are expressed in formula (14).

my = Mo/Mg; r = DI2; npo = pgQoHo/Mowo; 14 = r(1 — 3 ‘ ‘
nsinﬂo/z)l/ 2, Subscripts R and 0 denote the rated condition Py = EP (delds + Vqslqs)
and the steady condition, respectively. The range of r, By, and 3
z are 1.80-2.10, 0-77/6, and 7-9, respectively [26]. Qs =3p (vgsias — Vasigs) (14)
A commissioned 400MW ASPSU in Ohkawachi power _ 3Ly . 3 m 177
station, the most practical and valuable of the references Men = 2Lsp (Vosiar = Vasior) = oP LypIm {ls ' ’r}
?ds ids r 0 —Ly, 0 Vds
igs 1 igs 1 0 L 0 —Ln || ves
. = Ao | . 11
Ldr <O’L‘YLr ) 0 ldr + (ULer ) —Ly, 0 Ly 0 Vdr (1D
Igr igr 0 —Ly, 0 Ly Vgr
—R,L, L2 + w0 LyL, Ry Ly, OmLiLy
Ay = —wpl} — woLiL, —R,L, —wmLyL, R,L, (12)
RsL, — Ly Lg —R, L —wpuLsL, + wgoLgL,
Ly L RsLy, wmLsLy — wso LgL, —R,L;
o=1- L;/LSL, (13)
155039
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When the stator flux direction is aligned with d-axis in the
d-q reference frame, we have formula (15).

Vs = Ys = _Vs/ws
1//qs =0

When p equals to 1, formula (16) is obtained by substitut-
ing (15) into (14).

3L,

(15)

Py= -2
K 213 slgr
V2 3Vl .
_ _ 16
Os 2(? L 2L, Ldr . (16)
My, = ELm (iqsidr - idsiqr) = _KZ)SVviqr

C. DRIVE TRAIN
The drive train system is usually seen as a series of rigid
bodies linked by massless shafts in the modeling of power
system. The one-mass model is used for on-grid ASPSU,
since the drive train runs as a single equivalent mass with
nearly equal participation of all inertias [14], [15]. The swing
of ASPSU is given by equation (17).

Ty .

;wm =M, — My, — D Awpy, (17)

When p equals to 1 and D, equals to zero, equation (17)

can be simplified as equation (18).

) 1
Wy = T_ (Mp - Mem) (18)
J

D. ROTOR SIDE CONVERTER (RSC) CONTROL

The active power regulation of AC excitation induction
machine is mainly controlled by RSC control [17], [18],
so only RSC control model is mentioned when ignoring the
dynamics of grid side converter (GSC) control. The block
diagram of RSC control is demonstrated in Fig. 6, and its
equation is written as [33].

X = P;k — P
X2 = kp1 (P} — Ps) + kinx) — igr (19)
X3 = QF — Qs
x4 = kp1 (QF — Q) + kitxs — gy
Vgr = k2 (kp1 (P} — Py) + kitx) — igr)

4 kipxy + wgSyLinigs + a)ssrL.,ridr (20)
var = kpa (kp1 (QF — Q) + kitxz — iar)

+ kinx4 — wySrLipigs — wsSyLyrigr

where s, = 1 — wy/ws; Ly = Ly + Ly,.

E. INTERFACE WITH POWER GRID
The interface with power grid, shown in Fig. 7, is expressed
as (21)-(22) [34], [35]

vas | _ [cose |, 0 —X71
vgs | | —sing XL 0

155040

9,

Vector control system

HCOO+4

V2O romstome  VZ0

Reversible
ASPSU

FIGURE 7. The interface with power network (figure modified from [35]).

x ([%"’S}L[’?gb 1)
lgs lgg
elbel=le el e
Vgs Vag Xrg 0 lag

where X717 = X7 + X1
Significantly, the expression of the converter topologies
can be ignored. It must be considered when studying on
fault behavior or high oscillation process with very frequent
switching, while it can be neglected when researching on
slow transient performance such as power perturbation in
this work [14]. From this perspective, different common
converter topologies (cycloconverter, back-to-back converter,

and matrix converter) have no influence on the model of
ASPSU in pumping mode.

F. MODEL VALIDATION

The PSCAD/EMTDC software is utilized to build the
dynamic model of ASPSU in pumping mode derived for
time-domain simulation. The rated specifications of 400MW
ASPSU commissioned in Ohkawachi power station are listed
in Appendix B, and simulated parameters are given in
Appendix C. There are three steps in model validation as
follows. In Step 1, indicial and ramp tests are simulated for
comparing simulated results with actual records. In Step 2,
step tests with different signal amplitudes are simulated for
testing the power regulation range of the model. In Step 3,
they are simulated that dynamic performances of ASPSU
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for compensating the wind power fluctuations based on a
timescale of seconds.

Step I: Indicial and ramp tests

The practical operations are performed as follows, and
Table 1 gives some operation parameters. When it comes to
the indicial test, the recorded running time of the on-grid
ASPSU is 83s. The power command is step increased by
0.195p.u. at 71, and step decreased at f,. Starting from 11,
power input fast reacts within 0.2s, and rotational speed
climbs up during 12s. Beginning with #,, power input also
rapidly reacts within 0.2s, and runner speed climbs down
during 12s.

TABLE 1. Some operation parameters of ASPSU in pumping mode.

The indicial test
5t 153 4] 1y ts t6
14s 44s 27s 34s 47s 54s

The ramp test

When it comes to the ramp test, the measured running time
is the same. The power command is ramped up by 0.385p.u.
from 73 to 74, and ramped down from 75 to 7. At the stage
of rising, power input fast follows the command and speed
climbs up within 12s. At the stage of falling, power input also
quickly follows the signal, and speed climbs down during 12s.

Simulated results of ASPSU in pumping mode in two tests
are demonstrated in Fig. 8 and Fig. 9, respectively. Corre-
sponding measurements, being tried to keep exactly as those
reported in [3], are also shown in each figure for comparison.
Note that the actual records are shown in nominal values
in [3], but are converted into per unit ones with consideration
for easily comparing with those employed in simulation.

According to comparisons in measurements and simula-
tion results showcased in Fig. 8 and Fig. 9, it can be found
that:

(1) The simulated terminal voltage amplitudes nearly
remain constant, the same as on-site measurements in both
indicial and ramp tests. The vector control adopted in ASPSU
makes it possible to control active power and reactive power
independently, and the reactive power is kept balance dur-
ing active power regulation process. So the terminal voltage
amplitudes which are determined by reactive power balance
keep the same.

(2) There is no description of wicket gate opening dynam-
ics in simulation, while it is recorded in practice. Wicket gate
opening has not been taken into account in the dynamic model
of ASPSU in pumping mode under regulation regarding the
fact that adjusting guide vane opening has no remarkable
effect on power regulation. The guide vane opening still exists
in practical operation records possibly due to optimizing the
efficiency of ASPSU in pumping mode by tuning the guide
vane when the speed varies [25]. This optimization process
itself is not modeled, and the optimal relationships are usually
supplied by the manufacturer [17].

(3) Simulated speed dynamics are similar to actual records
in two tests. The differences in the minimum/maximum speed
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FIGURE 8. Measurements and simulated results of ASPSU in pumping
mode in indicial test: (A) Measurements [3], (B) Simulated voltage,

(C) Simulated speed, (D) Simulated power command and power input,
(E) Simulated rotor current in phase A.

values are no more than 0.3%, listed in Table 2. Moreover, the
settling time of speed (12s) is much longer than that of power
input (0.2s) in indicial test, and the settling time of speed is a
little longer than that of power input (within 5s) in ramp test
both due to the inertia constant of ASPSU.
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FIGURE 9. Measurements and simulated results of ASPSU in pumping
mode in ramp test: (A) Measurements [3], (B) Simulated voltage,

(C) simulated speed, (D) Simulated power command and power input,
(E) Simulated rotor current in phase A.

(4) Simulated power input dynamics agree with actual
records in both indicial and ramp responses. Fast response
of power input is acquired owing to rapid changes in
both amplitude and phase of rotor current by the vector
control.
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Step 2: Pumping power regulation range tests

Considering ASPSU typically has 30-40% power regula-
tion range in pumping mode [3]-[5], the pumping power reg-
ulation range of the model proposed is tested by 10%, 20%,
30%, and 40% in order under step power commands with
different magnitudes. The simulated results are presented in
Fig. 10.
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FIGURE 10. Simulated results of ASPSU in pumping power regulation
range tests: (A) Simulated power command and power input under step
signal by 1.1 p.u., (B) Simulated power command and power input under
step signal by 1.2 p.u., (C) Simulated power command and power input
under step signal by 1.3 p.u., (D) Simulated power command and power
input under step signal by 1.4 p.u., (E) Simulated speeds under different
step signals.

According to simulation results shown in Fig. 10, it can be
found that:

(1) The model proposed can achieve 40% regulation
range in pumping power with 7.44% ((0.968-0.901)/0.901 =
7.44%) regulation range in runner speed.

(2) The settling time of both power input and speed can-
not be changed under different step disturbances. But the
maximum speed increases with the increase of disturbance
magnitude.

Step 3: Compensating the wind power fluctuations tests

Being determined 40% regulation range in pumping power,
the model is examined whether being able to offsetting the
wind power fluctuations or not in wind farm-grid integration
system. Motivated by [14], the power references in consider-
ation of the wind power fluctuations are input as setpoints of
active power of ASPSU in pumping mode. These wind power
fluctuations based on a timescale of seconds are obtained
from the spectrum characteristics of wind speed fluctuations
recorded in a typical wind farm over times utilizing the
fast Fourier transform (FFT) algorithm [36]. The wind farm
power fluctuations within 40s are shown Fig. 11, and the
fluctuation range is 0.067p.u.-0.166p.u. Note that the records
are shown in nominal values in [36], but are converted into
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TABLE 2. Comparisons in speed dynamics of measurements and simulated resuits.

Characteristics Measurements Simulated results Differences

Minimum speed 0.902p.u. 0.901p.u. 0.1%
Indicial response by 0.195pu .

Maximum speed 0.951p.u. 0.952p.u. 0.1%

Minimum speed 0.902p.u. 0.901p.u. 0.1%
Ramp response by 0.385pu .

Maximum speed 1.002p.u. 1.005p.u. 0.3%

Where difference=|((measurement)—(simulated result))/(measurement)|

0.20 T
The maximum value

is 0.166 at14.6s.

o
i
«n

The Wind Farm Power
Fluctuation [p.u.

The minimum value
is 0.067 at 50s.

10 15 20 25 30 35 40 45 50
Time[s]

FIGURE 11. The wind farm power fluctuation (figure modified from [36]).

per unit ones in view of keeping the same as those in fore-
mentioned tests.

Before 10s, ASPSU in pumping mode operates at
steady state, the same as that in fore-mentioned tests
(power input equals to 246MW/0.615p.u., speed equals to
347.4rpm/0.901p.u.). Starting from 10s, ASPSU operates
under the wind power fluctuations. The dynamic behaviors
are showcased in Fig. 12.
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FIGURE 12. Simulated results of ASPSU in pumping mode under wind
farm power fluctuations: (A) Simulated power command and power
input, (B) Simulated speed.
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According to simulation results shown in Fig. 12, it can be
seen that:

(1) The model proposed is effective for offsetting wind
power fluctuations within 40s. Fast response of power input is
acquired in hundred milliseconds owing to the vector control.

(2) The response time of speed is slower than that of power
input (16.5-14.6 = 1.9s), which possibly causes the minimum
speed and the minimum power to appear at different times.

In summary, the simulation results in Step I achieve an
agreement with the on-site measurements to validate the
model of on-grid ASPSU in pumping mode under power
regulation since characteristics (voltage, speed, active power,
and rotor current) have been correctly considered in antici-
pated model. The simulation results in Step 2 and Step 3 show
that the model proposed can achieve 40% regulation range
in pumping power and can be utilized for compensating the
wind power fluctuations.

IV. EIGEN ANALYSIS OF ASPSU IN PUMPING MODE
Dynamic model of ASPSU in pumping mode commonly
makes it possible to implement eigen analysis on it. A small-
signal stability model, the linear model in the neighbourhood
of an initial equilibrium operation point, is usually employed
for eigen analysis.

A. SMALL-SIGNAL-STABILITY MODEL

Firstly, the mathematical model of ASPSU in pumping mode
can be described as a set of differential algebraic equations,
shown as

x=f(x,u)

23
y=g(x, u )

where x, u, and y are state variables, input variables, and
output variables, respectively; f and g are the vectors of
differential and algebraic equations.

In this study, x = [@m, m, X1, X2, X3, X4, ids, igs. idr, iqr]T;

r T
vo= [P;ﬁ’ ;ﬁ’VS’(p] Yy = [Vdr,Vqr,Vdg,vqg] ; f are
included in (10)-(13), (16), and (18)-(19); g are included in
(20)-(22).

Then, the initial state operation point (power input equals
to 246MW, speed equals to 347.4rpm) is seen as an ini-
tial equilibrium operation point where all the deviations are
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TABLE 3. The eigenvalues, damping ratios, participation factors, and modes labeling of ASPSU in pumping mode.

=otjo o o f T 4 ASV1 ASV2 Mode

212 —16.28 12.57rad/s 2.00Hz 0.50s 0.79 [ m Electromechanical mode
34 —5.68 102.80rad/s 16.37Hz 0.06s 0.05 igr iar Electromagnetic mode

25 —30.92 / / / 1.00 X3 X4

j; 7 (3)462 ! ; ; ; 1 83 i? j; Non-oscillation mode 1
28 —0.66 / / / 1.00 X3 iar

simultaneously zero, given by equation (24).

{XZf@mm)ZO

24
yo = g (xo, Uo) 9

In addition, formula (23) is linearized by a Taylor series
expansion around (xg, up). Without consideration of the terms
of order two and above, the linearized model is written as

Ax = AA BA
{ X X + u 25)

Ay = CAx + DAu
where n, m, and r are the dimensions of the state vector, the

output vector, and the input vector, respectively. The size of
matrices: A (10 x 10), B (10 x 4),C (4 x 10),D (4 x 4).

Al af1 N f1
ax1 T Oy our 0 du,
A= ... ... |; B=] ... R
fn fn fn fn
Lax; — dx, ouy du,
981 981 ag1 981
ax; T Oxy, Ay u,
C = - .. |y D= ... .
agi gm % 0gr
L oxy 0x, ouy ou,

Finally, the system state matrix Ayy; is acquired in for-
mula (26) [33], [37].

{ Ak = AgysAx

Ay =[a—BD7IC] (26)

The stator current dynamics can be neglected because
the stator currents are considered as algebraic variables
due to its corresponding mode having a small time con-
stant [34], [35], [38], [39]. The reduced small-signal stability
model is given by formula (27) in this regard, and Agys is an
8 x 8 square matrix.

Ax" = AL Ax

sys

27

It can be observed from the analytical expression of Aj
that:

(1) The dynamics of speed and mechanical torque of
ASPSU in pumping mode cannot be tuned by the converter
control gains if there is no independent control for the speed.

(2) The dynamics of rotor current and intermediate vari-
ables of ASPSU in pumping mode can be regulated by con-
verter control parameters.

155044

B. EIGEN ANALYSIS

As discussed above, the eigenvalues of Ag,ys which determine
the modes of ASPSU in pumping mode are related to the
control parameters, but it is difficult to acquire the analytical
equations of eigenvalues involving the control gains expres-
sions. The control parameters need to be selected for eigen
analysis in this regard.

They are main considerations that induction machine spec-
ifications, pulse-width modulation (PWM) switching fre-
quency, filter parameters, and equivalent controller type when
designing the control gains [40], [41], and they are selected as
ko1, kpos kit kinl = [1.1, 10.0, 34.0s~1, 6.7s 7! in this study.

The oscillation frequency f;, damping ratio ¢;, and par-

ticipation factors py; for the eigenvalues A; = o; £ jw;
(iel,2,...,8)can be calculated as
fi = wi/2n
L= —(7,-/,/0142 + a)lz (28)
Pki = PriVik

where ¢y; is kth entry of the right eigenvector ¢;; W is kth
entry of the left eigenvector W;.

The py; is the participation of the kth state variable in the
ith eigenvalues, and the state variables having two highest
participation factors in the corresponding eigenvalues are
denoted as ASV1 and ASV2 [34], [35].

The eigenvalues, damping ratios, participation factors, and
modes labeling are listed in Table 3, and it can be found that:

(1) According to Lyapunov’s first method, the system of
ASPSU in pumping mode for power regulation is stable
because all eigenvalues have negative real parts.

(2) There are three stable modes, two of which are oscillat-
ing. Two oscillation modes in this system are electromechan-
ical and electromagnetic modes according to definition and
classification of power system stability in IEEE PES TR-77
technical report [42] if neglecting the stator current dynamics
in power regulation. The slower mode, oscillating at 2.00Hz,
is electromechanical mode related to rotor speed dynamics.
The faster mode, oscillating at 16.37Hz, is electromagnetic
mode related to rotor current dynamics.

(3) The electromagnetic mode is dominant due to hav-
ing smaller absolute value of the real part (5.68 < 16.28).
Meanwhile, it has the insufficient damping ratio (0.05), which
needs an in-depth improvement from a stability point view.
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At the initial stage of stability analysis on ASPSU in pump-
ing mode under power regulation, assuming that the pumping
power is adjusted by guide vane opening, Guo and Zhu
introduced that PI governor gains and water time constant
have significant influence on the stability of ASPSU based
on Hopf bifurcation theory [16]. Assuming that the pumping
power is adjusted by guide vane opening, Gao et al. presented
that PI governor gains and vector control parameters have
effect on the stability of ASPSU based on Hopf bifurcation
theory [43]. When following the fact that the pumping power
is adjusted by rotational speed instead of guide vane opening,
the system stability depends on vector control parameters as
the detailed analysis above. From this perspective, different
modeling methods reveal different main influence factors on
the system stability.

V. CONCLUSION

Having great performance on active power regulation, on-
grid ASPSU in pumping mode has attracted world-wide
attention. Accurate physics-based dynamic modeling of
ASPSU in pumping mode which is indispensable for the
simulation, the controller design, and the quantitative anal-
ysis on its transient behaviors has been insufficient yet. This
paper has presented a validated dynamic model of ASPSU in
pumping mode which quantitatively describing its regulation
properties that the pumping power is adjusted by rotational
speed rather than guide vane opening. This model is also the
foundation of further stability analysis on ASPSU in pumping
mode under power regulation. The main findings of this study
are as follows:

(1) The reversible pump-turbine of ASPSU in pumping
mode has two control variables (guide vane aperture and
runner speed), but its pumping power is adjusted by rotational
speed rather than guide vane opening. This study proposes a
dynamic generic model of reversible pump-turbine in pump-
ing mode which quantitatively depicts this regulation prop-
erties and its specific model for a commissioned ASPSU in
Japan. The generic model/the specific model can be used as a
form of user defined reversible pump-turbine for simulating
the ASPSU dynamics in pumping mode.

(2) Based on the model of the reversible pump-turbine pro-
posed, this study derives a physics-based dynamic model of
ASPSU in pumping mode with no independent control for the
speed. With the derived model, simulation of dynamic per-
formance with small disturbance is ready to conduct. On one
hand, the proposed model of ASPSU in pumping mode under
power regulation is first validated in both indicial and ramp
tests. On the other hand, the proposed model’s regulation
range of pumping power and the proposed model’s ability of
compensating the wind power fluctuations are tested.

(3) Generally speaking, eigen analysis of ASPSU in pump-
ing mode can be carried out only when its state-space rep-
resentation is obtained. Based on the modeling technique
including the inherent control model of ASPSU in pumping
mode proposed, this study presents its eigen analysis used by
an eighth-order small-signal stability model. The small-signal

VOLUME 9, 2021

behavior is characterized by two modes, electromechanical
mode associated with rotor speed dynamics and electromag-
netic mode associated with rotor current dynamics. The latter
is the dominated one, and its damping ratio which is sensitive
to system stability needs to be developed.

In the end, this study could be extended in two aspects as
follows: (1) In terms of in-depth stability analysis on ASPSU
in pumping mode under power regulation, the scheme for
increasing the damping ratio of the electromagnetic mode
can be considered. (2) Based on the model of ASPSU in
pumping mode derived in this work, the multi-energy hybrid
system (pumped storage with ASPSU, wind, and solar) can
be explored from the perspective of frequency stability.

APPENDIX A

OPERATION PARAMETERS OF A COMMISSIONED 400MW
ASPSU IN OHKAWACHI POWER STATION

According to the pump mode operation range of ASPSU of
Ohkawachi power station shown in Fig. 13 [3], the ASPSU
operates in rated condition at point A, and in steady con-
dition at point B. The corresponding operation parameters
are showcased in Table 4. The pumping efficiency can be
seen as constant by using the efficiency optimization func-
tion in the ASPSU in Ohkawachi power station [3]. Mean-
while, the pumping efficiency of ASPSU is generally around

390rpm 3 3
Rated operating point
P (MW) ESIHEEDOS
‘ Max. 400MW ~__|

300 \’\<

‘ / Steady operating point

340rpm B: =
246 boitsc el N .7 L1

‘ 7|
| P>

200 —

[
y: wicket gate opening

0 7‘ 394/
340 350 360 370 380 390 400 410 420 430 H, (m)

FIGURE 13. Pump mode operation range of ASPSU of Ohkawachi power
station (figure modified from [3]).

TABLE 4. The operation parameters of ASPSU of Ohkawachi power
station.

Power input P Speed Water head Hp
Rated operating 5 o)1y 385.0pm  394.0m
point A
Steady operating 1 ¢ 1y 347.4tpm  394.0m
point B
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0.9 although its value of the specific case has not been pub-
lished yet. So it is treated as a constant of 0.9 for simplicity

and

without loss of generality in this paper [4], [22].

APPENDIX B

RATED SPECIFICATIONS OF A COMMISSIONED 400MW
ASPSU IN OHKAWACHI POWER STATION IN PUMPING
MODE [3]

TABLE 5. The rated specifications of a ASPSU in Ohkawachi power
station in pumping mode.

No. Rated specifications
01 Maximum system input 400MW
02 Pump mode rated power factor 1
03 Speed range 330~390rpm
04 Generator terminal voltage 18kV
05 Rated cycloconverter capacity T2MVA
06 Rated cycloconverter voltage 5.2kV
APPENDIX C
MODEL PARAMETERS [10], [14]
TABLE 6. The model parameters.
No. Model specifications
01 Inertia constant 7, 11s
02 Resistance of the stator winding Ry 0.0115p.u.
03 Resistance of the rotor winding R, 0.0128p.u.
04 Self-inductance of the stator winding L 1.3p.u.
05 Self-inductance of the rotor winding L, 1.3p.u.
06 Mutual inductance L, 3.475p.u.
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