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ABSTRACT

Pumped storage systems are attractive for power generation and storage with the development of clean
energy. The combined operating mode of wind energy, solar energy and pumped storage systems is an
emerging form of energy production, which brings pumped storage systems challenge in transient
operation. Here we innovatively present a transient model of a multi-unit pumped storage system by
coupling hydraulic system with unit system. We demonstrate that the proposed model can reflect the
coupling effect of units during transient process. The simulation is provided with one unit shutdown
under three kinds of closing laws and another unit controlled by PID controller at rated condition. The
dynamic responses of unit-1 head are negatively related with its flow and output. The fluctuation of the
unit-2 head is always higher than that of unit-1, and their fluctuation periods are similar. Analysis of
dynamic characteristics of the pumped storage system suggest that transient performance improvement
can be achieved by changing the motion law of guide vanes. The influence of guide vanes on the transient
performance of the pumped storage system is investigated during load rejection process and the results
could enable the flexible operation of multi-unit pumped storage systems for renewable power

generation.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The requirements of energy security and climate change miti-
gation continue to drive development of renewable energy [1-3].
Clean energy is abundant in sun and wind. The conversion of this
energy to rotational mechanical energy, and subsequently to elec-
trical energy, has tremendous potential to power our modern world
[4]. Pumped storage station, in which solar energy and wind energy
can be transformed and storaged in water, is an effective way of
developing and utilizing clean energy [5—7]. The access of solar
energy and wind energy, which have strong randomness and
volatility, brings challenges to pumped storage stations [8]. They
have to change their operating conditions frequently and often run
under unrated operating conditions to maintain grid stability [9,10].
This stimulates an interest in transient analysis of pumped storage
systems, especially during large fluctuation transient process.

Many scholars have done a lot of research on dynamic modeling
and transient analysis of pumped storage systems. For example,

* Corresponding author.
E-mail address: guoyicheng@xaut.edu.cn (P. Guo).

https://doi.org/10.1016/j.renene.2019.12.111
0960-1481/© 2020 Elsevier Ltd. All rights reserved.

Mao et al. [11] studied the stability of pump turbines in view of flow
induced noise and they found that the flow induced noise radiation
is consistent with internal fluid characteristics. Menendez et al. [12]
analyzed the influence of air pressure in the lower reservoir due to
the energy losses in the ventilation shafts on the overall energy
production and the simulation results show that depending on the
usual designs of the ventilation system, the pressure inside the
reservoir may vary between 0.67 and 42 (m). Tang et al. [13] pro-
posed an integrated transfer function model for such PSPs in gen-
eration mode under primary frequency control and a through time
domain sensitivity analysis using both step and realistic load
disturbance as inputs was provided. Zhang et al. [ 14] researched the
vibrational performance and its physical origins of a prototype
reversible pump turbine in the pumped hydro energy storage po-
wer station by experimental study. Zhang et al. [15] investigated
the dynamic characteristics of a pump-turbine in S-shaped regions
by introducing the nonlinear piecewise function of relative pa-
rameters. In previous studies, many scholars focus on the transient
modeling and performance improvement of pumped storage sys-
tems, in which only a single unit system is considered during
transient process. However, the hydraulic system, which has an
important effect on the transient performance and stability of a


mailto:guoyicheng@xaut.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.renene.2019.12.111&domain=pdf
www.sciencedirect.com/science/journal/09601481
http://www.elsevier.com/locate/renene
https://doi.org/10.1016/j.renene.2019.12.111
https://doi.org/10.1016/j.renene.2019.12.111
https://doi.org/10.1016/j.renene.2019.12.111

H. Zhang et al. / Renewable Energy 152 (2020) 34—43 35

Notation

H; Rated water head, m

0 Rated turbine flow, m3/s

fr Coefficient of head loss for the common penstock,
p.u.

Joi Coefficient of head loss for the pipe i, p.u.

qi Relative flow of the pump turbine i, p.u.

qr Relative flow of the common penstock, p.u.

hs Relative water head of the bifurcation pipe, p.u.

hg Relative static water head of the station, p.u.

Zr Normalized value of impedance for the common
penstock, p.u.

Z; Normalized value of impedance for pipe i, p.u.

a Water hammer velocity, m/s

At Sectional area of the common penstock, m?

A; Sectional area of the pipe i, m?

Tr Elastic time constant of the common penstock, s

T; Elastic time constant of pipe i, s

Lt Length of the common penstock, m

L; Length of pipe i, m

X1i State variable of the pipe i, p.u.

Xoi State variable of the pipe i, p.u.

X3i State variable of the pipe i, p.u.

pumped storage station, is relatively unexplored. The hydraulic
disturbance and coupling effect among units can be described by
the hydraulic system and it is complex in the actual project. The
hydraulic system has many forms like two units sharing one
common penstock, four units with one common penstock and so on
[16—19]. Therefore, the coupling between the hydraulic system and
pump turbine system of a pumped storage system deserves to be
studied.

Motivated by the above discussions, this paper has three ad-
vantages which make the approach attractive comparing with the
prior works. First, we propose a novel dynamic model framework
for a multi-unit pumped storage system considering hydraulic
coupling effect among the hydropower units. Second, the effects of
hydraulic disturbance and guide vane closing law on transient
characteristics of the pumped storage system are investigated by
means of numerical simulation. Finally, the results in this paper set
the stage for researching the flexible operation of multi-unit
pumped storage systems for renewable power generation.

2. System description

In this paper, the multi-unit pumped storage system includes a
hydraulic system (a common penstock and branch pipes) and a
multi-unit system (pump-turbines, governors and generators) [20].
To illustrate the basic structure and operation mechanism of a
multi-unit pumped storage system, the general layout of the multi-
unit pumped storage system is presented in Fig. 1.

As shown in Fig. 1, water from upstream reservoir flows into the
common penstock and then get into the units through branch
pipes. Water flow from branch pipe, which changes with the
operating condition of units, drives the runner to rotate. The hy-
draulic system as a whole, the change of water flow in each branch
pipe has coupling effect on the pumped storage system. For
example, when one unit suddenly closes its guide vane in the
multi-unit pumped storage system, the water flow rate changes
accordingly causing the pressure waves in the corresponding pipe.
The pressure waves will pass to each unit because of the

connectivity of the hydraulic system and they will have an impact
on the turbine head, flow of units. This is the hydraulic coupling
effect among the units and it becomes more significant during
transient process.

Wind energy and solar energy, which have the characteristics of
randomness and volatility, cannot satisfy the request of electric
power system [21—23]. To connect with power system, they need to
operate with pumped storage systems. This combined operation
makes the operation conditions of pumped storage systems change
frequently. The pumped storage system need to regulate its load
dramatically and may conduct bidirectional operation, which
brings challenges to pumped storage systems in transient operation
[24,25]. How to improve the transient performance of pumped
storage systems especially during large fluctuation process urgently
needs to be researched. Therefore, the transient analysis of a multi-
unit pumped storage system is presented in this paper.

3. Mathematical modeling
3.1. Dynamic characteristics of the hydraulic system

In this paper, we assume that the penstock is long and the elastic
water hammer exists in the hydraulic system. To illustrate the effect
of hydraulic coupling in a multi-unit pumped storage system, the
dynamic characteristics of the hydraulic system considering the
elastic water hammer effect in the penstock are shown in Fig. 2.

The base values of the water head and flow are the rated head
and rated flow of the pump-turbine (H; and Q;). As can be seen
from Fig. 2, the hydraulic dynamics of the common penstock can be
expressed as [26]:

hs =ho — hgr — frqf (1)

th :ZTqT tanh(TTs) (2)
n

ar=_di (3)
i=1

where hg, hs and hgr denote gross head of the pumped storage
station, relative head of the bifurcation point and relative head
change caused by flow rate in the common penstock, respectively;
qr and g; are relative flow of the common penstock and i-th pipe,
respectively; fr is head loss coefficient of the common penstock.
The hydraulic dynamics of the i-th pipe can be described as [27]:

hs = hS - hqi 7fpiql‘2 (4)
hgi = Z;q; tanh(T;s) (5)

where Z; and Z; are the standard value of hydraulic surge imped-
ance in the common penstock and the i-th pipe, respectively; Zr =
aQr/(AragHy) and Z; = aQr/(AjagH;); « is the water hammer ve-
locity; Ar and A; are the sectional area of the penstock and the i-th
pipe, respectively; ag is the gravity acceleration. Tr and T; denote
the elastic time constant of common penstock and i-th pipe,
respectively; Tr = Ly/a, T; = Lj/a; Lt and L; are the common
penstock length and i-th pipe length, respectively.
For the i-th pipe, its dynamic equation is as follows:

hgi =Z;q; tanh(T;s) (6)

Eq. (7) can be obtained by expanding Eq. (6) and omitting the
high-order terms.
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Fig. 1. General layout of a multi-unit pumped storage station.

Dynamic characteristics of
common penstock

Fig. 2. Dynamic characteristics of the hydraulic system with sharing common penstock and branch pipes.

mTis + Tis3
h(s)=2Z—1 1° (s 7
qi(s) 2§ AT25? qi(s) (7)
Set
R(S) = ———ai(s) (8)
72 + 4T?s2"

Hence, we have

hg;(s) = Zim*TiR(s)s + ZT3R(s)s> (9)

According to the initial value theorem of Laplace transform, the
Laplace transform can be obtained for Eq. (8) and Eq. (9) [28]:

4,

A 4
Q

pipe #1

q, hqz —
GD(S) 4 Z
""" Dynamic characteristics of
pipe #2
hS
AL
+
q, h, _
> GD(S) 4 Z

Dynamic characteristics of
pipe #n

i =m2r(t) + 4T (1) + qo

hqi =Zi7T2TiT,(t) + ZiTiBTW(t)

(10)

(11)

Set x1; = 1(t), xo; = '(t) and x3; = 1’ (t). Then, Eq. (11) can be

written as state equations as follows:

X1i = Xpi
Xoi = X3
X3j = _W_szi + %hqi
i ZiT;

1

(12)

Eq. (12) is the state equation of i-th pipe and subscript i denotes
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the i-th pipe.
Further, Eq. (10) can be written as follows:

qi:7r2x1 +4Tl-2X3 +qo (13)

The dynamic equation of flow can be obtained by deriving Eq.
(12) and combining it with Eq. (13), as follows:

dg; 4
%: — 37T2X2 +ﬁhqi (14)

In the study of hydraulic system dynamics, the control variable
is the turbine flow, and the flow change is achieved by controlling
the guide vane opening. Therefore, the servomotor displacement
can be introduced using the following constitutive equation [29].

1
Qi:y—r}ﬁ\/hn’ (15)

where y; denotes the per-unit value of servomotor displacement at
rated load.
Substituting Eq. (11) into Eq. (8), and we have

2
hgi=ho — hgr — frq} — <fpi +§—£> q? (16)

1

fpi denotes the coefficient of head loss in the i-th pipe; g; is the
relative value of flow in the i-th pipe; hy and hy; are the relative
value of water head and hydro-turbine head, respectively; Water
head Hj denotes the difference in water level between upstream
and downstream; hg; denotes the relative value of head change
caused by flow change and Gps) is the transfer function from flow
to head.

Set x4 = q; and the characteristic equation of the hydraulic
system based on Eq. (12) and Eq. (14) can be obtained as:

% = X3j
% = —;;xz,- + Z:T? [ho — hgr — fraf — (fpi +§>Xﬁi]
% = 31Xy, +% ho — hgr — fraf — <fpi +i/,_l§>xzzli]

(17)

3.2. Dynamic characteristics of the pump turbine

The dynamic equation of the turbine output torque is as follows
[30]:

dme 1
dt ethw

eey T,
— Mg +eyy — %yW(U—y) (18)

where m; is the relative value of turbine output torque; e is the
intermediate variable, e = eqyep, /ey — egy; eqn and eqy denote the
head and guide vane opening transfer coefficients of turbine flow,
respectively; e, and e, denote the head and guide vane opening
transfer coefficients of turbine torque, respectively; T,y and Ty are
the time constant of the penstock and servomotor, respectively; u is
the controller output.

The nonlinear second-order model of generator is introduced as
follows [31]:

d_
de = Yo
do 1 (19)

where ¢ is the angle of generator rotor; w denotes the relative de-
viation of generator speed, wg = 27fy; D is the generator damping
coefficient and myg is the load disturbance.

The dynamic characteristics of the hydraulic servosystem with
PID controller are shown in Fig. 3.

From Fig. 3, the mathematical equation of the hydraulic servo-
system can be obtained as follows:

dy 1
E*T—y(U—Y‘H’O) (20)

where y and yy denote the per-unit value and initial per-unit value
of servomotor displacement, respectively.

The turbine control system is regulated by the common PID
method, and the controller output signal can be obtained as:

uszpwfﬁéfkdo) (21)
wo

where kp, k; and k; denote the proportional, integral and differ-
ential coefficients of the PID controller, respectively.

Further based on Egs. (18)-(21), the dynamic model of the
pumped turbine system considering the nonlinear factors of
generator rotor can be obtained as:

a:wow

do 1

dmf_ 1 e€yTw k; .
erthw |:—mt+6yy— T, (—kpw—w—oé—kdw—y)}
d 1 k; .
d—}t’:T—y(—kpw—w—;é—kdwfy)

(22)

3.3. Dynamic model of the multi-unit pumped storage system

The multi-unit pumped storage system includes a common
penstock, pipes, servo systems and generators of each subsystem.
To development the dynamic model of the multi-unit pumped
storage system, its frame diagram is presented in Fig. 4.

From Fig. 4, water enters the multi-unit pumped storage system
through the common penstock. Then, water from the diversion pipe
enters the unit group. The hydraulic coupling exists in the common

Fig. 3. Dynamic characteristics of the hydraulic servosystem with PID controller.
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Pipe #1 Hydraullc;tlervosystem Generator #1 Output #1

Pipe #2 Hydraulic ;;rvosystem Generator #2 Output #2
Common penstock

Pipe #n Hydraulic ;grvosystcm Generator #n Output #n

Fig. 4. Frame diagram of the multi-unit pumped storage system.

penstock and the diversion pipes, which means the changes of head
and pressure in any one of the diversion pipe can affect the other
diversion pipes and the common penstock.

Set X5; =y, Xgi = 0, X7; = w, Xg; = m;. Eq. (17) is characteristic
equation of the hydraulic system and Eq. (22) is the dynamic model
of the pump turbine system. The transient model of the multi-unit
pumped storage system can be developed by coupling the hydraulic
system and the pump turbine system. Therefore, the dynamic
model of the multi-unit pumped storage system as shown in Eq.
(23) can be obtained by combining Eqs. (17) and (22).

d;?i - —7;—;xzi + Z,l—T,?’ {ho — hgr — frf - <fpi + i%) X‘zll}
d;?i = —3m2xy; +% ho — hqr - fraf - <fpi + i/_g) X‘zu}
dxsi 1 [( — kpX7i — ﬁxei — I<d)€7,-) — Xs; +J’0}

e Ty wo

dgfi = WoX7i

dgtw _ ﬁ (Xsi — Dx7; — mg)

dgfi = ethTw { — Xgj + eyXs; — % ( — kpx7i

k; .
*w—;XGi — kaX7; — Xs;‘)}
(23)

Eq. (23) is the proposed dynamic model of the multi-unit
pumped storage system. Parameter i denotes the number of the
diversion pipe. Therefore, the dynamic model can reflect the dy-
namic characteristics of the pumped storage system with several
units.

The proposed model is a dynamic model framework of the
multi-unit pumped storage system. It means that the model can be
used to analyze the transient characteristics of a pumped storage

system with different hydraulic system. Moreover, the hydraulic
coupling effect among the units can be reflected by the proposed
model during transient process and it can also carry out the
simulation for the large fluctuation process. The real values of state
variable parameters (water head, turbine flow, turbine output) vary
widely during transient process and they have different base
values. Therefore, when the proposed model uses the real values of
state variable parameters, it is difficult to investigate their changing
law and dynamic characteristic. To analyze the property and vari-
ability of state variable parameters (water head, turbine flow, tur-
bine output) better, they are standardized in the proposed model.

4. Model validation and numerical analysis

To validate the veracity of the proposed dynamic model for
multi-unit pumped storage system, simulation test is carried out on
a two-unit system during shutdown process (i = 2). The numerical
results of the nonlinear dynamic model are obtained by Runge-
Kutta method, and the system parameters are as follows: rated
head H; = 640m; rated speed n, = 500rpm; water hammer wave
speed is 1100m/s; hydraulic surge impedance Z; = 1.157. For the
rated operating condition, the values of transfer coefficients and
operating parameters are as follows: e, = 03, ey = 04, e = —
0.15;q0 =1,y =09,y =0.9.

To study the transient characteristics of the two-unit system, the
dynamical behaviors of the unit-1 during shutdown process (both
units shut down at the same time with guide vane linear closing)
are presented in Fig. 5.

Relative value (p.u.)

Time (s)

Fig. 5. Dynamic responses of the unit-1 during shutdown process.
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For the unit-1, dynamic responses of the relative value of turbine
output (q¢ ), the relative value of turbine flow (q;) and the relative
value of turbine head (h;; ) are presented in Fig. 5 during shutdown
process. The relative value of turbine flow and turbine output show
the similar decreasing trend during the process. The relative value
of turbine head fluctuates with the guide vane closing. Note that
the relative turbine output experiences a small rise at the beginning
of the shutdown and it decreases with fluctuation in the subse-
quent process. The reason behind this phenomenon is that the
qn = Athe1(q1 —qn1) where A; and g,; denote the turbine gain co-
efficient and no-load flow. The dynamic responses of the turbine
flow, turbine flow and turbine output are consistent with the
simulation results in Refs. [27,28]. Therefore, the dynamic charac-
teristics of the unit are rational with guide vane linear closing
during shutdown process. Therefore, the simulation test carried out
on the two-unit pumped storage system is able to prove that the
proposed dynamic model can reflect the dynamic characteristics of
the multi-unit pumped storage system during transient process.

To further investigate the coupling effect of the two-unit pum-
ped storage system during transient process, the following simu-
lation experiments are provided with one unit shutdown under
different closing laws and another unit controlled by PID controller
at rated condition. The PID controller parameters are k, = 10,kg =
5,k; = 0.1 and the two units in the diversion pipe have the same
characteristic. Assume that both units are operating at rated load
and the unit-2 suddenly rejects full load. We assume that the guide
vane changes from 0.9 to 0 and the closing speed is constant for
different parts. The vanes gradually close from the rated working
condition, and the unit-2 flow reduces from rated flow to zero. The
guide vane closing law for unit-2 during the shutdown process is
presented in Fig. 6.

From Fig. 6, the total time for shutdown process is 9s and there
are three kinds of closing laws for unit-2. Law-1 is linear closing and
others are folding closing. The specific parameters of the closing
law are provided in Table 1.

When the unit-2 has a sudden full load rejection, due to the
hydraulic coupling, the head of the unit-1 will be influenced to a
certain degree. In order to explore the influence of the three guide
vane closing rules of unit-2 on the unit-1 head, the dynamic
response of unit-1 head is shown in Fig. 7.

When the unit-2 rejects full load under the three vane closing
laws, the dynamic responses of the turbine-1 head are shown in
Fig. 7. It can be seen from Fig. 7 that the dynamic responses of the

Va
0.9

0.8

0.6

0.4

0.2

39

turbine-1 head have a similar increasing trend when unit-2 closes
the guide vane under three closing laws. Under the three vane
closing rules, the relative values of the turbine-1 head experience a
significant increase in the initial stage (0s—1s), and reach the
relative maximum value of the head at 0.8s. The relative value of
turbine-1 head under guide vane closing law 3 is always higher
than that under the other two guide vane closing laws during the
adjustment process. Then, under the control of PID controller, the
relative value of turbine-1 head shows a gradual upward trend and
finally increased to 1.134 at 9s. The fluctuation period is about 1.6s.

It can be seen from the simulation results that the guide vane
closing laws of unit-2 have a certain degree of influence on the
dynamic response of the turbine-1 head. When the unit-2 closes
guide vanes, the flow rate of the water in penstock changes and
pressure waves are generated in the hydraulic system. Considering
the coupling effect of the hydraulic system, the turbine-1 head will
be influenced when pressure waves transfer from unit-2 to unit-1,
which results in the fluctuation of turbine-1 head. When the
closing speed of unit-2 guide vane increases, the flow rate will
change even more dramatically and more significant pressure
waves will be generated in the hydraulic system. Therefore, the
maximum peak value of the turbine-1 head increases with the
closing speed of unit-2 guide vane. Under the three closing laws of
unit-2 in this paper, the turbine-1 head fluctuates between 1.143
and 1.085 under the control of the PID controller. Compared with
the dynamic responses of the turbine flow and output in the pipe-1
in Figs. 9 and 11, it can be seen that the dynamic responses of the
turbine-1 head have a negative correlation with its flow and output,
and the fluctuation period is similar.

When the unit-2 suddenly rejects its full load, in order to
explore the influence of guide vane closing rules on the turbine-2
head, the following numerical simulation is used to obtain the
dynamic responses of the turbine-2 head under different guide
vane closing rules, as shown in Fig. 8.

When the turbine in the pipe-2 rejects full load under the three
guide vane closing laws, the dynamic responses of the turbine-2
head are shown in Fig. 8. The change of guide vane closing speed
can result in the change in flow rate of water in the penstock, which
eventually leads to the fluctuation of pressure waves. It can be seen
from Fig. 8 that compared with the linear closing law of the guide
vane (Law-1), the turbine-2 head has a certain degree of head jump
at the turning point under the fold-line closing rules, and then the
water head has a similar trend. Because the sudden change in the

|
|
|
|
|
!
0 1 2 3 4

5

“y

6 7 8 9 10

Fig. 6. Closing law of the unit-2 during shutdown process.
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Table 1
Closing law of the guide vane with turbine load rejection in split pipe 2.
Closing law Closing form Turning point opening(p.u.) Turning point opening (s) Total time(s)
Law-1 Linear no no 9
Law-2 Folding 0.6 2 9
Law-3 Folding 04 2 9
1.16 T T T T T T T
1.15¢ i
N
= 1.14
N—
—
1
o 1.13
R=
el
=
3 112
[
o
T LI
0]
=
5
§ 1.1
1.09§;
1.08 | | | | | | | |
0 1 2 3 4 5 6 7 8 9

Time (s)

Fig. 7. Dynamic responses of the water head of turbine-1 during shutdown process.

Water head of turbine-2 (k%z)

—— Law-2
1.1 — Law-3 ]
1.08 I I I I I I I
0 1 2 3 5 6 7 8 9

Time (s)

Fig. 8. Dynamic responses of the water head of turbine-2 during shutdown process.

guide vane closing speed at turning point causes the change of flow
rate and pressure waves. Under the linear closing law of the guide
vane, the relative value of the turbine-2 head is the smallest in the
initial stage (Os—1s). The head fluctuation range of the turbine-2
reaches 1.173 in the initial stage with closing law-3. The relative
value of the turbine-2 head suddenly decreases 0.02 and 0.006 at
the turning point under closing law-2 and law-3, respectively.

The simulation results show that the turbine-2 head is effected
significantly by the closing law of guide vanes when the unit-2
rejects full load. Rising rate of turbine-2 head is proportional to
the closing rate of guide vanes in the initial stage. The turbine head
is characterized by an increase in cyclical fluctuations with the
linear closing of guide vanes. The setting of turning point for the
guide vane closing law can cause the head jump to different
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Fig. 9. Dynamic responses of the turbine-1 flow during shutdown process.

degrees, and the setting time of the turning point corresponds to
the sudden change of turbine head. Compared to the results in
Fig. 7, it can be seen that when the unit-2 rejects full load under the
different guide vane closing rules, the fluctuation of the turbine-2
head is always higher than that of the turbine-1, and the fluctua-
tion periods of the turbine head in two units are similar.

In order to study the influence of guide vane closing law on the
flow characteristics of turbine-1 when unit-2 rejects full load, dy-
namic responses of the turbine-1 are investigated under the three

Lok —— Law-l i
: —— Law-2
. —— Law-3 i
&
z 0.8f b
=}
=
% 0.6t ]
.8
k]
£ 04f 1
0.2+ b
0 L L L L L L L L
0 1 2 3 6 7 8 9

4 5
Time (s)

Fig. 10. Dynamic responses of the turbine-2 flow during shutdown process.

1.16

guide vane closing laws, and the simulation results are shown in
Fig. 9.

When the unit-2 rejects full load under the three guide vane
closing laws, the dynamic responses of the turbine-1 flow are
shown in Fig. 9. From Fig. 9, the dynamic responses of the turbine-1
flow have a similar changing trend with different guide vane
closing laws of unit-2. Under the three guide vane closing rules of
unit-2, the relative value of turbine-1 flow fluctuates greatly in the
initial stage (0s—1s), and reaches the maximum value at 0.8s.
Compared with the closing law 1 and 2, the relative value of
turbine-1 flow obtains the maximum rising value (1.024) under the
closing law 3. Then the relative value of turbine-1 flow shows a
gradual fluctuating reduced trend under the control of the turbine
governor PID, and the fluctuation period is about 1.7s. The flow
under the three closing laws gradually decreases, and finally re-
duces to 0.959 at 9s.

According to the simulation results, the guide vane closing law
of unit-2 has a certain degree of impact on the turbine-1 flow when
unit-2 rejects full load, resulting in fluctuations in the turbine-1
flow. The maximum value of turbine-1 flow increases gradually
with the guide vane closing speed of unit-2 increasing. Under the
three guide vane closing set of unit-2 in this paper, the maximum
rise ratio of the turbine-1 flow is about 0.024 under the control of
PID controller.

Further, in order to analyze the variation law of the turbine-2
flow under different vane closing laws when the unit-2 rejects
full load, the dynamic responses of the turbine-2 flow are shown in
Fig. 10.

When the unit-2 loses full load under the three guide vane
closing laws, the dynamic responses of the turbine-2 flow are
shown in Fig. 10. From Fig. 10, the dynamic responses of the
turbine-2 flow have a similar trend with the corresponding guide
vane closing law of unit-2. Under the straight-line closing rule (law
1), the relative value of turbine-2 flow decreases approximately
linearly from the initial rated flow to 0, showing small fluctuations
during the process. Under the two fold-line closing rules (law 2 and
3), the relative value of turbine-2 flow shows a gradual decreasing
trend. For the turning point of guide vane closing law (2s), the guide
vane openings of the turning point (0.6 and 0.4) correspond to the
relative values of turbine-2 flow 0.76 and 0.43, respectively.

It can be seen from the simulation results that when the
turbine-2 loses full load, the changing trend of the turbine-2 flow is
closely related to the guide vane closing law, and the flow changing
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Fig. 11. Dynamic responses of the turbine-1 output during shutdown process.
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rate is proportional to the guide vane closing rate. The flow rate of
the unit shows an approximate linear decreasing trend with guide
vane linear closing. The setting of the guide vane turning point can
adjust the transient characteristic of the unit during the load
rejection process, and the turning point time corresponds to the
sudden change of the unit flow.

During the simulation process, Unit-1 is in the rated working
condition and connects to the grid. When the unit-2 suddenly loses
full load, investigating its influence on the turbine-1 output is
important to the stability study of grid with single tube and two
machines. Therefore, under the three guide vane closing laws of
unit-2, the dynamic responses of turbine-1 output are shown in
Fig. 11.

When the unit-2 rejects full load under the three guide vane
closing laws, the dynamic responses of turbine-1 output are shown
in Fig. 11. From Fig. 11, the turbine-1 output is influenced to a certain
degree with the guide vane of unit-2 closing, and the fluctuation
trends of turbine-1 output are consistent with corresponding
closing laws. Under the three guide vane closing laws of unit-2, the
turbine-1 output shows a large fluctuation in the initial stage
(0s—1s), and reaches the maximum output at 0.8s. Compared with
the closing laws 2 and 3, the maximum value of the turbine-1
output is the smallest (1.120) under the closing law 1. Then under
the control of the PID governor, the relative value of turbine-1
output shows a gradual decreasing trend. The fluctuation period
is about 1.6s. The turbine-1 output under the three closing laws
gradually decreases, and finally reduces to 1.042 at 9s.

From the simulation results, the guide vane closing laws have a
certain degree of impact on the turbine-1 output, when unit-2 loses
full load and closes guide vane. Under the three closing laws of the
unit-2 guide vanes set in this paper, the maximum rise ratio of
turbine-1 output is about 0.122 with the PID control. Compared
with the dynamic responses of the turbine-1 flow in Fig. 9, it can be
seen that the turbine-1 output has a positive correlation with the
dynamic response of its flow, and the fluctuation period is similar.

5. Conclusion and discussion

In this paper, considering the coupling effect of the hydraulic
system, a nonlinear dynamic model of the multi-unit pumped
storage system is established by combining the hydraulic system
and the pump turbine system. The reliability of the proposed model
is proved in the process of the two-unit rejecting full load at the
same time. Then, the dynamic responses of flow, head and output of
each unit are investigated by numerical simulation when one unit
rejects full load under three guide vane closing laws. The main
conclusions are as follows:

(1) Under the three guide vane closing laws of unit-2 set in this
paper, the maximum rise ratio of turbine-1 flow is about
0.024. There is a positive correlation between the dynamic
responses of turbine-1 output and flow. The dynamic re-
sponses of unit-1 head are negatively related with its flow
and output.

(2) The turbine-2 head is significantly affected by the guide vane
closing law. The vane closing speed in the initial stage is
proportional to the unit head rise speed. The setting time of
the turning point corresponds to the sudden change of
turbine-2 head. When the unit-2 rejects full load under
different vane closing laws, the fluctuation of the turbine-2
head is always higher than that of turbine-1, and their fluc-
tuation periods are similar.

(3) The changing trend of turbine-2 flow is closely related to its
guide vane closing law. The flow changing rate is propor-
tional to the closing speed of guide vane. Under the linear

closing law of the guide vane, the turbine flow shows an
approximate linear decreasing trend. The setting of the
turning point can adjust the transient characteristic of the
unit during the load rejection process, and the turning point
time corresponds to the sudden change of the turbine flow.

The modeling method proposed in this paper provides a theo-
retical basis for establishing a multi-unit pumped storage system
which considers the hydraulic coupling effect of complex hydraulic
systems. It provides a reference for studying the transient charac-
teristics and control problems of a multi-unit pumped storage
system.
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