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ABSTRACT This paper used the state space method to establish a stability analysis model of a hydroturbine
governing system (HTGS) coupled with a water diversion system. The stability characteristics of different
regulating regions (RRs) were studied according to the eigenvalues of the system, and they were verified
by numerical simulations in the time domain. The dynamic system responses and dominating factors were
analyzed for governor parameters selected in different domains of the RRs. In addition, an intermediate
unstable RR was discovered and its influencing factors were investigated. The results show that the unstable
RR occurs because of the interaction between the oscillations in the HTGS and surge tanks and indicate
that the system performance varies in different domains of the RR, with better performance observed in
domain II. Then, a comprehensive critical stable area is observed in the surge tank based on the effect of the
turbine, governor and water inertia, and a specific instance of the traditional Thoma stable area is observed in
the proposed area. Either reducing the cross-sectional area of the surge tank and head loss coefficients of the
headrace tunnel or increasing the water inertia of the water diversion system can increase the unstable RRs.

INDEX TERMS Hydropower plants, hydroturbine governing system, stability analysis, surge tanks, unstable
regulating region.

I. INTRODUCTION
Hydropower is the largest source of renewable electricity
generation worldwide and plays a critical role in decarboniz-
ing power systems and improving power system flexibil-
ity. With increases in variable renewable sources, such as
wind and photovoltaic generation, and the requirement for
rapid responses in terms of frequency control, the process
of regulating hydropower plants has become more compli-
cated [1], [2]. A hydroturbine governor system (HTGS) is
a nonlinear system coupled with hydraulic, mechanical and
electrical subsystems. When a small load disturbance signal
appears, the governor adjusts the turbine guide vanes accord-
ing to the signal difference to balance the power system.
Fluctuations in system parameters, such as the discharge,
surge tank water level, output, and turbine rotational speed,
from an initial stable state to another stable state, indicate
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that the whole system is under transient process. Moreover,
hydropower plants with long headrace or tailrace tunnels
are normally equipped with surge tanks to control the water
hammer pressure of the spiral case or draft tube. However,
as the water level fluctuates over a long period and has a slow
decay rate, the stability characteristics of hydropower plants
become more complex due to the interaction between the
oscillations in the HTGS and surge tanks. If the system design
parameters are unreasonable or the tuning of the governor is
inappropriate, the oscillations of the system will be unstable
during a small load disturbance [3]. The stability and quality
of regulation are significant to the safety of the hydropower
plant and even to the power system.

A considerable number of studies have been conducted
on the regulating stability and quality of HTGSs. Gener-
ally, theoretical analysis and numerical simulation are the
main tools used to analyze system stability and optimize the
regulating quality. A comprehensive summary of the classic
mathematical models of an HTGS is presented in [4] and [5],
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and some new models and methods are used to describe the
characteristics of an HTGS. Xu et al. [6] established a Hamil-
ton model of an HTGS and analyzed the dynamic behaviors
of the system. Guo et al. [7] proposed nonlinear modeling of
a hydropower plant with a tailrace tunnel. Yu et al. [8], [9]
used graph theory to establish the state-space model of an
HTGS, and it was then used to solve the complex layout of
the water diversion system and connected plants. Eigenvalue
methods [10], [11] are commonly used to analyze the stability
of an HTGS, and the elasticity of the long penstock can be
considered as well [12], [13]. Xu et al. [14] summarized dif-
ferent subsystemmodels and stability analysis approaches for
HTGSs along with their applicability in different operational
conditions and design layouts. Governor tuning methods are
very important for system regulation processes, such as robust
control [15], nonlinear generalized predictive control [16],
improved particle swarm optimization algorithms [17], and
fuzzy sliding mode control [18].

Currently, to ensure the stable operation and regulating
quality of an HGTS, the system is often designed to approx-
imate isolated conditions. A large number of islands and
remote locations around the world are not serviced by grid
power, and hydropower plants in such places are operated
under isolated conditions [19], [20]. As a result, the stabil-
ity of an HTGS with surge tanks is of great concern and
a traditional topic of hydropower plant research [21], [22].
Jimenez and Chaudhry [23] provided an analytical criterion
for the stability of an isolated hydrounit, including the effects
of a water hammer. Chaudhry et al. [24] investigated the
stability of closed surge tanks with the phase plane method
and developed stability criteria. Vereide et al. [25] studied
the effect of surge tank throttling on system stability and
found that the throttle did not have any impact on governor
stability. Vournas and Papaioannou [26] analyzed the stability
of a hydropower plant with upstream and downstream surge
tanks by performing small signal analyses. Guo andYang [27]
presented the critical stable area of the surge tank for primary
frequency regulation. Liang et al. [28] introduced a novel
mathematical model of a Francis hydraulic turbine regulat-
ing system with a straight-tube surge tank based on several
state-space equations to study the dynamic behaviors of the
HTRS system. Liu and Guo [29] investigated the multifre-
quency dynamic performance of hydropower plants (HPPs)
under the coupling effect of a power grid and turbine regulat-
ing system with a surge tank.

Previous studies have provided significant insights into the
stability of HTGSs with surge tanks. However, the simpli-
fied theoretical analysis did not consider the governor effect
while the numerical simulation focused on control method
optimization. Currently, the Thoma stable area is still used
as a surge tank design criterion; however, it neglects many
factors, such as the water inertia of the penstock and the effect
of the governor. These factors make the stability of the whole
system more complex; moreover, the stability characteristics
of the entire regulating regions considering the interaction
between the oscillations in the HTGS and surge tanks are

unclear. The intermediate unstable regulating region in this
study has not ever beenmentioned, and significant knowledge
gaps remain with respect to its characteristics and influencing
factors. The proposed research attempted to address some of
these gaps, which are valuable for engineers to design and
optimize HTGSs.

This research had two main objectives. The first was to
illustrate the stability characteristics of different regulating
regions and the corresponding system dynamic behaviors to
facilitate the preferred regulating region for the design and
operation of hydropower plants. The second objective was to
determine the factors that influence the intermediate unstable
regulating region. In particular, the effect of the surge tank
area was investigated in detail to explore the relationship
among the intermediate unstable regulating region, the crit-
ical surge tank area proposed in this work and the classical
Thoma stable area. In this study, the hydroturbine govern-
ing system and mathematical models of its components are
briefly introduced and the characteristics of the unstable reg-
ulating region and the dynamic behaviors of the HTGS are
investigated based on a theoretical analysis and numerical
simulation. Then, the effects of the system parameters on the
stability are described. Finally, the conclusions are presented
and future works are proposed.

II. MATHEMATICAL MODEL
The general layout of the water diversion system with an
upstream surge tank in a hydropower plant is shown in
Figure 1(a), and a block diagram of the hydroturbine gov-
erning system is shown in Figure 1(b).

A. THEORETICAL ANALYSIS MODEL
In this section, the equations used for modeling different
parts of the HGTS and water diversion system are introduced.
This study focuses on the stability of the ultralow frequency
oscillation, which is caused by water level oscillations in
the surge tank. The elastic water column has a small effect;
therefore, the pipe model used in the theoretical analysis
model is based on a rigid water column.

The unsteady flow equation of the headrace tunnel can be
given as follows:

Tw1
dq1
dt
= −2α1

Q2
0

H0
q1 − Zu (1)

where Tw1 is the water inertia constant of a headrace tunnel;
α1 is the head loss coefficient of a headrace tunnel; q1 =
(Q1−Q0)/Q0 is the relative value of discharge in a headrace
tunnel; Q1 is the discharge in a headrace tunnel; Q0 is the
initial steady discharge;H0 is the initial steady operation head
of a turbine; Zu = (Z − Z0)/Z0 is the relative value of the
water level in a surge tank; Z0 is the initial water level in a
surge tank; and t indicates time.
The unsteady flow equation for the penstock is written as

follows:

Tw2
dq2
dt
= −S6ϕ − S7µ− (S5 + 2α2

Q2
0

H0
)q2 + Zu (2)
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FIGURE 1. Schematic diagram of the HTGS and water diversion system
(a) and (b) general layout of the HTGS.

where Tw2 is the water inertia constant of a penstock; α2 is the
head loss coefficient of a penstock; q2 = Q2 − Q0/Q0 is the
relative value of discharge in a penstock; Q2 is the discharge
in the penstock; S5 = 2/(1 − S1); S6 = −2S1/(1 − S1);
S7 = −2S2/(1 − S1); and S1 and S2 are the coefficients of a
turbine and reflect the turbine characteristic curves and initial
unit operation states [9].

The equation of the surge tank is as follows:

Fu
dZu
dt
=
Q0

H0
q1 −

Q0

H0
q2 (3)

where Fu is the area of the surge tank.
The frequency equation of the turbine-generator couple is

as follows:

dϕ
dt
=
S9 − Sp
Tm

ϕ +
S10
Tm
µ+

S8
Tm

q2 −
1
Tm

x (4)

where Tm is the mechanical starting time; Sp is the unit
self-regulation coefficient; x = (X − X0)/X0 is the relative
value of the external load; X is the external load; X0 is the
initial external load; S8 = (1−S3/2)S5; S9 = (1−S3/2)S6+
1+S3; S10 = (1−S3/2)S7+S4; S3 and S4 are the coefficients
of a hydroturbine; ϕ = (n−n0)/n0 is the relative value of the
turbine rotating speed; n is the turbine rotating speed; n0 is the
initial steady turbine speed; µ = (τ − τ0)/τ0 is the relative
value of the guide vane open degree; τ is the guide vane open
degree; and τ0 is the initial steady guide vane open degree.

The equation of the proportion integration differentia-
tion (PID) governor is given as follows:

(bt + bp)Td
dµ
dt
+ bpµ = −TdTn

d2ϕ
dt2
− (Tn + Td )

dϕ
dt
− ϕ

(5)

in which bt, bp, Td, and Tn are the temporary speed drop,
permanent speed drop, time constant of the damping device,
and prompt time constant, respectively.

The state matrix of the small fluctuations of the system
shown in Figure 1 (b) can be obtained using Equations (1)
to (5), and the stability can be checked by the eigenvalues of
the state matrix [8].

B. TRANSIENT NUMERICAL MODEL
The equations describing the compressible water flow in a
pressurized pipeline are as follows:

∂H
∂t
+
a2

g
∂V
∂l
= 0 (6)

∂H
∂l
+

1
g
∂V
∂t
+
f |V |V
2gD

= 0 (7)

where H is the piezometric head; a is the wave speed of the
water hammer; V is the flow velocity; g is the acceleration
of gravity; l is the distance along the axis of the pipeline; D
is the diameter of the pipe; and f is the friction factor of the
head loss.

Equations (6) and (7) can be simplified into hyperbolic par-
tial differential equations, which can be solved by the method
of characteristics (MOC) [30], [31]. The turbine boundary
is obtained from the turbine characteristic curves [32], and
the PID governor equation is the same as Equation (5).
In addition, other boundary conditions, such as reservoirs,
surge tanks, etc., and the solving procedure are provided
in [30].

This paper focused on the characteristics of the regulat-
ing regions and the dynamic behaviors of a hydropower
plant; therefore, some basic mathematical models were only
briefly introduced due to space limitations. The detailed
models and solution methods can be found in our previous
paper [8].

C. HTGS AND WATER DIVERSION SYSTEM DATA
Schematic diagrams of a typical HTGS and a water
diversion system of a hydropower plant are shown in
Figure 1 (a) and (b). The parameters of the system based on
a practical project in China are as follows: the length L1
and diameter D1 of the headrace tunnel are 479.95 m and
11.79 m, respectively; the water inertia constant of the head-
race tunnel Tw1 is 3.26 s; the head loss coefficient of the
headrace tunnel α1 is 7.43 × 10.6 s2/m5; the length L2 and
diameter D2 of the penstock are 309.36 m and 11.14 m,
respectively; the water inertia constant of the penstock Tw2
is 2.35 s; the head loss coefficient of the penstock α2 is
1.42× 10.6 s2/m5; the area of surge tank Fu is 1003 m2; the
promptitude time constant Tn is 1.0 s; the permanent speed
drop of the governor bp is 0; the self-regulation coefficient
of unit Sp is 0; and other parameters are shown in Table 1.
The S subscript indicates the coefficient of the turbine in the
table.
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TABLE 1. Parameters of the hydroturbine.

FIGURE 2. RRs of the system during a small fluctuation.

III. RESULTS AND DISCUSSION
A. REGULATING REGIONS AND DYNAMIC RESPONSE
OF THE SYSTEM
Using Equations (1) to (5), the fifth-order state matrix of
the integrated water diversion and power generating system
under isolated operating conditions can be obtained and used
to describe the stability characteristics of the HTGS. The
theoretical model includes the influence of water inertia in
the headrace tunnel and penstock, the water level fluctuations
in the surge tanks and the characteristics of hydroturbines
and governors. Eigenvalues of the state matrix can be solved
with QR transformations, and the small fluctuation stability
of the system depends on the real part of all eigenvalues, i.e.,
if all the real parts are negative, then the system is stable;
otherwise, it is unstable. By solving all of the eigenvalues
corresponding to the different parameters of the governor,
the regulating regions (RRs) can be drawn, as shown in
Figure 2.

Figure 2 shows that the RRs are separated into two
main parts: stable regions (II and IV) and unstable regions
(I and III). Due to the intermediate unstable region III
between the two stable regions, the system will become

unstable when the parameters of the governor increase. How-
ever, the stability of the traditional HTGSwithout considering
the effect of the water level fluctuation in the surge tank
usually improves with the increment of the parameters of the
governor. To determine the origin of unstable region III and
verify the theoretical analysis model, the dynamic processes
of the system are simulated with two models. The first is the
complex transient model based on the water hammer theory
and the MOC, and the other is the state-space model based
on the rigid water column and fourth-order Runge-Kutta
method. If the disturbance is small, then the results of these
two models should be consistent. The disturbance to the
system is 1% of the rated output, and four groups of gov-
ernor parameters bt and Td are selected randomly in different
regions. The variations in the rotating speed of the turbine are
shown in Figure 3.

As illustrated in Figure 3, if we choose the parameters of
the governor in the stable regions, then the regulating process
is convergent; in contrast, if we choose the parameters of the
governor in the unstable regions, then the regulating process
is diverging. It should be mentioned that the effect of the
throttle orifice on the water level fluctuation is neglected
due to the linearization in the state-space model; therefore,
the bias between the amplitudes of fluctuation in diverging
cases increases while the fluctuation period is almost equiv-
alent. Therefore, both models have the same stability char-
acteristics and the results are consistent, which demonstrates
that the theoretical analysis model is correct.

Additionally, the dynamic processes of the system vary
in different RRs. When the parameters of the governor are
selected in region I, the system diverges rapidly and the
oscillation period is much shorter than the water level fluc-
tuation period in the surge tank, which is primarily because
the parameters of the governor are too small, thereby leading
to rapid governor adjustments. Under the water inertia effect
of the penstock, the HTGS diverges. When the parameters of
the governor are selected in region II, the HTGS and water
diversion system are both stable. Additionally, the regulating
quality is satisfied with rapid fluctuation damping. Therefore,
the parameters of the governor are usually recommended in
region II.

When the parameters of the governor are selected in
region III, the system diverges, with the divergence period
consistent with the fluctuation period of the surge tank, which
demonstrates that the water level fluctuation in the surge tank
becomes unstable. In this case, the adjustment of the guide
vanes slows down as the parameters of the governor increase,
thus leading to the extension of the fluctuation period of the
HTGS. The water level fluctuation becomes unstable under
the effect of the governor. Nevertheless, when the parameters
of the governor continue increasing, the adjustment of the
guide vanes further decelerate. The adverse impact on the
surge tank fluctuation is then reduced, which leads the system
to become stable again. An extreme example of this situation
is the opening control process, in which the guide vanes
remain constant during the load variation, which is absolutely

104840 VOLUME 9, 2021



G. Li et al.: Small-Signal Stability and Dynamic Behaviors of Hydropower Plant

FIGURE 3. Dynamic process of the system in different regions.

stable [3]. The parameters of the governor in region IV can
make the system stable, although the regulating quality is
poor in areas where the amplitude of fluctuations is large and
the damping is slow.

The regulating regions for the HTGS with surge tanks
have an intermediate unstable region. If the parameters of the
governor are selected in this region, then the fluctuation of the

system during a small load disturbance will diverge. To deter-
mine the influencing factors of the intermediate unstable
region, a sensitivity analysis was conducted as described in
the next section.

B. SENSITIVITY ANALYSIS OF THE INTERMEDIATE
UNSTABLE REGION
In this section, the influences of the cross-sectional area of
the surge tank and the water inertia constant and head loss
coefficient of the water diversion system on the intermediate
unstable region are investigated. The Thoma critical surge
tank area [3] is given as follows:

FT =
L1F

2α1g(h0 − hf 1 − 3hf 2)
(8)

where F , L1 and hf 1 are the cross-sectional area, length and
head loss of the headrace tunnel, respectively; α1 is the head
loss coefficient of the headrace tunnel and corresponds to the
equation hf 1 = α1V 2

1 (V1 is the velocity of the headrace
tunnel); and h0 and hf 2 are the stable operating head of the
turbine and the head loss of the penstock, respectively. The
water inertia constant is defined as Tw = LV/gh0. Equation (8)
is widely used to design the surge tank area.

1) INFLUENCE OF THE CROSS-SECTIONAL AREA
OF THE SURGE TANK
As indicated in Figure 4, the area of the surge tank has a great
impact on the system stability. When the cross-sectional area
of the surge tank is smaller than a critical value, an interme-
diate unstable region is not observed and the lower boundary
of the stable region moves toward the bottom left as the
surge tank area decreases (as shown in Figure 4(a)). However,
although the system can be stable when governor parameters
with large values are selected, the regulating quality is poor;
in such a case, the dynamic process is similar to the results of
region IV in Figure 2.

Figure 4 (b) and Figure 2 show that when the area of
the surge tank is approximately 900 m2, the intermediate
unstable region appears, and with increases in the surge tank
area, unstable region III decreases. If the surge tank area is
large enough, then the unstable region disappears and the
role of the surge tank becomes similar to that of a reservoir.
In addition, the lower boundary of region II basically does not
change, indicating that unstable region I is not affected by the
surge tank area. As discussed before, region I is prominently
controlled by the HTGS and the water inertia of the penstock.
In contrast, when the surge tank area decreases gradually,
the upper boundary of region II moves to the lower boundary.
When the two boundaries overlap, stable region II disappears,
as shown in Figure 4(a).

Therefore, a critical surge tank area occurs that leads
to differences in the characteristics of the system stability.
If the surge tank area is larger than this critical value, then
the stability of the system improves as the surge tank area
increases; however, if the surge tank area is smaller than
this critical value, then the stability of the system decreases
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FIGURE 4. RRs of the different cross-sectional areas of the surge.

slightly as the surge tank area increases. As shown in Figure 4,
when stable region II disappears or intermediate unstable
region III reaches its maximum value, the cross-sectional area
becomes the critical surge tank area considering the effect
of the hydroturbine characteristics, water inertia, governor
characteristics, etc. When the surge tank area is defined as
Fu and the critical surge tank area is Fc, if Fu is greater than
Fc, then stable region II appears, in which both the stability
and regulating quality are better. If Fu is smaller than Fc,
then stable region II disappears, and only the unstable region
and stable region IV remain. Even if the system is stable in
region IV, the regulating quality is poor and the requirements
will not be met.

As shown in Table 1, the Thoma critical surge tank area
FT of the system is 498 m2 according to Equation (8) while
the critical surge tank area Fc proposed in this study is
approximately 900 m2. However, as shown in Figure 4, if the
surge tank area is set to FT, then the stability of the system
will be poor. To analyze the relationship between FT and
Fc, a fourth-order stability analysis model that ignores water
inertia in penstocks is established in this section, and the other
parameters shown in Table 1 remain consistent. The RRs are
shown in Figure 5.

Compared with the RRs in Figure 4, the RRs are greatly
changed when the water inertia in the penstock is ignored.
A new stable region II appears in the bottom left, even when
the surge tank is reduced to 500 m2 (near FT); additionally,
unstable region I disappears, which means that the governor
can regulate rapidly without considering the stability limit of

FIGURE 5. RRs when the water inertia in penstock is ignored.

the HTGS. The stability of the water level fluctuation in the
surge tank is dominant, and an intermediate unstable region is
also observed. According to the definition of the critical surge
tank in this study, Fc is reduced to 485 m2 when the water
inertia in the penstock is not considered, and it is slightly
smaller than FT due to the effect of the governor. Thus, the
results are consistent with the new definition of the critical
surge tank area Fc proposed in this study, and the Thoma area
FT is a specific case that does not consider the water inertia
in the penstock and the effect of the governor.

In addition, a comparison of Figure 4 (b) with Figure 5
shows that the critical surge tank area that considers the water
inertia in the penstock is almost twice as large as that without
considering such inertial. Therefore, the water inertia in the
penstock has a great influence on the system stability and
the traditional Thoma criterion cannot be used to check the
system stability during a small fluctuation, especially for low
head hydropower plants with a long penstock.

2) INFLUENCE OF THE PARAMETERS OF THE WATER
DIVERSION SYSTEM
a: WATER INERTIA CONSTANT OF THE HEADRACE TUNNEL
First, three different water inertia constants of the headrace
tunnel, namely, 0.9 Tw1, Tw1 and 1.1 Tw1, were used to ana-
lyze the influence of this tunnel on the intermediate unstable
region, while the remaining parameters were kept the same.
The results for 0.9 Tw1 and 1.1 Tw1 are shown in Figure 6, and
the result for Tw1 is shown in Figure 2. Figure 6 indicates that
increasing the water inertia constant of the headrace tunnel
will enlarge the intermediate unstable region, which deterio-
rates the stability of the system. Additionally, the water inertia
constant of the headrace tunnel only affects the intermediate
unstable region, which is related to the stability of the surge
tank. However, unstable region I presents limited variations
because it depends on the HTGS and the penstock.

b: WATER INERTIA CONSTANT IN THE PENSTOCK
Then, three water inertia constants in the penstock 0.9 Tw2,
Tw2 and 1.1 Tw2 was used to obtain the RRs, and the other
parameters were kept the same. The results of Tw2 are shown
in Figure 2, while the others are shown in Figure 7. The
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FIGURE 6. RRs of different water inertia constants of the headrace tunnel.

FIGURE 7. RRs of different water inertia constants of the penstock.

results show that the intermediate unstable region increases
with increasing water inertia in the penstock, which adversely
affects the system stability. The effect of the water inertia
in the penstock is not as sensitive as that in the headrace
tunnel. In addition, when the water inertia in the penstock
increases, unstable region I enlarges, which is consistent with
the previous analysis that the water inertia in the penstock
affects the stability of HTGS. If the water inertia is ignored,
unstable region I will disappear.

c: HEAD LOSS COEFFICIENT OF THE HEADRACE TUNNEL
Three head loss coefficients of the headrace tunnel, namely,
0.9 α1, α1 and 1.1 α1, were used to obtain the system
RRs. Figure 2 shows the stable region of α1, and the other
results are shown in Figure 8. The results indicate that a
large head loss coefficient of the headrace tunnel results in an
obvious decrease in the intermediate unstable region, which is
similar to the influence of water inertia in the headrace tunnel.
Head loss is the origin of the attenuation of the surge tank
fluctuation; therefore, the larger the head loss coefficient of
the headrace tunnel, the smaller the critical surge tank area.
Meanwhile, increasing the head loss coefficient definitely
reduces the power output of the hydropower plant.

d: HEAD LOSS COEFFICIENT OF THE PENSTOCK
Finally, three head loss coefficients of the penstock, namely,
0.9 α2, α2, and 1.1 α2, were utilized to find the system

FIGURE 8. RRs of different head loss coefficients of the headrace tunnel.

FIGURE 9. RRs of different head loss coefficients of the penstock.

RRs. The results of α2 are shown in Figure 2, and the others
are shown in Figure 9. The intermediate unstable region is
almost the same, which indicates that the head loss coefficient
of the penstock has little impact on the system stability and
the critical surge tank area.

IV. CONCLUSION
In this study, a theoretical model for analyzing the stabil-
ity of an HTGS with a water diversion system was estab-
lished and the eigenvaluemethodwas employed to investigate
the RRs. The numerical model of hydraulic transients in
hydropower plants was used to verify the theoretical model,
and good consistency was obtained between these two mod-
els. Based on the models, the stability characteristics of dif-
ferent RRs and the corresponding system dynamic responses
were illustrated. In addition, the effect of the water diversion
system parameters on the system stability was determined.
The findings of this research can be summarized as follows.

(1) An intermediate unstable region exists in the RRs of the
HTGS with a surge tank. Traditionally, an HTGS is more sta-
ble when the parameters of the governor are larger. However,
due to the effect of the water level fluctuation in the surge
tank, the system might be unstable when the parameters of
the governor increase. The dynamic response of the system
varies in different domains of the RRs, and the dominant
influencing factors of each domain are different. Generally,
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when the parameters of the governor are set in domain II,
the regulating stability and quality are better.

(2) The relationship among the intermediate unstable reg-
ulating region, the critical surge tank area proposed in this
work and the classical Thoma stable area is determined.
When intermediate unstable region III reaches its maximum
value, the cross-sectional area of the surge tank is the critical
surge tank area considering the effect of hydroturbines, water
inertia, governor characteristics, etc., and the Thoma stable
area is a specific situation that neglects the water inertia in
the penstock.

(3) The water inertia in the penstock has a great influence
on the system stability, i.e., the critical surge tank area is
almost twice the Thoma area in the case study. Therefore,
the classical Thoma criterion is not sufficient to check the
system stability during small fluctuations, especially for low
head hydropower plans with long penstocks. Either reducing
the surge tank area and head loss coefficients of the headrace
tunnel or increasing the water inertia of water diversion sys-
tems can enlarge the unstable RRs.

As this papermainly investigated the oscillations caused by
interactions between an HTGS and water diversion system,
electric subsystems, such as automatic voltage regulators
(AVCs) and power system stabilizers (PSSs), are simplified.
In addition, a mathematical expression of the new critical
surge tank area is still needed, which is more general and con-
venient for practical use. Our group will continue to address
these points in future investigations.

APPENDIX A
NOTATION AND NOMENCLATURE
HTGS hydroturbine governing system
RRs regulating regions
HPPs hydropower plants
MOC method of characteristics
PID proportion integration differentiation
[GD2] moment of inertia of rotating fluid and

mechanical parts in the turbine-generator
unit, [t·m2]

a wave speed of water hammer, [m/s]
bp permanent speed drop of the governor, [pu]
bt temporary speed drop, [pu]
D diameter of the pipe, [m]
f the friction factor of head loss, [pu]
F the cross-sectional area of headrace

tunnel, [m2]
Fu the cross-sectional area of the surge

tank, [m2]
g acceleration of gravity, [m/s2]
h initial operation head of turbine, [m]
hf 1, hf 2 head loss of headrace tunnel and

penstock, [m]
h0 initial operation head of turbine, [m]
H piezometric head, [m]
l the distance along the axis of pipeline, [m]

L length of the pipeline, [m]
L1, L2 length of the headrace tunnel, [m]
n rotating speed of the turbine, (rad/s)
n0 the initial rotation speed of turbine, (rad/s)
P power of turbine, [kw]
p relative value of power of turbine,

p = (p− p0)/p0, [pu]
PG power absorbed by the generator, [kw]
pG the relative value of power absorbed by

the generator, pG = x + spϕ,
pG = (PG − PG0)/PG0, [pu]

Q1,Q2 discharge in the headrace tunnel and
penstock, [m3/s]

sp unit self-regulation coefficient,
sp = ∂PG/∂ϕ, [pu]

S1, S2, S3, S4 coefficients of hydro-turbine, which
reflects turbine characteristic curves and
initial unit operation states, [pu]

S5, S6, S7 coefficients, [pu]
S8, S9, S10 coefficients, [pu]
T time, [s]
Td dashpot time constant, [s]
Tm mechanical starting time,

Tm =
[
GD2

]
n20/365P0, [s]

q1, q2 the relative value of discharge variation
in the headrace tunnel and penstock, [pu]

Tn promptitude time constant, [s]
Tw1, Tw2 water inertia constant of the headrace

tunnel and penstock, Twi = LiVi/gh0, [s]
V flow velocity, [m/s]
V1, V2 velocity in the headrace tunnel and

penstock, [m/s]
X external load, [kw]
x the relative value of external load,

x = (X − X0)/X0, [pu]
Z the water level in the surge tank, [m]
Z0 the initial water level in the surge

tank, [m]
Zu relative value of water level variation in the

surge tank, [pu]
α1, α2 head loss coefficient of the headrace

tunnel and penstock, [s2/m5]
µ relative value of the guide vanes open

degree, µ = (τ − τ0)/τ0, [pu]
τ guide vanes open degree, [◦]
τ0 initial guide vanes open degree, [◦]
ϕ the relative value of the rotating speed of

turbine, ϕ = (n− n0)/n0, [pu]
ξ the relative value of the operation head of

turbine, ξ = (h− h0)/h0, [pu]
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