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Abstract: Utilizing the flexibility of hydropower to integrate more intermittent renewable energy into
the power grid requires hydro units to expand the operating range; this duty, however, requires a
continuous improvement of their stability during part-load conditions. This study focuses on the
stability performance of hydropower generation systems (HGS) during flexible operation. First,
a dynamic model of HGS that reflects the characteristics of part-load conditions is established by
introducing pressure pulsation in the draft tube. Second, the model of HGS is coupled with a shafting
system to investigate the vibration property of the unit. Then, the validity of the coupling model is
verified by comparing it with a traditional model and actual data. Finally, some possible ways to
mitigate the instability caused by part-load operation are explored. The results show that part-load
operation of the system is accompanied by significant dynamic response fluctuations (5%). Moreover,
the interaction effect of multiple vibration sources and the vibration performance in a part-load
condition are investigated. This paper is expected to provide support for improving the stability of
HGS part-load operation and offer useful insights for exploiting the flexibility potential of HGS.

Keywords: hydropower generation system; flexible operation; part-load condition; pressure fluctua-
tion; shafting vibration

1. Introduction

To meet the goal of net zero emissions by 2050, nearly 90% of global power generation
must come from renewable energy sources, with solar photovoltaic and wind energy to-
gether accounting for nearly 70% [1]. Large-scale grid connection of intermittent energy
such as solar photovoltaic and wind energy will aggravate the frequency and amplitude of
power fluctuation on the generation side, which requires that the power system provide a
more flexible power supply to meet the stability requirements [2-5]. Hydropower genera-
tion systems (HGS) with rapid start-stop performance, excellent adjustability and stable
output [6] have become an important option for improving operational flexibility. This
improvement of flexibility requires the unit to operate in a wider range and switch between
operating conditions more frequently, posing a challenge to the stability of the HGS.

The research on the flexible operational stability of HGS can be divided into two
categories: (i) the stability on the transition process is an important guarantee for the
safe start-stop and ramp of the HGS. This stimulates an interest in the investigating of
transient processes, particularly large fluctuation transient processes [7]. For example,
Chirag [8] investigated the inception, propagation and interaction of vortex rings during
turbine load variations using a dynamic mesh approach. Zhang et al. [9] studied the unit-
plant structure vibration during a transition process based on the hydraulic-mechanical-
electrical-structural model. Lai et al. [10] constructed a refined nonlinear model for the
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transient process and quantitatively studied the effects of the rejection parameters on HGS.
Riasi et al. [11] employed a characteristics method to study the dynamics of transient flow
in the waterways of HGS and the effectiveness of the surge relief valves was substanti-
ated. (ii) The stability of HGS operating at part-load condition is crucial to improving the
flexibility and extending the scope of safe operation. Many scholars have studied the char-
acteristics during part-load conditions [4,12-14]. For example, Pasche et al. [4] investigated
the generation and propagation of synchronous pressure waves in Francis turbines during
part-load conditions. Guo et al. [12] analyzed the dynamic characteristic under non-rated
and rated conditions, but the selection of pressure pulsation amplitude and frequency was
not combined with engineering practice. Silva et al. [13] studied the effects of pressure
pulsations through a case study and evaluated the power swings through modal analysis.
Altimemy et al. [14] conducted LES to characterize the spatial and temporal structure of
turbulent flows while the unit operated at the design point and at part load. In summary,
guaranteeing stability of HGS during part-load conditions and the transition process is an
important task to integrate intermittent energy.

However, the continuous extension of the operating scope may lead to unstable vortex
ropes inducing an efficiency drop, fluctuations of pressure and large vibrations of the unit
and eventually endangering the structural integrity of the unit [15,16]. Previous research on
part-load operation tends to focus on the evolution of the internal flow field, but research on
the dynamic and vibration characteristics is lacking because it cannot model the interaction
feature between the various subsystems of HGS [17-20]. The operation characteristics
of the HGS is affected by three main factors, i.e., hydraulic factor, mechanical factor and
electromagnetic factor [21]. Few studies have been conducted on the characteristics of HGS
with the influence of multiple factors coupling, but this has an essential impact on the safe
operation of the system.

Motivated by the above discussions, the innovations of this paper can be summarized
as follows:

The vortex rope in the draft tube as the main factor affecting unit stability is introduced
into the HGS through screening the key factors affecting the stable operation during
part-load conditions.

Dynamic performance analysis of the HGS is conducted under different working conditions.
The effects of hydraulic-mechanical-electromagnetic excitation interactions on the vibration
performance of HGS are quantitatively evaluated.

Key parameters affecting part-load stability and possible ways for mitigating vibration in
part-load conditions are obtained to diminish the operating risk of HGS.

This paper is organized as follows: in Section 2, a nonlinear mathematical model
of the HGS that can reflect the characteristics during part-load conditions is presented
and validated. Section 3 analyzes the dynamic characteristics of the HGS operating at
part-load conditions, and the vibration caused by the coupling of hydraulic-mechanical-
electromagnetic excitations are investigated by using numerical experiments. Conclusions
and Discussion are summarized in Section 4.

2. Model of Coupled Systems
2.1. Model of HTGS
Based on the accurate expression of the main influencing factors, a simplified nonlinear

model of the HTGS was selected to reduce the complexity of the coupling system [22]. The
block diagram of the HTGS is shown in Figure 1.
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Figure 1. Block diagram of HTGS.

2.1.1. Hydro-Turbine and Generator

The IEEE nonlinear model is selected as the hydraulic turbine model, and the first-
order generator model is adopted [23]. According to Figure 1, the equations can be

shown as:
{ Py = At(q — qu)h — Eun

. 2 1
it = o [ A5~ ) gy — 70 — mgo — Enn @

2.1.2. Pipeline System
Both the water and the pipe wall have elasticity in engineering practice. The impact
of this elastic effect on the hydropower system should be considered when the HTGS has

a long water-diversion pipeline [24]. From Figure 1, the transfer function of the pipeline
system considering hydraulic friction and elastic water hammer is:

1733 1
ET33 + 1Ts
Ahg(s) = 2hy B~ 2 " Ag(s (2)
(5) © o 1T252 41 7()

Converting Equation (2) to a differential equation, the pipeline model can be expressed as [25]:

.24, 3 = 24
—0=—=h+—=h 3
T2 T T ®
The corresponding state-space equations are:
X1 = X2
X2 =13 (4)
X3 = —a1xy + boh

2
where a; = 24, by = X1, X2, X3 is the intermediate variable and h = ho — f) 2 _ Z—Zyg

24 24
T?’ ho T3

2.1.3. Speed Regulation System

PID control systems are widely used in hydropower stations, which consist of a PID
controller and a hydraulic servo system. Generally, the transfer function of PID control is:

k:
Gp]D(S) = kp + ;Z + de (5)
The output signal of the governor control loop is:

u:kp(re—n)—i—ki/(rg—n)dt—i-kd%(re—n) (6)
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where 7, is speed reference input. Select z = [ (r. — n)dt, z = r. — n when the generator
speed reference input . is a constant. Then, Equation (6) can be written as:

u=ky(re —n)+kiz—kqn (7)
Finally, the differential equation of the hydraulic servo system is [26]:

i = é(uy) ®)

2.1.4. Model of Draft Tube Vortex

The HGS needs to operate at part-load conditions to adapt to the changing demand of
the power system and the vortex rope usually occurs during these conditions [27,28]. This
phenomenon can lead to the propagation of low-frequency pressure fluctuations, power
swings, efficiency drop and damage to components [29]. The model of HGS that can accu-
rately reflect the dynamic characteristics in part-load conditions is still very rudimentary. In
this part, an HGS model that can reflect the dynamic characteristics of part-load conditions
is established by introducing pressure fluctuations.

The circulation of the runner outlet is equal to that from the draft tube inlet because
the viscosity of the water is ignored. From Figure 2, the circumferential velocity at the
runner exit is:

Vip = Uy — Vyp cot B )

where U = (27t x N) /60, V2 = Q/F. Thus, the circumferential component of absolute
speed at runner exit V5 can be written as [9]:

27Ky 1o N Q

Vi = =
u2 60 F

cot B (10)

Runner blade

(a) (b)

Figure 2. The velocity vector diagram of outlet of turbine blade; (a) top view of runner blade; (b) front
view of runner blade.

The flow in the draft pipe near the outside is a free vortex. Therefore:

7aVua

Vip = (11)

2

The relationship between the vortex rope frequency of the draft tube and the inlet
circulation in the inlet of the draft tube can be expressed by:

Kyrg? ra cot B2
=Vin/(21r) =V, 2mr?) = 24N - &
fo=Via/ 27tr2) = Vuara/ (2717) = 005 27P2F

Q (12)
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In line with a concise formula presented by Nechleba [9], the value of pulsating
pressure can be obtained as:
€y

2 2
Ap =271 Va5
a v

(13)

The section size of the vortex rope varies with the change of the hydro turbine load.
The vibration amplitude of the vortex rope is large and the flow pattern is helical during
part-load conditions. At this time, the amplitude of the pressure pulsation is also relatively
large, which may cause great harm to the stable operation of HGS [28,29]. Assume that the
eccentricity of the vortex e, has the following linear relationship with the output power P;
of the HGS [9].
0.01 0.00 <P <0.30
4.05P; —1.205 0.30 < P; < 0.50
ep = —4.05P; +2.845 0.50 < P; < 0.70 . (14)
0.01 0.70 < P, < 0.85
0.5P; — 0.415 P; > 0.85

Combined with Equations (12) and (13), the law of pressure pulsations can be written as:
Fy = Apsin(27tfyt). (15)

The pressure pulsations can be calculated and normalized as the fluctuation of the
water head [12]:

hp, — 17 (16)
fr pgH
In light of the above discussion, the mathematical model of HTGS is:

561 = X2
5C2 = X3
. 2 a4+ 1T2x5)
X3 = —%xz + % {ho —Jp (‘10 +Xx1+ %Trzxa) - wyz - hfp:|

(qotxit3T2x:) 172, 1 (17)
=g At( (v +R) hip (‘70 R R q"’) (n+1)

—myg — mgo — Eyn

v =1, [kp(re = n) +kiz — kqrt =y
Z="Te—1n

2.2. Model of Shafting System

The shafting system, as a bridge and link between the runner and the generator, is the
core component of HGS [30]. The structure of the shafting system is shown in Figure 3.

|
Upper guide bearing
0. - g
Lower guide bearing
1A Guide bearing
Hydro-turbine runner | — -- 0
2

Figure 3. The structure diagram of shafting system. O; and O, are the centroids for the generator rotor
and the hydro-turbine runner, respectively, where O; coincides with the origin of the coordinates.
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From Figure 3, the geometric centers of the generator rotor and turbine runner is (xo1,
Yo1) and (xp2, Yo2), respectively. Their position relationship can be expressed as:
Xgp = Xo1 +rcosf (18)

Yo2 = Yo1 + rsinf

where 0 = wt + 6, 0 is the initial phase angle of the shafting and w is the angular velocity.

The centroid coordinates of the generator rotor are (x1, y¥.1). According to their
position relationship, we can obtain that x.; = x¢1 +e;cos @, Y1 = Yyo1 + €1 sing, in
which ¢ = wt + ¢¢ and ¢y is the initial phase of the rotor. Similarly, x» = xz + ez cos @,
Ye2 = Yoz + e2sing.

The static equilibrium point of the shafting system is selected as the zero potential
energy point. The kinetic energy and potential energy of the shafting system can be
expressed as [31]:

) -2
E; 3(h Jr2m1e%2)(p +%g]z+mz(r2+e§))9
1(x01 + ¥ + e%(p — 2xp181 ¢ Sin @ + 21,19 COS @) (19)
2(Xg0 + Yoo + €59" — 2xe2¢ Sin @ + 2y 1,2 COS @)
3k1 (23, +y3,) + 2ka(x2) + Y2, + 2rx1 cos 0 + 2rypy sin 6 + 12)

1
m
1
m

I+ +

Ep

The total external force acting on the HGS are F = {} Fy,) F,}; then the Lagrangian
function of the shafting system can be expressed as [32]:

d(oL) _ oL _
dt affm 9x01 ZFX

d(aL ) _ oL _

dE\ oy, ) o . (20)
d (L) _ oL _

5 (%) - 3 = M- Mg

Damping is the property that the amplitude decreases because of external forces or
the characteristics of the system itself during the vibration process. The damping force of
the shafting system are [33]:

{ Fxfc = CJ:C01 (21)
Fy—c = cyp

The unbalanced magnetic pull of the shafting system can be written as [34]:

RL7k? 12
Fx—ump = 47] (2[\01\1 + A Ay + A2A3) cos A
RL7?I<02.I]-2 . (22)
Fyfump = TS(ZAOAl + A Ay + A2A3) sin A
The oil film force acting on the diameter of axis can be expressed as [35,36]:
Fx it = Fx—oi10 + kxxXo1 + kxy]/Ol + dyxXo1 + dxyj/(n
Fy—oi = F k k dyor + dyyiioy 23)
y—oil = Ly—oil0 T KyxX01 + KyyYo1 + dyxXo1 + dyyYoy

where the stiffness coefficients kyx, kxy, kyx and ky, and damping coefficients dyy, dxy, dyx
and d, are presented in the Appendix A.
In light of above analysis, the corresponding differential equation are:

(my + my)xo1 + cxo1 + (k1 + ko) xo1 — [(m1e1 + mpep) sin ¢ + myr sin 0w
—[(myeq + maey) cos @ + mor cos O]w? + kor cos O = Fx—ump + Fx_oil
(mq + TI’lz)j/bl + Cy()l + (kl +ka)yor + [(M1€1 + myey) cos ¢ + myr cos 9]&)
—[(mye1 + mpez) sin @ + myr cos O]w? + korsin € = Fy_ymp + Fy_oil

(24)
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2.3. Coupled Model of HGS

The relationship between the relative deviation of the speed and the system torque
can be expressed as [37]:

Mt - Mg = (mt - mg)MgR = AMCU - BM (25)

where Ay and By are intermediate variables and their expression are shown in the
Appendix A.

Furthermore, the turbine and generator are connected by flanges; therefore, the re-
lationship between the shafting speed and the relative deviation of the HTGS speed is
w = wrx and w = wgrn. Combining with Equations (1) and (25), we can get the connection
equation of shafting and PTGS and the equation is [32,37]:

B M —
o= Byt Mo (i — mtg) 26)
AMWR

According to the above discussion, the mathematical model of the HGS can be

written as:
X1 = X2
5(2 = X3
. 2 +x +1T,2x z
A ('70+X1+%T3x3)2y2 _n (qo+x1+§ TPx3—4u )
Byi+Mgr (PR fr (n+1)
P —Mmyg — Mo — Enn
) - 1 .AMWR 27
y:T—y[—kP(re—n)+kiz—kdn—y] . (27)
Z=1,—1N
9_.501 = Uy
Yo1 = Uy
P [(m1e1 + maea) cos @ + myr cos lw? + [(mye; + maez) sin ¢ + mar sin O]w
X my+my —kzr cos O — (k1 + kz)xm —Fe_c+ Fx—ump + Fxfoil
P [(m1e1 + myer) sin @ + mor sin 0]w? — [(myey + moey) cos @ + myr cos Ow
Yo mtmy —korsin® — (kl + k2)]/01 - Fyfc + Fyfump —+ Fy—oil

The hydraulic-mechanical-electromagnetic coupling model has relatively definite
physical and engineering significance. This model reflects the nonlinear characteristics of
the HGS and integrates the interaction of various influencing factors as much as possible.

2.4. Model Validation
2.4.1. Verification of the Coupling Model

In this study, the HGS model based on the coupling of HTGS and shafting system is
adopted to investigate the dynamic characteristics of the HGS during part-load conditions.
To verify the correctness of the coupling model, a typical transient process of load increase
is selected for comparative analysis. The results are shown in Figure 4.

Figure 4 shows the dynamic characteristics comparison between the coupling model
and the classical nonlinear model [23]. From Figure 4, the rotational speed n decreases
rapidly at the initial stage (0-15 s) after receiving the command of load increase, while the
power P; gradually increases. The reason for this phenomenon is that the electromagnetic
power suddenly increases, but the change of the turbine power is slower than it. To
overcome the electromagnetic torque increase and prevent the further decrease in speed,
the HGS needs to increase the guide vane opening and the turbine power is also increased.
Eventually, the HGS approaches a steady state with the gap between the power and the
turbine electromagnetic power gradually narrowing. This simulation process is consistent
with the dynamic characteristics of the load-increasing process in actual hydropower
stations. As shown in Figure 4, the two models have the same regularity during the
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transition process with only minor differences in amplitude; the maximum difference of
water head £ is 0.057, the maximum difference of power p; is 0.051, the maximum difference
of rotational speed 7 is 0.013 and the minimum error is 0, which is an acceptable range for
this study. Besides, the differences are caused by the introduction of more variables and
parameters into the coupled model. Therefore, we can conclude that the HGS model could
express more features with similar accuracy as the traditional nonlinear model.

-0.05

Rotational speed n

-0.1
0

0.4
0.3 0.5
0.4 o
= g
o - 02 5
3 803
< 041 5
e 202
S 0 e a
- = Nonlinear model 01 = Nonlinear model
=—Nonlinear model 01 ! T Coupling moder
= Coupling model . Coupling model 0
-0.2 -0.1
10 20 30 40 50 60 0 10 20 .30 40 50 60 10 20 . 30/ 40 50 60
Time/s Time/s imels
(a) (b) (c)

Figure 4. Transient characteristics of two different models during a load increase process; (a) time
domain diagram of relative deviation of rotation speed n; (b) time domain diagram of relative
deviation of water head /; and (c) time domain diagram of relative value of power P;.

2.4.2. Verification of Pressure Pulsation Characteristics

The pressure pulsation in the draft tube is introduced into the model to reflect the
dynamic characteristics of the system operating at part-load conditions. It should be noted
that the vortex rope is affected by various factors such as unit type, status, water head,
etc., and has random characteristics. To reduce the difficulty of the research, the model of
the vortex rope only considers the main factor that affects the pressure pulsation in the
draft tube; that is, the eccentricity of the vortex rope, and other influencing factors are
simplified and omitted. The pressure pulsation during part-load conditions (50%) is shown
in Figure 5.

><105 %108

N

‘M

(9] (o)

Amplitude

w
—

Pulsating pressure/Pa
! O

80

N

’ m ﬂ

w I

‘HU

2 : T T T 7

‘ \ { il ”w
I \ [
‘H | J ‘ \‘ ‘

\
‘\ \ h \ 1
100 0 1 2
Frequency f/(HZ)
(b)

Figure 5. Simulation results of pressure fluctuation in the draft tube during part-load conditions (50%);
(a) time domain diagram of pressure pulsation; (b) frequency-domain diagram of pressure pulsation.

Table 1 shows the test data of pressure pulsation with different loads in an actual
hydropower station [38]. From Figure 5, the distribution range of the main frequency of
the draft tube vortex rope (0.52-1.59 Hz) is close to the measured data in Table 1, which is
in line with the low-frequency characteristics of pressure pulsation in engineering practice.
Furthermore, as shown in Figure 6, the water level fluctuation / caused by pressure
pulsation is about 5% when the hydro turbine power is 0.5 and 0.65, which is close to the
amplitude in Table 1.
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Table 1. Measured data of pressure pulsation in the draft tube of a unit with different loads.

Power Water Head
Table Frequency
Py/P; * AH/H
1 0.15 0.084 1.67 Hz
2 0.32 0.110 0.93 Hz
3 0.49 0.048 0.74 Hz
4 0.64 0.046 0.54 Hz
5 0.81 0.019 1.97 Hz

Note: * indicates rated value.

o
=) =

Water head h /p.u.

o

-0.2

0.02

o
o
“

Power pt/p.u.

n

S
=4

0.50
—0.65
—0.80

Rotational speed n /p.u.

0.50
—0.65
—0.80

S

o

S
=

s
P
8

0 10

20

30
Time/s

(@)

5
40 50 60 0 10 20 ) 30 40 50 60 0 10 20 ) 30 40 50 60
Time/s Time/s

(b) (c)

Figure 6. Time domain diagram of dynamic characteristics of HGS with different working conditions
(0.5, 0.65, 0.8); (a) time domain diagram of relative deviation of water head #; (b) time domain
diagram of relative deviation of rotation speed 7; and (c) time domain diagram of relative value of
power P;.

The simulation results cannot be completely consistent with the actual measured data
because the model simplifies and omits some influencing factors, but still could reflect the
dynamic characteristics of part-load conditions to some extent. When simulating other
hydropower units, the eccentricity e, could be further optimized based on the measured
data to reflect the dynamic characteristics at part-load conditions more accurately.

3. Stability Assessment of HGS
3.1. Dynamic Characteristic of HGS

Part-load operation of the HGS often accompanies a variety of dynamic characteristics,
which can be reflected by the dynamic response of HTGS and the vibration of the shafting
system. For this purpose, three typical working conditions (i.e., 0.5, 0.65 and 0.8) are
selected for comparison based on Table 1. First, the dynamic response of the water head,
rotational speed and power are analyzed together because they both refer to the variation of
guide vane opening. Then, the vibration characteristics of a shafting system with different
working conditions are investigated. The default parameter settings are shown in the
Appendix A.

Figure 6 shows the dynamic responses of the relative deviation of water head /, the
relative deviation of rotational speed n and the relative power P; with different working
conditions. From Figure 6, the dynamic responses share a similar trend in different condi-
tions at the initial part (about 0-15 s), but also show significantly differences in fluctuation
amplitude. When the working condition is 0.8, the fluctuation amplitude of the HGS is
relatively small and the frequency of fluctuation is low. The maximum relative deviation of
the water head (fmax) is 0.04, the maximum relative deviation of the rotational speed (1max)
is 0.07 and the maximum fluctuation of power (Ptmax) is 0.84 in this condition. After a fluc-
tuation attenuation process of 15 s, the fluctuation tends to 0. This means that the operating
state of the system is stable after 15 s. When the working condition is 0.65, hmax = 0.04,
fimax = 0.007 and Pymax = 0.66. Both amplitude and frequency are obviously increased
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Vibration response in X direction/m

%107

compared with the dynamic response of the unit operating at 0.8 working condition. The
dynamic response of the HGS still has obvious fluctuations between 15 s and 60 s, in which
hmax = 0.16, 1max = 0.030 and Pymax = 0.64, respectively. Note that the dynamic response
shows significant fluctuations when the unit is operating at 0.5 working condition, in which
hmax = 0.16, imax = 0.30 and Pimax = 0.64. At this time, the frequency of the fluctuation is
the highest and the unit needs a longer period (about 20 s) to reach a relative stable state.
Even in this relative stable state, the unit is also experiencing high-frequency fluctuations
with minor amplitude, in which fimax = 0.06, #1max = 0.009 and Pmax = 0.53, respectively.
Vibration is an inevitable inherent attribute of rotating machinery and it is also a very
important index to measure the stability of HGS. Thus, the shafting vibration performance
to reveal the operation stability of HGS was analyzed and the results are shown in Figure 7.
Corresponding to the dynamic response in Figure 6, the unit vibration in Figure 7 becomes
stable rapidly after a short period of fluctuation when the working condition is 0.8. At
this time, the vibration response of a unit in X direction (VRX) is 2.61 x 10~* m and
2.09 x 107* m in Y direction (VRY). This means that HGS could operate safely in this
condition. Conversely, when the unit is operating at part-load conditions, the amplitude of
vibration increases and a relatively large peak—valley difference of vibration occurs. The
amplitude is VRX = 3.24 x 10~% m and VRY = 3.29 x 10~* m when the working condition
is 0.65. The vibration is further enhanced when the working condition is 0.5, in which
VRX =0.6.46 x 10~% m and VRY =6.10 x 10~* m. It could be concluded that the vibration
of part-load operation has a significant increase compared with the optimal operating area.

%107

Vibration response in Y direction/m

4 0.50
—0.65
_ ‘ . ‘ 6 —0.80 ‘ . ‘
10 20 30 40 50 60 0 10 20 30 40 50 60
Times/s Times/s
(a) (b)

Figure 7. Shafting vibration in the X and Y directions of the unit with different working conditions;
(a) shafting vibration response in X direction; (b) shafting vibration response in Y direction.

The reason for the phenomenon from Figures 6 and 7 is that HGS can only operate
stably within a certain range and some stability problems exist during part-load conditions,
which is one of the inherent characteristics of the hydraulic turbine. When the working
condition is 0.8, the unit operates with higher efficiency, smooth water flow and minimal
response variation. However, the pressure pulsation of the draft pipe is aggressive at this
part-load condition when working conditions are 0.5 and 0.65, which is the main factor
affecting the unit vibration. Hence, the vibration intensity of the unit also increases and
the vibration frequency presents an obviously periodic phenomenon that is due to the
effect of the vortex rope. The simulation results also verify that the established coupling
model can reflect the dynamic characteristics of the HGS during part-load conditions. In
practical engineering, many hydropower stations cannot operate at part-load conditions for
a long time, or even fail to operate. Even if the equipment could operate at such conditions,
the deterioration of the unit’s status and the aging of components will be accelerated,
leading to the decrease of operating efficiency, shortening of the maintenance cycle and
more unplanned maintenance downtime.
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3.2. Vibration Characteristics of HGS

Figure 8 shows the main factors affecting the stability of the HGS that can be sum-
marized as hydraulic vibration source, mechanical vibration source and electromagnetic
vibration source [21]. To further study the influence of different vibration sources on the
stability of the HGS during part-load conditions, the representative parameters, i.e., turbine
mass eccentricity ey, turbine runner bearing stiffness k,, mass of turbine runner m, and
excitation current [;, are selected to deeply analyze the vibration characteristics of the HGS
during part-load conditions. A theoretical basis is sought for improving the stability of
HGS during part-load conditions.

Electrom-
agnetic
vibration
source

Hydraulic
vibration
source

Mechanical

vibration
source

* Off-design operation | « Unbalanced quality * Unbalanced

* Unbalance hydraulic of rotating parts magnetic force
force  Insufficientrigidity = * Short circuitof

* Pressure pulsation + Misalignment of rotor winding

* Uneven seal shafting system * Asymmetric
clearance *  Rub impact magnetic circuit

* Kaman vortex street . Defective guide

bearings
Figure 8. Main influencing factors of unit vibration.

3.2.1. Mechanical Vibration Source

Unbalance of the turbine runner may occur because of the processing technology. After
the unit is in service, sediment abrasion and cavitation make the eccentricity change in
different degrees with the passage of operating time. Patch welding and other maintenance
means may destroy the original balance state of the runner. Figure 9 shows the vibration of
shafting system with different turbine mass eccentricity e;. From Figure 9, the variation of
ey has a significant impact on the vibration of the unit and the maximum amplitudes both
occur in the vibration region after 40 s. When e; = 0.0005 m, the maximum of the vibration re-
sponse in the X direction (VRXmax) is 6.25 x 10~* m, and that in the Y direction (VRY may) is
6.17 x 10~* m. When e; = 0.0010 m, VRXnax = 8.64 x 10~* m and VRY ax = 8.89 x 10~* m.
When e, =0.0015 m, VRXmax = 11.29 x 10~% m and VRYmax = 11.53 x 10~% m. It is shown
that the vibration of the unit increases remarkably with the increase of turbine mass ec-
centricity e;. This phenomenon occurs because the turbine mass eccentricity e, generates
an additional centrifugal force during the operation of the unit. The turbine runner will
be unbalanced because of the presence of additional centrifugal force, which will lead to
eccentric bearing wear and other adverse effects. Hence, it is particularly important to
reduce e; as far as possible through the balance test to ensure the stable operation of the
unit and prolong the unit life.
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Figure 9. Shafting vibration response in the X and Y directions of the unit with different e,; (a) shafting
vibration response in X direction; (b) shafting vibration response in Y direction.

The shafting system will be deformed with the influence of centrifugal force during the
operation of the unit. Fatigue damage caused by the long-term operation of a unit may cause
cracks and other failures, which will cause changes in bearing stiffness k. The influence of
different bearing stiffness k; on unit vibration are compared in Figure 10. From Figure 10,
when ky = 7.5 x 107 N/m, the VRXmax is 5.47 x 10~% m and the VRY max is 5.73 x 104 m.
When k, = 6.5 x 107 N/m, the VRXnax is 6.06 x 10~% m and the VRY mayx is 6.17 x 104 m.
When ky = 5.5 x 107 N/m, the VRXmax is 6.57 x 10~* m and the VRY max is 6.42 x 104 m.
Based on the vibration response, it can be concluded that the unit vibration increases
gradually with the decrease of k,. This means that the lower the turbine runner bearing
stiffness k, the greater the spindle deformation, and the more serious the unit vibration.
Therefore, improving the turbine runner bearing stiffness k; has a positive effect on reducing
the amplitude. In engineering practice, the stiffness of the bearing can be reinforced by
improving the material. However, it is necessary to ensure a simple structure for easy
installation and maintenance.

%107

1

Vibration response in Y direction/m

5.5x10"
5 ——6.5x10"
—7.5x10"
0 10 20 30 40 50 60 0 10 20 30 40 50 60
Times/s Times/s

(a) (b)

Figure 10. Shafting vibration response in the X and Y directions of the unit with different ky;
(a) shafting vibration response in X direction; (b) shafting vibration response in Y direction.
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The mass of turbine runner m; is usually determined by the material used for casting
and the number of the blades. Equipment manufacturers may reduce the blade thickness
to improve efficiency and use new materials and coatings to resist cavitation and wear; all
of these ways may have an impact on m;,. From Figure 11, three different runner masses
are selected to compare the vibration of the unit. The VRXpayx is 7.63 x 10~* m when
my = 1.4 x 10* kg and the VRY max is 7.37 x 10~* m. The VRXnax is 6.06 x 10~* m when
my = 1.1 x 10* kg and the VRY ay is 6.08 x 10~* m. When m, = 0.8 x 10* kg, the VRXnax
is 4.60 x 10~% m and the VRYmax is 4.70 x 10~% m. It can be found that the vibration
amplitude of the unit decreases with the decrease of m,. The reason for this phenomenon
is that the mass reduction reduces the inertia of the runner and makes it easier to recover
from instability. This implies that a lighter runner has the potential to improve operational
stability during part-load conditions. Therefore, it is beneficial to reduce the mass of the
runner by optimizing the design and processing of the runner while ensuring strength.

4 3
8><10 ‘ . ‘ ' . 1 x 10 . ‘ ‘ .

Vibration response in X direction/m
Vibration response in Y direction/m

0 10 20 30 40 50 60 0 10 20 30 40 50 60
Times/s Times/s

(a) (b)

Figure 11. Shafting vibration response in the X and Y directions of the unit with different m,;
(a) shafting vibration response in X direction; (b) shafting vibration response in Y direction.

3.2.2. Electromagnetic Vibration Source

The demagnetization caused by the armature reaction and the voltage drop of leakage
impedance have an effect on excitation current I;. To meet the requirements of power
quality, the HGS needs to adjust the excitation current to keep the terminal voltage con-
stant. As observed in Figure 12, when I; =1000 A, the VRXmax is 6.33 x 10~* m and
the VRYmax is 6.46 x 10 m. When I; = 900 A, the VRXmax is 6.18 x 10~* m and the
VRY max is 6.02 x 10~* m. When Ij = 800 A, the VRXmax is 6.08 X 10~* m and the VRY pax is
5.61 x 10~* m. The vibration amplitude of the unit gradually decreases with the decrease
of I;. Excitation current J; is a key parameter that directly affects the magnitude of the un-
balanced magnetic pull, which is a nonlinear factor leading to the vibration and instability
of the unit. In engineering practice, the stability of the unit can be improved by optimizing
the motor, setting up the auxiliary groove and reducing the eccentricity to suppress the
unbalanced magnetic pull.
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Figure 12. Shafting vibration response in the X and Y directions of the unit with different I;;
(a) shafting vibration response in X direction; (b) shafting vibration response in Y direction.

3.2.3. Hydraulic Vibration Source

The vortex rope in the draft tube vibrates and spirals forward during part-load condi-
tions; the pressure pulsation caused by its work on the turbine has a greater risk. In this
study, hydraulic factors are mainly reflected in the form of the draft vortex rope. In view
of this, the vibration characteristics with or without considering the draft vortex rope are
compared to intuitively reflect the influence of hydraulic factors on the unit vibration.

The vibration of a hydroelectric unit without the hydraulic factors is shown in Fig-
ure 13. As observed in Figure 13, the operation of the unit is stable at both part-load
and rated working conditions without hydraulic factors, which cannot correspond to the
unstable phenomenon in engineering practice.
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Figure 13. Shafting vibration response in the X direction and Y direction of the unit without
vortex rope.

To accurately evaluate the influence of hydraulic factors on unit vibration, we conduct
statistics on the vibration data from Figures 9-13 and the results are shown in Table 2.
The difference between the vibration with or without hydraulic factors is defined as the
hydraulic factors difference (HFD). From Table 2, the maximum of HFD in the X direction
(HFDXmax) is 5.92 x 10~% m and the maximum of HFD in the Y direction (HFDY may) is
7.23 x 10~* m. It is found that the HFD is significantly bigger than the vibration difference
because of other influencing factors, which indicates that the vortex rope in the draft tube
as a hydraulic factor has a significant influence on the vibration of the unit. Moreover, the
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maximum difference (Max-Min) of vibration response in the X direction and Y direction is
2.65 x 10~* mand 2.72 x 10~* m, respectively, when the hydraulic factor is considered. This
reflects that the fluctuations caused by coupling with e, are the most pronounced compared
with other coupled vibration sources. In practical engineering, the stable operation scope
of the HGS can be enlarged by the reasonable design of the turbine and the runner flow
channel. Air replenishment is also an effective method to reduce the pressure pulsation,
but the use of this method is limited because of the huge noise generated during air supply;
along with that, the practical application is also affected because of cost and durability.

Table 2. Comparison between the vibrations of HGS with or without hydraulic vibration source.

7
Parament ey Max-Min ka (x10%) Max-Min
Direction HF 0.0005 0.001 0.0015 7.5 6.5 5.5
Yes 6.25 8.64 11.29 2.65 5.47 6.06 6.57 0.59
X No 2.89 4.13 5.37 1.24 2.39 2.89 3.31 0.5
HFD 3.36 4.51 5.92 3.08 3.17 3.26
Yes 6.17 8.89 11.53 2.72 5.73 6.17 6.42 0.44
Y No 2.32 3.26 4.3 1.04 2.08 2.32 2.63 0.24
HFD 3.85 5.63 7.23 3.65 3.85 3.79
1
m; (X10°) Max-Min T Max-Min
0.8 1.1 14 800 900 1000
Yes 4.6 6.06 7.63 1.57 6.08 6.18 6.33 0.15
X No 2.08 2.89 3.43 0.81 2.89 3.6 4.65 1.05
HFD 2.52 3.17 4.2 3.19 2.58 1.68
Yes 4.7 6.08 7.37 1.38 5.61 6.02 6.46 0.44
Y No 1.97 2.32 2.73 0.41 2.32 2.59 2.99 0.4
HFD 2.73 3.76 4.64 3.29 3.43 3.47

Note: HF indicates the Hydraulic factors, HFD indicates the difference between the vibration with or without
hydraulic factors, Max-Min indicates the maximum of the vibration response difference.

4. Conclusions and Discussion

As a clean energy source that combines flexibility and large scale, HGS are increas-
ingly operating at part-load conditions to meet the flexibility demands of the power grid.
Therefore, it is particularly important to investigate the stability of HGS operating at part-
load conditions. In this study, a model of the HGS that can reflect the characteristic of
part-load conditions and the vibration property of the unit was presented. The validity
of the coupling model was verified by comparing it with the traditional model and the
actual monitoring data from a hydropower station. The working conditions of 0.5, 0.65
and 0.8 were selected to study the dynamic performance laws of the system with different
loads. Three typical vibration excitation sources, i.e., hydraulic vibration source, mechanical
vibration source and electromagnetic vibration source, were extracted to deeply analyze
the vibration characteristic of the HGS operating at a part-load condition. The numerical
results show that:

1.  The hydraulic vibration source has an essential effect on the stability of the HGS
at part-load conditions. The pressure pulsation caused by the vortex rope in the
draft tube can cause a wide range of output fluctuations of the turbine and bring
other conditions that are not conducive to the stability of the HGS. The amplitude
and frequency of unit vibration tend to increase with the decrease of the guide vane
opening. In engineering practice, controlling the velocity distribution of the runner
outlet in design and using means such as air supplementation could mitigate pressure
fluctuations in a draft tube at a part-load condition.

2. Among the mechanical and electromagnetic vibration sources, mass eccentricity ep
has the most obvious effect on the unit vibration. The amplitude of unit variation
increases significantly with the increase of the mass eccentricity. The influence of other
vibration sources on the vibration of the unit is relatively small compared with the
hydraulic vibration source. The vibration of the unit at a part-load condition can be
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reduced to a certain extent by improving the manufacturing process, appropriately
increasing the stiffness and conducting dynamic balance test on the unit in time.

3. Compared with the change of a single vibration source, the vibration of HGS is more
intense with the coupling action of a hydraulic-mechanical-electromagnetic vibration
source. Therefore, optimization of a single vibration source is hardly effective to
improve unit stability. Through a comprehensive analysis of the coupling effect with
different vibration sources on unit stability, a system improvement and upgrade plan
is conducted; only in this way could the operation range of the unit be extended and
the flexibility of the power system be guaranteed.

The way of modeling the vortex rope in this paper could reflect the dynamic character-
istics of part-load conditions to some extent, but every turbine and installation can present
different characteristics for the vortex rope, depending on their runner and waterway
designs. Therefore, the model needs to be further improved in future work to make the
results more accurate. The improved flexibility of hydraulic turbines requires not only
an extended operating area, but also more frequent transition processes for switching
operating conditions, which significantly affects the stability of the unit and control system.
Further deterioration of system stability may lead to changes in eigenvalues, which will
have a fundamental impact on the dynamic response of the system. Thus, future work will
investigate the effect of the superposition of pulsating pressure and water hammer pressure
generated by transient processes on unit stability from a system and control perspective.

Author Contributions: Conceptualization, X.L.; software, X.Q.; supervision, D.C.; visualization,
J.M.; writing—original draft, G.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research is supported by the Fundamental Research Funds for Northwest A&F
University (No. /Z1090220172), the scientific research foundation of the Natural Science Foundation
of Shaanxi Province of China (2019JLP-24), the Shaanxi Science and Technology Innovation Team and
the Water Conservancy Science and Technology Program of Shaanxi Province (2018slkj-9).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

Ay Turbine gain coefficient

B2 Angle of blade outlet edge, rad

c Damping coefficient, N-s/m

E, Self-regulation coefficient

e Eccentricity of generator, m

e Eccentricity of runner, m

Ex Ep Kinetic energy and Potential energy, N-m
F Cross-section area, m?2

Fy_cFy—c Damping force in the X and Y direction, N
Fx—ump Fy—ump ~ Unbalanced magnetic force in the X and Y direction, N
FygitFy—oil Qil film forces in the X and Y direction, N
h Relative deviation of flow

H Water head, m

hew Pipeline characteristic coefficient

I]- Excitation current, A
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i ]2 Moment of inertia of the generator and turbine runner, kg/ m?
ky ky Stiffness of the rotor and runner, N/m

ky ki kg Proportional gain, s; Integral gain Differential gain, g1
k; Air-gap flux potential, At

K Correction coefficient

L Rotor length of the generator, m

my my Masses of the generator rotor and turbine runner respectively, kg
M, Electromagnetic torque, N-m

Mgo Load disturbance

mg Relative deviation of the electromagnetic torque

Mgr Rated electromagnetic torque, N-m

Ahy Transient changes of water head

Yy Relative value of guide vane opening

M; Torque of the turbine, N-m

my Relative deviation of the turbine torque

n Relative deviation of rotation speed

N Rotating speed of runner, rad/min

P Relative value of output, w

q Relative deviation of flow, m3/s

q0 Initial value of flow, m3/s

Gnl Flow in no-load condition, m3/s

Q Discharge of turbine, m3/s

0 Radius of blade outlet edge at exit, m

R Rotor radius of the generator, m

a Radius of lower ring at midpoint, m

Top Inertia time constant, s

Te Shaft misalignment, m

Ty Servomotor response time constant, s

T, Elastic water hammer time constant, s

u, Absolute velocity at runner exit, m3/s

Vi Axial component at the midpoint, m/s

Viua Circumferential component of absolute speed at runner exit, m/s
Vo Axial velocity at runner exit, m/s

Via Circumferential velocity of blade outlet edge at midpoint, m/s
) Initial phase Angle of the shafting, rad

P Density of water kg/m?3

wR Rated value of the unit speed, r/min

A rotation angle, rad

Ho air permeability

Agq Transient change of flow

Appendix A

(1) The intermediate variable of unbalanced magnetic pull

2 3
mofo L 2w 1 (1-vT=@) e 1 (1-vie) w1 (1-vice
S vV1—e’ do V1—¢2 € ’ o /1—¢2 € ’ do V1—¢2 €

(2) Intermediate variables Ays and By and their expression

Ay = J1+ Jo + 2myey? + 2moey? + 2mpr® 4 2myear cos(8y — @)

_m { [(m1e1 4 myez) sin @ + marsin 6] 4 [(myey + myea) cos ¢ + mar cos 9]2}

By = (mye1+myep) sin @+myr sin 6 { [(mlel + mzez) COS @ + mpr cos 9]602 - (kl + kz)xm }
my+11, —korcos® — Fy—c + Fx—ump + Fx—oi1
(mye1+mypey) cos p—mipr cos 6 [(mlel + ﬂ”l2€2) sin @ + mpr sin 9}(4}2

_ my -+ { _(kl + k2)y01 —korsinf — Fy—c + Fy—ump + Fyfoil }

+kor(xg1 sin 6 — yg1 cos )
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(3) The stiffness and damping coefficients of the oil film forces

P (B ) 2 4¢ [27r2+(1677r2)e’2} J (B)Z 27‘[(7‘[24’27'[28,27168/2)
TN (1-e2) 16024 m2 (1-¢7)] TN (1-e?) e+ m2(1-¢7)]
2 8e 7r 24002 ’271642)

d

oy

(B 27T{77T2+27t2£/2+(16771'2) ’4]
R ( ) (1—5’2)2‘5[162’2-&-7(2 8/2)] (
k. _ (B 2n{n2+(n2+32)s’2+2(16 n)s/ﬂ _

yx = (E) (1 s/z) [165’24-7'(2(1 e/z)] o (
ko _ (B 2 4¢ [7‘[ +(7‘( +32)£’2+2(16 7'(2)5’4]
W (3) (1-¢2) [16e? 2 (1-¢2)] (

s’z 16£’2+7t2(1—s’2)]

)2 8¢’ 7T+27‘L’2€ 168/2)

QU

1- 8/2 168/2-'1-7'(2(1 8’2)]
2 2r n +127‘[2 2 _16¢! )

Ty

s/z 16&’2 2 (1- e/z)]

where B/d is the width-to-diameter ratio of the bearing; ¢ = E/Cis the eccentricity; E is
the eccentricity of the bearing; and C is the radial clearance of the bearing.

(4) Parameter values of HGS

(1) Parameter values of HTGS:

Hydro turbine and generator: A; =1.1364, g,; = 0.12, my = 0.5, mgo=0,E, =1.5 Pipeline:
hy=2s,T,=1s.

Governor: K, =3s,K; =2,K;=05s"1, T, =0.15s.

Draft tube vortex: r; =2.05m, r, =1.45m, , =0.28 rad, N =130 r/min, H = 125 m,
K, =1.11.

(2) Parameter values of shafting system:

my =15 x 10* kg, my = 1.1 x 10* kg, e; = 0.0005 m, e, = 0.0005 m, J; = 7.9 x 106 kg-m?,
Jo = 3.8 x 10° kg'm?, ¢ = 6.5 x 10° Ns/m, r = 107°® m, 6y = 1 rad, ¢o = 0.65 rad,
Mg =7.497 x 10° N/m, wg = 13.61 rad/s, L = 2.5m, Kj =27550At, R =2.12m, [; = 800 A,
o =4m x 1077 H/m.
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