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Abstract: Active power instability during the power regulation process is a problem that affects the
operation security of hydropower stations and the power grid. This paper focuses on the dynamic
response to power regulation of a hydro-turbine governor in the power control mode. Firstly,
the mathematical model for the hydro-turbine governing system connected to the power grid is
established. Then, considering the effect of water hammer and the guide vane operating speed
on power oscillation and reverse power regulation, a novel control strategy based on the S-curve
acceleration and deceleration control algorithm (S-curve control algorithm) is proposed to improve
power regulation. Furthermore, we carried out field tests in a real hydropower station in order to
compare the regulation quality of the novel control strategy based on the S-curve control algorithm
with the traditional linear control strategy. Finally, the obtained results show that the proposed
optimal control strategy for the hydro-turbine governor improves the stability of power regulation
by effectively suppressing reverse power regulation and overshoot. This study provides a good
solution for the instability of power and reverse power regulation during the regulation process of
the hydro-turbine governor in the power control mode.

Keywords: dynamic response; hydropower; hydro-turbine governor; power control mode; S-curve
control algorithm; water hammer

1. Introduction

Currently, hydropower has developed rapidly because of its good resource charac-
teristics and regulation ability [1-4]. Renewable energy sources, such as wind power and
solar energy, are random and intermittent [5-7]. With the massive integration of these
energy sources into the power grid, the issues of operational safety and stability of the
power grid have become increasingly prominent concerns. Hydropower is an impor-
tant peak-regulating and frequency-modulating backbone power source in the power
system [8]. Therefore, the stability and regulation quality of its load regulation transition
process directly affect the safety, stability, and source coordination of the power grid [9,10].
Furthermore, power dispatching departments are bringing forth higher requirements and
standards for the frequency, voltage, and power of the grid-connected hydro-generator
unit in order to make better use of the excellent regulation ability of hydropower.

On the one hand, the hydro-turbine governor is the core piece of equipment for con-
trolling the frequency and power of the hydro-generator unit, so its regulating performance
directly affects the operational stability of the hydropower station and the power system.
Therefore, many scholars are studying its stability. Yu et al. [11] simulated the small load
fluctuation process under the isolated and interconnected operation of two hydropower
stations and analyzed the stability of the hydro-turbine governing system (HTGS) during
a small load disturbance. Xu et al. [12] developed a novel model of the HTGS and used
it to analyze the dynamic stability of the HTGS during operation, finding that nonlinear
turbine characteristics affected the stability of the HTGS under a load disturbance [13].
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Yang et al. [14] studied ultra-low frequency oscillations of hydropower generating sys-
tems through theoretical analysis and a physical model experiment. Considering the
hydro-turbine nonlinearity, the stability analysis of the hydro-turbine governor was carried
out under different control modes [15]. According to [16,17], the accident of the Sayano-
Shushenskaya hydropower plant in Russia was caused by operations in the instability
zones. In [18,19], authors studied the ultra-low frequency oscillation of hydropower sta-
tions with a surge tank and proposed some methods to suppress the oscillation to improve
the stability of the hydropower generating system. In [20,21], considering the effect of
water hammer in the penstock system, the authors researched the dynamic performance of
the hydropower system. The above-mentioned literature has an important reference value
for analyzing the stability of the HTGS.

In addition, in the process of load adjustment of grid-connected hydropower units,
problems such as reverse power regulation, overshoot, and instability often occur [22-25].
Therefore, many scholars have researched the controls in the process of power regulation.
At present, there are two main load regulation modes for the hydro-turbine governor:
opening control mode and power control mode [23,24]. In practice, the power control
mode shows higher regulation quality in terms of regulating speed and stability compared
with the opening control mode [22-25], so it is becoming a priority in hydropower system
research. In [26,27], the authors investigated the frequency stability of a hydro-generator
unit with a surge tank in frequency control and power control modes [26]. The results
showed that power control achieves better frequency stability compared with frequency
control but at the expense of rapidity [26]. Guo and Yang [28] established nonlinear
state equations for the opening control and the power control mode and investigated
the performance of PFR (Primary Frequency Regulation) under different control modes.
An et al. [29] and Fu et al. [30,31] researched the dynamic performance of PFR in the
opening control mode and power control mode and developed a method to improve
the regulating ability. In [32,33], some optimal strategies were proposed to improve the
regulating ability and quality in the power control mode. Moreover, from the point of
view of engineering application, Chen and Li [34] designed an adaptive PID (Proportion-
Integration -Differentiation) controller governor for the power control mode in a real
hydropower station. The above literature is very valuable for the research of a governor in
power control mode.

Meanwhile, the traditional linear control strategy has played an important role in
the process of power regulation of a hydro-turbine governor, but it cannot meet the high
standard requirements of the power grid for power regulation quality. Meanwhile, it is
difficult to solve the reverse power regulation problem and fast response to load. Motivated
by the power regulation of the three-stage speed regulation of hydro-turbine governor
in [32,33], we propose to apply the S-curve control algorithm to power regulation. In order
to solve the limitation of linear control strategy, this control algorithm was first proposed
by Ahintas et al. [35] in 2001. At present, this control algorithm featuring rapidity, stability,
and high precision in the control process is widely used in complex control fields such as
CNC (Computer numerical control) machine tools, stepping motors, and robots [36-38].

Motivated by the above discussions, the purpose of this paper is to improve the
dynamic response of power regulation of a hydro-turbine governor by the S-curve control
strategy while considering water hammer in the power control mode. The novelty and
innovations of the paper are as follows:

(1) Establishing a reasonable mathematical model of HTGS considering nonlinear turbine
characteristics in the power control mode.

(2) Proposing a novel power control strategy based on the S-curve control algorithm to
effectively suppress the power oscillation and reverse power regulation under the
power control mode.

(3) Verifying the excellence of the proposed optimal control strategy based on the S-curve
control algorithm by conducting field tests in a real hydropower station.
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The rest of the paper is organized as follows. In Section 2, mathematical models of
the HTGS for the active power mode are established. A novel control strategy to improve
power regulation is detailed in Section 3. A comparison between two different power
control strategies is included in Section 4. Some useful conclusions and future research

suggestions are given in Section 5.

2. Mathematical Model

The HTGS is a complicated nonlinear control system with hydraulic-mechanical-
electrical coupling [11-15]. It mainly consists of the hydro-turbine governor, hydro-turbine,

water diversion system, generator, and grid load.

2.1. Hydro-Turbine Governing System Model

A hydro-turbine governor mainly consists of two parts: a controller and a hydraulic
servo system as shown in Figure 1. The parallel PID (proportional integral differential)
control model is usually applied here. Its transfer function is shown in Equation (1). The

transfer function servo system model is shown in Equation (2):

(KpTp + KD)S2 + (Kp + Kj)s + K;

G =
PID (S) (KPTDbp + KDbp + TD)S2 + (KPbp + KITDbl? + 1)5 + Klbp
1
G ==
servo (S) TyTylsz +Tys+1

7777777777777777777777777777777777777777777777777777777777777777777777

Figure 1. Structure of the mathematical model of the hydro-turbine governor.

M

@

In the model, f is the unit frequency; Cy is the given value of the target frequency; Eris
the unit frequency regulation dead zone; Kp is the proportional gain; K is the integral gain;
Kp is the differential gain; Tp is the differential time constant; b, is the permanent difference
coefficient; T is the pure delay time of the servo system; T, is the servomotor time constant;
s is a Laplace operator; v,y is the highest opening speed of the servomotor; v,,,,1 is the
highest closing speed of the servomotor; Y,y is the upper limit of the servomotor, which is
in a fully open position in most cases; and v, is the lower limit of the servomotor, which
is in a fully closed position in most cases. Ep is the unit power regulation dead zone. ¢, is
the power difference coefficient. P, is the set value of the power, and P is the measured
power value of the hydro-generator unit. As shown in Figure 1, Kp and Tp are equal to

zero, and Equation (1) can be simplified to Equation (3):

Kps + K7

G =
P18 = TRpb, + 1)s + Kiby

2.2. Hydraulic Turbine Model

®)

For a Francis turbine, its dynamic characteristics can be described with five variables,

as shown in the following equations [39,40]:
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my = (h, x, a)
{ qt: (h, x, a) @

where m; is the output torque of the hydro-turbine; & is the water head; g is the flow rate of
the hydro-turbine; x is the speed of the hydro-generator unit; and a is the opening of the
hydro-turbine guide vane. Since the opening of the guide vane and the stroke y of the main
servomotor are approximately linear, a can be substituted with y. Under slight fluctuations,
the linear hydro-turbine model [24,40,41] based on six transfer coefficients can be obtained
by means of expanding Equation (4) in series near the operating point and only retaining
the linear term:
{ Amy = ey Ah + exAx + ey Ay 5)
Agq = egpAh + eqxAx + eqyAy

In Equation (5), Amy; is the relative value of the hydro-turbine torque increment; Ag
is the relative value of the flow increment; Al is the relative value of the water head
increment; Ax is the relative value of the speed increment; Ay is the relative value of
the stroke increment of the servomotor; e, = Ami/Ah, ex = Ami/Ax, ey = Ami/ Ay,
egn = Aq/Ah, eqx = Aq/Ax, and egy = Aq/Ay.

Considering that there is a nonlinear relationship between the turbine guide vane
opening and the active power of the hydro-generator unit and that the speed of the hydro-
generator unit is almost constant during the load regulation when the unit is connected
to the grid, the model of the turbine and water diversion system under load regulation is
shown in Figure 2, and Equation (5) can be further expressed with Equation (6):

Am ey +  eqyen — egney ) Gu(s)
Gi(s) = 3,7 = 4 ( ) (6)
Ay 1-— thGh (S)
k
Av= @)
YFL — YNL
e 4 W + 4 e, +(e€ =¢4¢,) G (5) am,
4 l_ethh (S)

Figure 2. Hydro-turbine model under load regulation.

In Equation (6) and Equation (7), Gy (s) is the transfer function of the pressure water
diversion system; A; is the gain coefficient of the hydro-turbine; yr;, is the full-load opening
of the hydro-generator unit; yx, is the no-load opening of the hydro-generator unit; and k
is the correction coefficient, which is equal to one in most cases. When major nonlinearity
exists between the main servomotor stroke and the active steady-state value of the hydro-
generator unit, the correction coefficient ranges from 0.8 to 1.2.

2.3. Penstock System Model

If the head loss of the pipeline system is not taken into account for the pressure diver-
sion system without pressure regulating equipment, the elastic water hammer model [42]
is applied, and its transfer function is obtained by Laplace transformation in the form of a
relative deviation of variables, as shown in Equation (8):

h(s) A T2s% + 5
G,(s)= —~L =—T,==— 8
h( ) q(s) w %Trzsz—i-l ( )

)



Water 2021, 13, 421

50f15

In Equation (9), Ty is the inertia time constant of the water flow, and its unit is s; T is
the phase length of the water hammer wave, and its unit is s; and s is a Laplace operator.
The inertia time constant T;, of the water flow is a significant indicator for the hydraulic
characteristics of the pressure diversion system. Additionally, L is the length of the pressure
pipeline; v is the velocity of the water flow in the pressure pipeline; g is the acceleration due
to gravity; and H is the hydro-turbine head. A larger value of T, indicates larger inertia
of water flow, a more obvious water hammer effect, and a greater reverse regulation of
the active power in the process of the guide vane operation. Therefore, this parameter is a
significant factor affecting the power regulation of the hydro-generator unit.

2.4. Generator Model

The generator and load model are subject to the classical first-order linear model [41,43],
as shown in Equation (10):

dx
TaE = Amy — (Amg + e, Ax) (10)
In this equation, T, is the inertia time constant of the hydro-generator unit; Ax is the
relative value of the turbine speed increment; Am; is the relative value of the main torque
increment of the hydro-turbine; Amy is the relative value of the generator load torque
deviation; and e, is the comprehensive self-regulation coefficient of the generator load.

3. Methods
3.1. Brief Introduction to Active Power Regulation

As the core equipment for controlling the frequency and power of the hydro-generator
unit, the hydro-turbine governor has two main power regulation modes in the grid-
connected state: opening control mode and power control mode [23,31,33]. The load
regulation principle is shown in Figure 3. When the hydro-turbine governor is in the
opening control mode, the closed-cycle control of the active power of the hydro-generator
unit is mainly realized by the monitoring and controlling system. The hydro-turbine
governor receives increase and decrease pulse signals from the local control unit (LCU)
of the monitoring and controlling system and then opens or closes the guide vane to
adjust the active power of the hydro-generator unit. When the hydro-turbine governor
is in the power control mode, the LCU directly transmits the target value of the active
power to the hydro-turbine governor through a communication or analog signal. Then,
the hydro-turbine governor performs closed-cycle power control through the PI regulation
mode according to power deviations. This study analyzes the dynamic response of power
regulation for the hydro-turbine governor in the power control mode.

I
I
I
I
I
I
I
I
I
management —— LCU g
| unit

Figure 3. Grid-connected operation structure diagram of the hydro-turbine governor.

3.2. Problem Formulation

In the process of increasing or decreasing the power of the hydro-power unit during
grid-connected operation, the inertia time constant Ty, of the water flow, the closing time
T. of the guide vane and other nonlinear factors, an improper setting of the monitoring
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system or governor regulation parameters, and other human factors will easily cause power
oscillations, fluctuations, and reverse regulation. As shown in Figure 4a, the power of the
hydro-generator unit shows a severe oscillation and fluctuation when it is dropping to the
target power. As shown in Figure 4a—c, the power of the hydro-generator unit changes
in the opposite direction due to water hammer caused by the guide vane at the moment
when the power is increased or decreased. In other words, the power is reversely regulated.
Related problems, such as power oscillation, power fluctuation, and reverse regulation,
widely exist in the operation of the hydro-generator unit. These problems seriously disturb
the operation safety and stability of the power plant and the power system.
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Figure 4. Instability of hydropower unit power regulation. (a) Power oscillation; (b) Reverse power regulation; (c) Reverse

power regulation.

3.3. Power Oscillation Versus Reverse Power Regulation

When the hydro-turbine generator unit carries on the load adjustment, the opening of
the guide vanes will change, and the flow and the hydraulic torque of the hydro-turbine
will also change. Due to the inertia time constant of the water flow of the hydro-turbine,
the change of flow will cause water hammer in the water diversion system, and the
occurrence of water hammer will also cause the change of the hydraulic torque of the
hydro-turbine. The impact of the water hammer phenomenon in the water diversion
system on the characteristics of the hydro-turbine cannot be ignored, especially since its
impact is opposite to the movement of the guide vane at the beginning. When the load
increases, it is necessary to increase the opening of the guide vanes to increase the flow
rate to increase the hydraulic torque of the hydro-turbine, but the negative water hammer
caused by the moment of the increase in flow reduces the working head of the turbine,
reducing the hydraulic torque of the hydro-turbine, and the active power output. Similarly,
in the case of reduced load, the positive water hammer caused by the decrease of the
opening of the guide vanes increases the working head, and the active power output by
the hydro-turbine generator unit increases instead, which is commonly referred to as the
reverse power regulation of the hydro-turbine generator unit. The amount of the reverse
power regulation is related to the instantaneous change of the unit flow. The greater the
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instantaneous change of the flow leads to the greater the reverse power regulation. The
reverse power regulation and improper regulation parameters will further lead to power
fluctuation and oscillation. Therefore, in order to reduce the reverse power regulation, it is
necessary to slow down the speed of the opening of the guide vane change.

3.4. S-curve Regulation for Power Oscillation Control

In order to solve the above problems during power control mode, a novel control
strategy based on an S-curve control algorithm is proposed, as shown in Figure 5a,b.
Figure 5a shows the action speed variation curve of the turbine guide vane under the
S-curve control algorithm. Figure 5b shows the position change of the guide vane curve
under a conventional linear control algorithm and an S-curve control algorithm. The My,
curve is the action curve under the conventional linear control algorithm, and the Mg curve
is the action curve under the S-curve control algorithm.

y
v velocity M,

m
N

&

&
- pl——————— e ———

(@) (b)

Figure 5. S-curve acceleration and deceleration control algorithm. (a) The action speed variation
curve of the guide vane; (b) The position change of the guide vane curve.

The S-curve control algorithm is derived from the shape of the speed curve in the sys-
tem acceleration and deceleration process [44]. It is an acceleration and deceleration motion
control algorithm with stable speed changes. The acceleration of the S-curve acceleration
and deceleration is continuously changing, and the speed change is also relatively gentle,
which can effectively reduce the impact and oscillation [45]. The movement curve process
can be divided into 7 stages: acceleration, acceleration, uniform acceleration, deceleration,
uniform speed, acceleration and deceleration, and uniform deceleration. It means that
the acceleration of acceleration and deceleration is constant during the process of accel-
eration and deceleration, and the sudden change of acceleration is avoided to reduce the
acceleration caused by the sudden change of mechanical system vibration. The S-curve
acceleration and deceleration algorithm can obtain smooth speed and acceleration.

The following will introduce the S-curve control algorithm based on the principle
of the hydro-turbine governor controlling the movement of the servomotor. The S-curve
control algorithm controls the action of the guide vane by buffering and changing the
speed, thus reducing water hammer caused by instantaneous actions of the guide vane.
In the process of moving the guide vane from the position y4 to the target position yp,
the movement is divided into three sections: A to C, C to D, and D to B. In the section
from A to C, the guide vane accelerates slowly from the initial speed 9, to the constant
speed ¢.. In the section from C to D, the guide vane moves at the constant speed .. When
approaching the target position from D to B, the guide vane slowly decelerates from the
constant speed 9. to ¢, until it stops. The range, time, and speed of moving from A to C
and from D and B can be adjusted by setting parameters. Since the buffer acceleration and
deceleration control algorithm is applied, water hammer produced by the instantaneous
action of the guide vane is alleviated, thus effectively suppressing the power oscillation,
fluctuation, and reverse regulation of the hydro-generator unit. Thanks to the conventional
linear control algorithm, the governor controls the guide vane to move from the current
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position y4 to the target position yp at a constant speed. Under such a circumstance, the
guide vane will produce a great impact at the moment of opening and closing, resulting in
water hammer and degrading the stability of the dynamic response of power regulation of
the hydro-generator unit.

3.5. Power Regulation Dynamic Response Index

The power stability index refers to the ratio of the peak-to-peak value of a continuous
fluctuation of the unit output power to the rated power P, of the hydro-generator unit
when the hydro-generator unit is in the grid-connected operation mode and the turbine
governor is in the power regulation mode. Meanwhile, the index is the maximum interval
of a relative deviation between the actual output power of the unit and the set value
Pgt (target value). The power fluctuation curve of the hydro-generator unit is shown in
Figure 6. The index can be calculated by Equation (11), where Jp is the power stability
index; AP,y is the maximum peak value of the output power from the hydro-generator
unit in the continuous fluctuation period, and its unit is MW; AP,,;,, is the minimum valley
value of the output power from the hydro-generator unit in the continuous fluctuation
period, and its unit is MW; and P is the rated power of the hydro-generator unit, and its

unit is MW:
-+ |APmax| + |APmin|

2P,

§p x 100% (11)

Power

APpin

Pset

Time([s]

Figure 6. Hydropower unit power fluctuation curve.

The curve of dynamic response to power regulation is shown in Figure 7. Py is the
current value of power from the hydro-generator unit; P; is the target value of power; P,
is the rated power; pr is the reverse peak power; AP,y is the power overshoot; t; is the
settling time; ¢4 is the time to reach the peak value; t( g is the rise time; ¢, is the hysteretic
time; and fg, is the time to reach the reverse peak value.

2
tm Power
D —
J ) P.x 2%
Pl i/ icoe. S8 WY/ Z00 -
3 3 1
tos P X 2%
Chx
-
Po
I Prp
trp
* ts
- »
Time[s]

Figure 7. Dynamic response of power regulation.

The dynamic response of power regulation is subject to the following requirements [46]:
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(1) The maximum overshoot AP,y of the active power must not exceed 45% of the
disturbance AP.

(2)  When the target value variation of the active power is not less than 25% of the rated
active power P, of the hydro-generator unit, the power regulation time f; cannot
exceed 45 s; when the power variation is equivalent to 5-25% of the rated active
power, the power regulation time t; cannot exceed 3045 s.

(3) Within the power regulation time #;, the fluctuation Z with the power deviation
greater than 5% of P, cannot occur more than twice.

4. Results and Discussion
4.1. Engineering Case

A field test was carried out on the hydro-generator unit in a real hydropower station
in China, and the main parameters of the test unit are listed in Table 1. The test data were
obtained from the data acquisition system of the unit governor. The data collected in real-
time mainly included the frequency, power, and set power of the hydro-generator unit, and
the guide vane opening. Tests with variations of 5%, 10%, 20%, and 40% were performed at
50% rated power. With the help of the above tests, the dynamic response process of power
regulation was compared between the control strategy based on an S-curve algorithm and
the conventional linear control strategy.

Table 1. Main Parameters of Hydropower Unit.

Main Parameters

Turbine model HL-LJ-630 Generator model SF140-64 /13500
Rated water head 44 m Rated capacity 140 MVA
Rated speed 93.75 r/min Rated voltage 10.5 kv
Rated output 142.90 MW Moment of inertia GD? 60,000 kN m?
Rated flow rate 352.57 m3/s Rated power factor 0.9
Rate deficiency 93.9% Unit inertia time 11.93 s

4.2. Comparison of Small Power Change Test

The test featuring variations with slight amplitude was performed at 50% rated power,
and tests with power variations of 5% and 10 % were carried out at the same time. Under
the stable power regulation, the monitoring system directly allocates 55% and 60% of
the target power regulation values to the governor for 50-55-50% and 50-60-50% power
regulation tests, respectively. The field test curves are shown in Figure 8a and Figure 9a
show the power regulation test curves under the S-curve control strategy. Figure 8b and
Figure 9b show the power regulation test curves under the linear control strategy.

51.50 100 4 100 51.50 100 5 100
[— Frequency [—— Frequency

- b 0 Jo 19.00 L L . . - o Jo
10 20 30 40 50 60 70 80 0 10 20 30 40 50 60

Time(s) Time(s)

(@) (b)

Figure 8. Power regulation with 5% rated power change. (a) The S-curve control strategy; (b) The
conventional linear control strategy.
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Figure 9. Power regulation with 10% rated power change. (a) The S-curve control strategy; (b) The

49.00

conventional linear control strategy.

The test featuring variations with slight amplitude was performed at 50% rated
power, and tests with power variations of 5% and 10% were carried out at the same time.
Under the stable power regulation, the monitoring system directly allocates 55% and
60% of the target power regulation values to the governor for 50-55-50% and 50-60-50%
power regulation tests, respectively. The field test curves are shown in Figures 8 and 9.
Figure 8a and Figure 9a show the power regulation test curves under the S-curve control
strategy. Figure 8b and Figure 9b show the power regulation test curves under the linear
control strategy.

According to the definition of relevant indexes of the dynamic response of the power
regulation in Section 3, the test data in Figure 8a,b and Figure 9a,b are calculated in.
The table presents calculated values of dynamic response indexes of the above tests. In
Table 2, S represents S-curve control strategy, L represents traditional linear control strategy.
According to Figures 8 and 9 and Table 2, the power regulation in the power regulation
tests with small variations of 5% and 10% can finally realize a stable state under the two
different control strategies. However, the power dp and AP, under the S-curve control
strategy are lower than those under the linear control strategy, indicating that the S-curve
control strategy ensures higher stability. The power Py, and ¢, under the S-curve control
strategy are very small, which shows that it is more effective to suppress reverse power
regulation. In addition, t; reflects the regulation time of the dynamic response, and the
S-curve control strategy also works effectively. According to comprehensive test results, the
S-curve control strategy works effectively in the process of small-scale power regulation.

Table 2. Dynamic response index of power regulation.

Op (%) AP 15 () Pg, (%) tg, (s) ts (s)
S L S L S L S L S L
Increase 5% 0.5 0.8 0 25 0.7 3.1 1.8 2.6 6.8 9.6
Decrease 5% 0.3 0.9 0 0.8 0 0.6 0 1.2 8.02 9.9
Increase 10% 0.4 2 0 5.6 0.7 1.1 1.6 2.8 142 188
Decrease 10% 0.5 1.8 0 28 0.5 9.2 0.4 0.7 13.9 26

4.3. Comparison of Large Power Change Test

A large power change test was implemented at 50% rated power. Power regulation
tests with 20% and 40% of the rated power were carried out under two different control
strategies. At 50% rated power, the monitoring system directly allocates 70% and 90% of
the target power regulation values to the governor for 50-70-50% and 50-90-50% power
regulation tests, respectively. Field test curves are shown in Figures 10 and 11. Power
regulation test curves under the S-curve control strategy are shown in Figure 10a and
Figure 11a,b. Power regulation test curves under the linear control strategy are shown in
Figure 10b and Figure 11c,d.
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Figure 10. Power regulation with 20% rated power change. (a) The S-curve control strategy; (b) The
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Figure 11. Power regulation with 40% rated power change. (a) Increase power by the S-curve control
strategy; (b) Reduce power by the S-curve control strategy; (c) Increase power by the conventional
linear control strategy; (d) Reduce power by the conventional linear control strategy.

Table 3 shows the calculated values of dynamic response indexes for power regulation
at 20% and 40% of the rated power. According to calculated values of indexes in Table 3
and test curves in Figure 10a,b, it can be concluded that both the overshoot AP, and
peak value Py, of the reverse regulation under the linear control strategy are large during
the regulation at 20% rated power. The overshoot APy, reaches 8.5% during regulation
by increasing the power by 20%, and the peak value Py, of the reverse regulation reaches
4.9% during regulation by decreasing the power by 20%. However, all the above values
under the S-curve control strategy are equal to zero, indicating that the strategy can
effectively suppress the power overshoot and reverse regulation peak value during a
dynamic response of power regulation. Figure 11a-d shows dynamic response curves
representing 40% power variation amplitudes. According to the calculated values listed in
Table 3, the S-curve control strategy ensures higher stability and quality of power regulation.
However, it should be noted that the linear control strategy ensures a shorter regulation
time ts. This indicates that the linear control strategy has used a faster guide vane action
mode under a large power variation range to achieve faster power regulation and a better
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control effect. But this mode has resulted in a power overshoot AP,y of 21% and a reverse
regulation peak value of 9.7%, thus increasing instability during power regulation.

Table 3. Dynamic Response Index of Power Regulation.

Op (%) AP 15 () Pg, (%) tg, (s) ts (s)
S L S L S L S L S L
Increase 20% 0.4 1.3 0 8.5 0 29 0 0.6 182 257
Decrease 20% 0.6 1.2 0 44 0 49 0 1.5 222 284
Increase 40% 0.5 1.5 0 9.3 0.2 4.6 0.6 1.7 347 23
Decrease 40% 0.4 11 0 21 0.4 9.7 0.5 1.8 334 24

4.4. Discussion

All the above field tests have proven that the S-curve control strategy has a good
regulating ability and excellent regulating performance in the process of dynamic response
to power regulation. This strategy provides a solution to problems caused by large power
overshoot and reverse regulation of the hydro-turbine governor in the power regulation
mode. It has been applied to many large power stations, fully proving its reliability in
engineering practice.

When the hydro-turbine generator unit performs power adjustment, at the beginning
of the movement of the guide vanes (A to C or E to H), the hydro-turbine governor based
on the S-curve control strategy makes the guide vanes move at a slower rate to achieve the
purpose of reducing the reverse power regulation. After the opening of the guide vanes
starts to change (C to D or H to I), the governor increases the speed of the guide vane
change to speed up the power adjustment speed. When approaching the target power (D
to B or I to F), the governor reduces the power adjustment speed again to reduce the power
overshoot. In addition, the regulation parameters of the controller need to be adjusted and
determined through field tests.

The value of Jp reflects the index of steady-state stability of the power control system.
It can be seen from Table 2 and that the S-curve control strategy is significantly better
than the conventional linear control strategy in the above field test. Another important
indicator APy, that reflects the overshoots are basically zero under the newly proposed
S-curve control strategy, while the overshoots are very obvious in the traditional linear
control strategy. Indicators Ps, and ¢y, reflect the magnitude of reverse power regulation.
The values in Tables 2 and 3 show that the newly proposed S-curve control strategy is
very effective in suppressing reverse power regulation. The effect of suppressing reverse
power regulation becomes more obvious with the increase in the amplitude of power
adjustment. In addition, it should be noted that the improvement of the regulation time
of the entire transition process f; is not particularly obvious. It can be seen from Table 3
that the adjustment times are 34.7 and 33.4 s during the adjustment process with power
regulation with 40% rated power change. This shows that this proposed control strategy
to reduce the reverse power regulation is to sacrifice the regulation time. In a word, the
newly proposed control strategy is very effective in improving reverse power regulation
and overshoot.

It should be noted that all the above field tests were carried out with specified PID
parameters. A quantitative analysis was not performed in relation to the impact caused
by the inertia time constant Ty, of the water flow, the acceleration inertia time constant
T, of the hydro-generator unit, or the closing time of the guide vane in the dynamic
response process and the regulation parameters of the controller. Therefore, in the future,
quantitative analysis of the basic theory and a simulation test will be applied to implement
an in-depth study on the above factors.
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5. Conclusions

In this study, the power control strategy of a hydro-turbine governor in the power
control mode was optimized by an S-curve control algorithm. The dynamic response
process of power regulation under the traditional control algorithm and the S-curve control
algorithm were compared through field tests. The main conclusions are presented below.

(1) Incomparison with the conventional linear control algorithm, the S-curve control al-
gorithm greatly promotes the regulation speed, precision, and stability in the dynamic
response process of power regulation, especially in the power regulation process with
large power variations.

(2) The S-curve control algorithm adopts the slow acceleration mode when the guide
vane starts and stops moving in the process of power regulation. This helps prevent
the impact caused by the guide vane at the moment of movement, relieve the water
hammer effect, and reduce the peak value of the reverse power regulation and the
power overshoot.

(3) Nonlinear factors of the hydro-generator unit, such as the inertia time constant Ty, of
the water flow, acceleration inertia time constant T, of the unit, and nonlinear relation
between the guide vane opening and the turbine output power, will affect the power
regulation quality of dynamic response.

The S-curve control algorithm of the hydro-turbine governor in the power control
mode could be a direct and efficient tool for further research and engineering applications.
This paper focused on the optimization of the power control strategy of the hydro-turbine
governor in the power control mode. Some factors of the system, like the excitation system
and AGC, were neglected. Future research will include additional improvement of the
control strategy by taking into account the effects of disturbances from other systems.
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