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ABSTRACT:

Hydroelectric power plants are the insurance of the interconnected system in order to provide
fast energy to the system compared to other fossil fueled power plants. Hydroelectric power
plants control the balance between the energy it supplies to the interconnected system and the
pressurized water it uses with a system based on the fully automatic control principle. The
quality of the energy supplied to the interconnected system depends entirely on this automatic
control mechanism. In this study, mathematical models of the mechanisms that affect the
automatic control system during the generation of energy in hydroelectric power plants are
formed. Transfer functions of the obtained mathematical models are calculated by laplace
transform. With the calculated transfer functions, the responses of the units of a hydroelectric
power plant to the change of the amount of energy produced under different operating
conditions are determined. The obtained data are compared with the actual conditions in a 1330
MW hydroelectric power plant with 8 Francis turbines. It is seen that the mathematical model
and the turbine responses in real conditions are similar. In the calculations made at 115, 125,
135, 145 m. net head, the best stability conditions were obtained at 135 m. In addition, as a
result of the calculations obtained under different operating conditions, ideal operating
conditions are determined to minimize the fluctuations in energy production.
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INTRODUCTION

There are various renewable and non-renewable energy sources in the world. Renewable energy
sources are considered more environmental-friendly (Sharif et al., 2019). In hydroelectric power plants
that are compatible with the interconnected system, power control is important. Because the quality of
electricity produced depends entirely on power control (Ming et al., 2017; Wang et al., 2017,
Weldcherkos et al., 2021). Power generation stability is still a major challenge to achieve the
interconnected system objectives of renewable energy, and new challenges arise (Kundur et al., 1994).
Low frequency oscillations related to the generation of hydroelectric energy have occurred in many
regions such as Scandinavian power system (Weixelbraun et al., 2013), the Chinese Southern Power
Network (Yinsheng, 2013) and the Turkish power system (Gencoglu et al., 2010). There are many
studies in the literature about this problem of hydroelectric power plants. Guo and Yang have
formulated the mathematical model of the system to investigate the stability performance for primary
frequency regulation of the hydro turbine system with surge tank (Guo and Yang, 2018). Gonzalez et
al. have conducted block-diagram and mathematical models for hydro-turbine systems and multi-hydro
systems with balance flues and applied passivity-based control and stability analysis (Gonzalez et al.,
2019; Gonzalez et al., 2020). Khodabakhshian and Hooshmand have designed a new PID control for
hydroelectric power plants and examined the system's response to power changes (Khodabakhshian
and Hooshmand, 2010). Yang et al. analyzed the hydraulic damping mechanism of low frequency
oscillations in power systems using a non-linear hydroelectric power plant model (Yang, et al., 2018).
Guo and Yang have made a model for frequency control in hydraulic turbines with balancers and
examined the turbine's response to frequency changes (Guo and Yang, 2018). Shanab et al. compared
the results produced by the Francis turbine experiment set in Al-Azhar University flow laboratory by
measuring the response of the system to the change of values such as torque, flow and position of the
wing (Shanab et al., 2020). Adhikari and Wood examined cross-flow hydraulic turbines by performing
comparative analysis of partial load and flow control (Adhikari and Wood, 2018). Doolla et al.
Proposed a load frequency control technique for an isolated small hydropower plant based on a
multiple flow control system (Doolla et al., 2011). Sharma et al. (Sharma et al., 2018) designed an
artificial neuro fuzzy inference system (ANFIS) based automatic power generation control (AGC)
scheme for the hydro-turbine power system. Liu et al. Developed a model for performing load
frequency control with dynamic valve position modeling for the hydro-thermal power system and
developed an estimated fuzzy control method (Liu et al., 2016).

MATERIALS AND METHODS

Hydroelectric power plants transmit the potential energy of the pressurized water coming to the
snail by means of forced pipes to the turbine wheel in the ratio of the opening gap to the turbine wheel
and generate electricity by means of reverse electromotive force generated by the rotation of the
generator connected to the turbine wheel by the shaft. It is important that the energy generated in the
hydraulic turbines feeding the interconnecting systems is matched to the load demand in a timely
manner, so that the network frequency always remains within a specified band, known as load-
frequency control(Kundur et al., 1994). The quality of the energy supplied to the interconnected
system depends entirely on the sensitivity of the load-frequency control. This regulator provides speed
regulators which can be considered as the brain of hydroelectric power plants. The speed governors
must be capable of responding to different operating conditions. This is a very difficult event as well as
a necessary event for the quality of the energy produced. A properly functioning automatic control
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system is required to evaluate and optimize the response of a turbine according to changing operating
conditions. The control mechanism in a hydroelectric power plant is shown in Figure 1.
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Figure 1. Adjustment blades control system in hydroelectric power plants

System shown in Figure 1 operates according to the principle of controlling the adjustment
vanes with pressurized oil. The oil in the non-pressurized tank feeds the pressurized oil tank and the
system by increasing the pressure with two screw-operated screw pumps. When the pressurized oil
tank reaches a sufficient level, a switch shuts off the oil path by de-energizing the solenoid valve. In
this process, the oil that will control the wings is supplied from the pressurized oil tank. The oil in the
pressure oil tank is kept constant with compressed air according to the principle of incompressible
fluids. The servomotors connected to the adjustment ring according to the up-regulation or down-
regulation command of the speed governor open or close the wings. The opening position of the
adjusting wings is transmitted to the speed governor by a feedback mechanism, thereby limiting the
movement of the speed regulating main distribution valve.

Mathematical Modeling of Hydroelectric Power Plant

PID (proportional-integral-derivative) control is the most widely used control mechanism in
hydroelectric power plants. This control can be applied mechanically, pneumatically and electrically.
It provides precise control of the system. Equation 1 shows the PID control formula (Munoz-
Hernandez et al. 2013)

U()=Kp.e(t)+Ki. f, e(t)dt+Kd.Ze(t) (1)
Kp represents the proportional gain, Ki represents integral gain and Kd represents the derivative

gain. The formula given in Equation 2 and 3 shows the transfer function (TF) of the speed regulator in

the “s” domain in a hydroelectric power plant connected to the interconnected system (Munoz-
Hernandez et al., 2013)
TFcovernor=Kp+(Ki/s)+Kd.s/(Td.s+1) (2)

Kp=0.97..2  Ki=0.39.—  Kd=0.4.Tm A3)
Tw Tw

In Equation 3, "Tw" is the movement time parameter of water and Tm is the initial time

parameter. The adjustment blades control the water flow to the turbine wheel. The position of the
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control blades depends on the control signal of the speed regulator. Equation 4 gives the adjustment

blades transfer function (Munoz-Hernandez et al., 2013).

. Yo __ 1
TFguide vane = UGs)  (Ty.s+1).(Tp.s+1) (4)

T1 and T are time constants, which are determined by the pressure and flow characteristics of
the servomotor and the adjustment blade. Y (s) speed regulator output signal U (s) is the feedback
signal from the adjustment blades to the speed regulator.

There are two servomotors in the hydraulic turbines and they control the adjustment blades with
the pressurized oil coming from the speed regulator main distribution valve. Equation 5 shows the
servomotor transfer function.

TFservo = s.T;+1 (5)

The mathematical modeling of the penstock of a hydroelectric power plant is determined by
three basic equations: water velocity in the penstock, gravity effect and power generation in the
turbine. Equation 6 and 7 shows the penstock pipe transfer function.

TFpenstock: —1_:;§ZV;W (6)
__La
TW - h.g.A (7)

In Equation 7, "L" is the penstock length, "g" is the penstock water flow rate, "h" is the net head,
"g" is the gravitational acceleration and "A" is the penstock pipe cross-sectional area.

The generator dynamics is represented by the oscillation equation that relates the rotating
machine inertia (Tm) to the acceleration torque. The load depends on the D value of the load damping.

Equation 8 shows the turbine-generator transfer function (Kundur et al., 1994).
1
s.Tm+D

Block diagram of hydroelectric power plant model

(8)

TFturbine-generator =

Hydroelectric power plant in this research model is on the Firat River in the east of Tiirkiye. The
total installed capacity of the plant is 1330 MW and the installed capacity is achieved with 8 turbine-
generator unit. Penstock pipes of hydraulic turbines are not shared. Each hydraulic turbine has a
penstock pipe coming from the upstream side. Figure 2 shows a block diagram designed for a turbine
of a hydroelectric power plant.

Table 1.Values used in calculations

L1 1. Turbine penstock length 512.739 m

L2 2. Turbine penstock length 516.057 m

L3 3. Turbine penstock length 520.037 m

L4 4. Turbine penstock length 524.626 m

L5 5. Turbine penstock length 529.919 m

L6 6. Turbine penstock length 535.774 m

L7 7. Turbine penstock length 545.346 m

L8 8. Turbine penstock length 548.684 m

Q The water flow passing from the penstock 95-105-115-125-135 m®/s
H Net head 105-115-125-135-145m
G Gravity acceleration 9.81 m/s?

A Sectional area of the penstock 21.2m?

Tw Water starting time of a single penstock Calculated

Tp Pilot valve servomotor time constant 0.05s

Tm Machine starting time 7.99s

D Load damping factor 0.5
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Figure 2. Hydroelectric Power Plant Blog Diagram

The transfer function calculated according to the block diagram in Figure 2 is given in Figure 3.

R(s) 98.73 53+ 14.37 s+ 6.125 s + 0.3881 C(s)
___b —.

0.56 s+ 1.385 87+ 103.6 s* + 143.2 8> + 12282+ 21.325 + 0.5

Figure 3. Transfer Function Calculated for Hydroelectric Power Plant

A description of the terms used in the calculations according to the block diagram in Figure 2
and the used values are shown in Table 1.

RESULTS AND DISCUSSION

In the block diagram, the responses of the turbine-generator units to load exchange under
different operating conditions are obtained graphically by using the actual values of the hydroelectric
power plant. In the sampled hydroelectric power plant, the lengths of the penstock to each turbine are
different. The transfer function calculated according to the penstock lengths of each unit is shown in
Figure 4.

In the graph of Figure 4, when the transfer functions obtained at different time periods of 20
seconds at different penstock lengths are examined, no significant change is observed in the reactions
of the units. In the penstock lengths used in the calculations, the difference between the shortest
penstock and the longest penstock is approximately 36 m at a distance of 36 m, the response of the
units is not significantly affected
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Figure 4. Time-transfer function graph based on the penstock lengths of different units

Figure 5 shows the change of transfer function at different flow rates to the turbine.
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Figure 5. Variation of transfer function over time at different flow rates

In the graph in Figure 5, the transfer function is calculated according to the maximum minimum
and average values that can pass through a turbine. As it can be seen from the graph, maximum
oscillation occurs in the energy produced at a flow rate of 135 m3 s, At 95 m3 s flow rate, minimum
oscillation occurs. It is also seen from the graph that as the amount of flow to the turbine decreases, the
time to reach the target energy produced decreases.

Figure 6 shows the transfer function graphs obtained at different hydraulic head.

As shown in Figure 6, the oscillation in energy production is at highest in 115 m hydraulic head
and it is at least in 135 m hydraulic head. This shows us that the best control is realized in the middle
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heads. Pressure fluctuations at very high (145 m) and very low head (115 m, 125 m) negatively affect
the control.
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Figure 6. Time-varying transfer function at different hydraulic head

In addition, it is seen that the time to reach the target load is shorter in 135 m hydraulic head.
The graphs in Figures 7 and 8 show the power generated against the time generated in a turbine-
generator unit of the hydroelectric power plant described above.
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The graphs in Figures 7 and 8 are measured from a real turbine-generator unit. The x-axis of the
graphs shows the time at which the measurement is made.

In the graph in Figure 7, a target load of 150 MW is given and the unit is followed while it
captures this load. The power oscillations when the unit captures the target load are similar to the
transfer function graphs in Figures 4, 5 and 6. In the graph in Figure 8, different load targets are given
to the unit and the response of the units over time is measured. The actual response of the system at
different load targets is similar to that of the calculated transfer function.

The graph in Figure 9 shows the theoretical and practical responses of the unit when reaching a
target load of 151 MW.
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Figure 9. The theoretical and practical responses of the unit to the determined target load

As shown in Figure 9, when the unit reaches a target load of 151 MW, the response of the
transfer function obtained as a result of the model is similar to the response of the unit under real
conditions.

CONCLUSION

The results obtained in the study are given below.

e Transfer function of the hydroelectric power plant with 8 Francis turbines of 1330 MW power
has been calculated by creating block diagram. With the calculated transfer function, the responses of
the turbine generator units to the change of energy production have been determined for different
penstock lengths, different turbine flow rates and different hydraulic head. The operating conditions at
which the optimum load oscillation occurs are determined.

¢ The actual turbine-generator units have been given target loads during energy production and
their responses to reach these target loads have been measured against time.

¢ At the end of the study, the target load of 151 MW has been determined and the theoretical and
practical responses of the turbine-generator unif,baugAgen observed over time. The theoretical and
practical responses are found to be similar in the same time periods.

e The responses of the unit in reality can be brought closer to the response of the calculated

transfer function by making the ideal PID control or speed regulator pressure oil adjustment.
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This study is surveyed for hydroelectric power plants operating to the interconnected system,
will contribute to give higher quality energy to the system.
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