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ABSTRACT

Hydroelectric power plants are environmental-friendly as they are renewable energy sources and make great
contributions to the economies. In addition, they are in the state of insurance of the electricity network, since they
can respond to the power demands of the electricity network in a very short time. In this study, the effect of the
speed governors dispense valve has been added to the classical control mechanism in order to accurately predict
the reaction of hydroelectric power plants to the load requirement of the electrical network. As a result of the
dynamic analysis, the data obtained in the simulation environment have been compared with the responses of the
real hydraulic turbine. The results show that when the dynamic analysis of the speed governor dispense valve is
added to the classical control mechanism, the power response behavior in the simulation environment becomes
closer to the real hydraulic turbine behavior.

Keywords: Renewable Energy, Hydroelectric Power, Power control, Dynamic Analysis, Transfer Function

HIiDROELEKTRIK SANTRALLERDE PID KONTROLLU HIZ
REGULATORLERINE YENI BiR DINAMIK ANALIZ YONTEMININ
UYGULANMASI

OZET

Hidroelektrik santraller yenilenebilir enerji kaynaklart olmalari nedeniyle c¢evre dostudur ve iilkelerin
ekonomilerine biiyiik katkilar sunarlar. Ayrica elektrik sebekesinin gii¢ isteklerine ¢ok kisa siirelerde cevap
verebildikleri igin elektrik sebekesinin sigortast durumundadirlar. Bu ¢aligmada, hidroelektrik santrallerin elektrik
sebekesinin yiik ihtiyacina verdigi tepkiyi gergege yakin bir sekilde tahmin edebilmek icin klasik kontrol
mekanizmasina hiz regiilatorlerinin dagitma valfinin etkisi eklenmistir. Yapilan dinamik analiz sonucu simiilasyon
ortaminda elde edilen veriler ile gergek hidrolik tlirbinin tepkileri kiyaslanmistir. Sonuglar gdstermistir ki hiz
regiilatorii dagitma valfinin dinamik analizi klasik kontrol mekanizmasina eklendiginde simiilasyon ortamindaki
gii¢ tepkisi davranislart ger¢ek hidrolik tiirbin davranisina daha fazla yakinlasmistir. Bu sonuglar hidroelektrik
santrallerde hiz regiilatorii tasarimeilarinin gergege yakin davranislari tahmin etmelerinde yardimei olacaktir.
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1.Introduction

Speed governors in hydroelectric power plants regulate the amount of water entering the turbine
wheel, initially they adjust the turbine speed for network synchronization. These governors then adjust
the active power output while energizing the electrical grid [1-2-3]. In addition, speed governors play
an important role in ensuring safe connection with the electricity grid in hydroelectric power plants [4-
5]. In order for the speed governor to do these important tasks properly, it must have a quality control
system. Speed governor designers have to design different speed governors for hydraulic turbines
operating in different operating conditions. So, they must be able to predict the behavior of the hydraulic
turbine in a realistic way beforehand. At this stage, applying a dynamic analysis is important, by
considering the mechanism of all equipment mechanism. Most of the studies in literature are based on
predicting the behavior of the hydraulic turbine in real conditions in the simulation environment [6-7-
8]. Mesnage et al. [9] have developed a non-linear control model to minimize the time when hydraulic
turbines start producing energy. Vereide et al. [10] have investigated the effect of the surge tank on the
stability of speed governor, power control and hydraulic transitions in hydroelectric power plants.
Gonzalez et al. [11-12] have conducted a passive control and stability analysis by creating a block
diagram and a mathematical model for hydro-turbine systems and counter-stack multi-hydro systems.
Xu et al. [13] have analyzed internal energy losses by creating a mathematical model for stability
analysis in the hydraulic turbine speed governor. Khodabakhshian and Hooshmand [14] have designed
anew PID control for hydroelectric power plants and analyzed the system's responses to power changes.
Lietal. [15] have made dynamic analysis of hydraulic turbines by modeling the speed governor control
during the sudden load increase process. Yang et al. [16] have analyzed the hydraulic damping
mechanism of low frequency oscillations in power systems by using a nonlinear hydroelectric power
plant model. Perng et al. [17] have made an optimization by applying an algorithm to PID controlled
speed governors used for hydraulic turbines. They state that as a result of the optimization, the damping
of frequency oscillations improved under different operating conditions. Guo and Yang [18] have
performed a modeling for frequency control in hydraulic turbines with a balance shaft and examined the
response of the turbine to frequency changes. HuSek [19] has proposed PID optimal proportional gain
(kp) and integral gain (ki) values within the stability of the frequency domain sensitivity in the governor
modules of hydraulic turbine units. Adhikari and Wood [20] have analyzed partial load and flow control
in cross-flow hydraulic turbines by making comparative analysis. Doolla et al. [21] have proposed a
charge frequency control technique for an isolated small hydroelectric power plant based on a multiple
flow control system. Sharma et al. [22] have designed the automated power generation control (AGC)
scheme based on the artificial neuro-fuzzy inference system (ANFIS) for the hydro-turbine power
system. Liu et al. [23] have developed an estimated fuzzy control method by developing a model for
load frequency control with dynamic valve position modeling for the Hydro-thermal power system.
Altay et al. [24] have increased their performance by reducing the feedback effect of the speed governor
with the help of the mathematical model they created in an old hydroelectric power plant according to
the data of the power plant.

Figure 1 shows the control mechanism in a hydroelectric power plant. The system in Figure 1
works according to the principle of controlling the blades with pressure oil. Oil in unpressurized tank is
supplying the pressurized oil tank and system by increasing its pressure with two screw pumps operating
as each other's backup. When the pressurized oil tank reaches a sufficient level, a switch cuts off the
energy of the solenoid valve and closes the oil path. In this process, the oil to control the adjustment
blades is supplied from the pressurized oil tank. The pressure of the oil in pressurized oil tank is kept
constant with pressured air according to the incompressible fluid principle. Servomotors, which are
connected to the adjustment ring according to the load governor's command, open or close the
adjustment wings. The opening position of the adjusting blades is transmitted to the speed governor by
a feedback mechanism and the speed governor restricts the movement of the main dispense valve.

While examining the load-frequency control in hydroelectric power plants, the response given by
the speed regulator to the load or frequency change and the effect of this response on the gauges are
analyzed by mathematically modeling. In this study, the effect of the speed regulator distribution valve
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has been added to the classical control mechanism in order to predict the response of the electrical
network to the load requirement more precisely. Because friction and inertia forces will be effective
during the movement of the distribution valve. By adding such effects to the mathematical model with
the help of dynamic analysis, the system can be modeled more closely to its real behavior.
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Figure 1: Adjustment blades control system in hydroelectric power plants

2.Materyal ve Metod

2.1. Calculation of transfer function of speed governors by classical modeling method
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
controls the system precisely. Equation 1 shows PID control equation [3].

u(t)=K, e(t) +Kif e(t)dt+Kie-e(t (1)

K, is proportional gain, K; is integral gain and Ky is derivative gain. The formula in Equation 2
shows the transfer function (TF) of the speed governor in "s" domain in a hydroelectric power plant
connected to the interconnected system [3].

TFGovernor:Kp+(Ki/S)+Kd S/(Td S+I) (2)
_ Tm . Tm .
Kp—0,97ﬁ , Ki—0,39m , Ka=0,4Tm 3)
Equation 3 shows the calculation of PID control gain factors.

2.2. Dynamic Analysis of Speed Governors Dispense Valve (New Model)

In modern hydroelectric power plants, the control mechanism of the speed governors is based on
the pressured oil control of the dispense valve to the servomotors. The main logic is the pressured oil
control of the speed governor dispense valve to the servomotors, no matter how different the electronic
boards and mechanical equipment in the auxiliary systems of the speed regulators are. By applying
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laplace transform to the mathematical model obtained as a result of a comprehensive dynamic analysis
on how the dispense valve motion control works, the transfer function of the speed governor can be
obtained. Figure 2 shows the location of the distribution valve inside the speed regulator.

Pressure breaker
Magnetic filter

Bobbin

Figure 2.a) General view of the speed governor, b) View of dispense valve on speed governor,
¢) View of the dispense valve after mounted on the speed governor

Figure 2-a shows general view of the speed governor. The speed governor has a precise working
principle to achieve frequency and power generation goals as quickly as possible. The signals coming
from the primary or secondary frequency control are transmitted to the bobbin in Figure 2-b in the range
of -5 to +5 volts. Some of the pressurized oil used to control the adjusting blades in servomotors passes
through a set pressure breaker and creates pressure in the pressured oil zone of the dispense valve in
Figure 2-c and balances the dispense valve. The balanced dispense valve sends pressurized oil to the
servomotors in the direction of opening or closing the servo motors with the up and down movement of
the bobbin shaft according to the incoming volt value.

I+
X

Figure 3. Schematic representation for dynamic analysis of the speed governor dispense valve
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Figure 3 shows modeling of the speed governor dispense valve for dynamic analysis, working
principle of which can be found in Part 2.2.

The symbols "k" and "c" in Figure 3 refer to the stiffness and damping coefficients of the oil in
the dispense valve pressured oil region respectively. "M" refers to the mass of the dispense valve, "R"
refers to the bobbin resistance, "L" refers to the bobbin impedance, "i" refers to the current value to the
bobbin and "e" refers to bobbin voltage. The mathematical modeling of the model in Figure 3 is
expressed by the following equations.

e(t) = Ri(t) + L2 “)

di .

D= _2iw) +7e® 5)
_ dx(t) PA d?x(t)

e(t) = kx(®) + ¢ 52+ (- M) (6)

PA . . . . .
The term "(? -M )" in Equation 6 is taken into account as the difference between the mass of

the speed regulator main distribution valve and the effect of the oil pressure applied in the opposite
direction. The value of “P” in Equation 6 refers to the oil pressure coming to the pressured oil area of
the dispense valve after the pressure breaker passes, “A” refers to the area of the part where the
pressurized oil affects on the dispense valve and “g” refers to gravitational acceleration.

. di(t) _ dx(t) PA d?x(t)
Rl(t)+L7—kX(t)+CT+(?—M) ac2 @)

If Laplace transform is applied to Equation 7, 8 is obtained.
Ri(s) + Lsi(s) = kx(s) + csx(s) + (%A - M) s2x(s) (8)
The transfer function showing the up and down movement (x) of the dispense valve in response

to the current value entering into the speed governor dispense valve bobbin as a result of PID evaluation
is obtained in Equation 9.

x(s) R+Ls
) FrS 9
i) eres+(Z-m) ©)
g

3. Results and Discussion

The expression "(P*A/g)-M" in the denominator of Equation 9 determines the limit of actuation
of the pressured oil coming from the pressure breaker to the dispense valve. If P*A/g<M, the dispense
valve will not start and the turbine cannot start energy production since the oil pressure passing through
the pressure breaker is not sufficient.

Table 1 shows the values used in Equation 9.

Table 1: The values used in Equation 9

R Resistance 30 ohm

L Inductance 30H

k  Stiffness[25] 5%10’ N/m
¢ Damping[25] 5*%10* Ns/m
P  Pressure 0/32 bar
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A Area affected by oil pressure 0,00149 m?

M Dispense valve mass 100 kg

i Current -0,15/+0,15 ampere
x  Movement of the dispense valve shaft Max. 0,02 m

Table 1. Continue

The values shown in Table 1 include the characteristics of the speed regulator of the vertical
Francis turbine with a power of 155 MW,

Figure 4 shows "(PA/g)-M" value according to the oil pressure coming from the pressure
breaker.

380 _~
330 ~

280 7

230
180
130

(P.A/g)-M

12 14 16 18 20 22 24 26 28 30 32

Qil pressure (bar)

Figure 4. “(PA/g)-M” change according to the oil pressure value coming to the dispense valve

As in Figure 4, after 6 bar pressure, the dispense valve starts to act and the turbine can start
producing energy after this value. In Figure 5, it shows how the 2 bar oil pressure (any pressure value
less than 6 bar can be selected) coming to the dispense valve has an effect on the movement of the
dispense valve.
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Figure 5. The situation of the speed governor dispense valve at 2 bar oil pressure
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The graphic in Figure 5 shows the movement of the dispense valve when 2 bar pressure comes
from the speed governor pressure breaker. Dispense valve moves irregularly and it is subject to excessive
vibration. In this case, it is impossible for the turbine-generator unit to start producing energy. This
movement of the dispense valve cannot send pressurized oil to servomotors in the direction of opening
the adjustment blades. Since no water will come to the turbine wheel because the adjustment blades are
not open, the turbine wheel cannot rotate, so the unit cannot start producing energy. In Figures 6, 7, 8,
the movement of the dispense valve can be seen when the oil comes to the dispense valve at the pressure
of 10, 18 and 26 bar from the pressure breaker and when different flow values are applied to the dispense
valve bobbin.

0.00016
0.00014
0.00012
— 0.0001
]
@ 0.00008
£
= 0.00006
0.00004
0.00002
0
OMNMINO M MNOMNMMNOMMNOOMNONMOMNOMNOONMNOMNMINSN O OMIS
O 0O 0O 000D 0OO0DO0OD0D0D0D0DO0O0D0D0D0DO0ODO0DO0ODO0DO0ODO0O0O0OO0OOoOOoOOo
Time (second)
10 bar 18 bar e ?6 bar

Figure 6. Movement of the dispense valve at different oil pressures when linearly increasing current is
applied to the dispense valve bobbin

X (meter)

Time (second)

10 bar 18 bar e=====26 bar

Figure 7. Movement of the dispense valve at different oil pressures when high and low flow is applied
to the dispense valve bobbin in certain periods
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Figure 8. Movement of the dispense valve at different oil pressures when current in the form of sine
wave is applied to the dispense valve bobbin

In Figures 6, 7 and 8, the situation of the dispense valve is shown in the case of 10, 18 and 26
bar pressure coming from the pressure breaker to the dispense valve pressure area and in the case of
sending the current as a linear increasing, increasing and decreasing sine wave current respectively to
the dispense valve bobbin. From the moment the first current is applied to the bobbin, it can absorb the
10 bar oil pressure movement faster compared to other pressure values and become stable. This indicates
that 10 bar oil pressure coming from the pressure breaker to the dispense valve will provide a more
precise control in the speed governor control. In addition, the limit of the time term on the x-axis of the
graphs is determined as the system approaches stability.

3.1 Application of new dynamic analysis to PID controlled general system in hydraulic
turbines

In order to examine the control and response to the aimed power in hydraulic turbines, the
general response of the water flow in the penstock, the adjustment blades, the servomotors, the turbine-
generator unit should be examined.

The adjustment blades control the water flow coming to the turbine wheel. The position of the
adjusting blades depends on the control signal of the speed governor. Equation 10 shows the adjustment
blades transfer function [26].

. G B
TF guide vane U(s) (Tls+1).(T2s+1) (10)

T1 and T2 are time constant and determined by the pressure and flow characteristics of the
adjustment blades and servomotors. Y(s) refers to speed governor output signal and U(s) refers to the
feedback signal coming from adjustment blades to the speed governor.

There are two servomotors in hydraulic turbines. Servomotors control the adjustment blades
with the pressurized oil coming from the speed governor dispense valve. Equation 11 shows the
servomotor transfer function.

_ 1
TFSEWO_S.T}J+1 (11)
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Mathematical modeling of the penstock of a hydroelectric power plant is determined by three
basic equations: the velocity of water in the penstock, the effect of gravity and power generation in the
turbine. Equation 12 shows the transfer function for penstock.

_ 1-5Tw
TFpenstock_ 140,5.5.Tw (12)
_ Lig
T, =24 (13)

Generator dynamics refers to the oscillation equation that associates rotating machine inertia
(Tm) with acceleration torque. The load depends on the D value of the load damping. Equation 14 shows
the transfer function for the turbine-generator [3].

1
TF oo =— 14
tiirbine-generator STm+D ( )

Table 2 shows the explanation of the terms in Equations 10, 11, 12, 13 and 14 and the values of
the 155 MW power Francis turbine used in the calculations

Table 2.Values used in calculations
L1 Turbine penstock length 548,684 m.
q The water flow passing from the penstock 115 m%/s
h  Net head 135 m.
2
Gravity acceleration 2l i

Ap  Sectional area of the penstock 21,2 m?

Tw Water starting time of a single penstock Calculated

T, Pilot valve servomotor time constant 0,05 s.
Tm Machine starting time 7,99 s.
D Load damping factor 0,5

Figure 9 shows the block diagram with the PID controlled control system in hydroelectric power
plants and the speed governor dispense valve transfer function added to this control system.

30530
200.6452+5005 +500000

S I . 1 -2.0474st1 1 |
0.195+1 D4s+1 0.05+1 | [05%2.2474s+1 | | 85405

- Saturation output
Guide vane1 Guide vane 2 Servomotor Penstock  Turbine-generator

Rate Limiter

ispense valve transfer functio

325 \—@/

985535+ Dispense valvetransfer function
added to the diagram

D

Figure 9. Version of speed governor dispense valve block added to PID controlled block diagram in
hydroelectric power plants
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The graphic in Figure 10 shows the response of hydraulic turbine to aimed power after the
dispense valve transfer function is added and not added depending on block diagram in Figure 9.

Transfer function
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Figure 10. Responses of the classical model and the new model to the power demand

Figure 10 shows that the power demand stabilizes in approximately 80 seconds in the classical
model, and the power demand stabilizes in approximately 180 seconds in the new model. The new model
is closer to reality. In order to prove this fact, the response to the power demand in the real hydraulic

turbine in Figure 11 is compared with the graphic in Figure 10.
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Figure 11. Comparison of the hydraulic turbine's response to the power demand and the response of
the new dynamic model to the power demand

Figure 11 shows the comparison of the response of the hydraulic turbine to the power demand
with the response of the dynamic model created by measuring under real operating conditions. While
the hydraulic turbine produces 150 MW of energy under real operating conditions, 156 MW power
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demand is given. While the hydraulic turbine is performing this power demand, the graph is similar to
the graph of the dynamic model. Figure 11 shows that the new model is closer to the real conditions.

4. Conclusion

This research investigates the effect of the dispense valves movement of the speed governors on the
control mechanism, which is a neglected part when creating the control mechanisms of hydroelectric
power plants in the simulation environment. The working principle of the dispense valve is explained,
its dynamic analysis is made and the movement conditions are examined. The expression of (P.A)/g-M
in the denominator of the formula obtained as a result of dynamic analysis is movement condition
formula of the dispense valve and for the dispense valve to start (when dispense valve starts to act it
means that the hydraulic turbine starts to rotate.) in the graphic drawn based on this formula, it is clear
that pressure coming to the dispense valve should be above 6 bar. To support this idea, a simulation is
applied as if 2 bar pressure oil is sent to the dispense valve, and the dispensing valve does not move but
only vibrates. Then, different currents are sent to the dispense valve bobbin at different oil pressures
above 6 bar, and charts are drawn. It is observed that the dispensing valve becomes stable in a shorter
time at 10 bar oil pressure. The general control diagram of the hydroelectric power plants and the new
model to which dispense valve transfer function is added, are compared according to the load response.
The difference in this comparison is compared with the power response of the actual hydraulic turbine.
As a result of this comparison, it is obvious that the new model gives a closer result to the reality. This
situation is thought to be very useful for speed governor designers in terms of anticipating closer to real
conditions.
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