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Abstract— Appropriate modeling of elements and connected 

controllers are very important in learning dynamic 

performance of power systems. During this paper, an 

academic procedure for modeling, simulation, and governor 

calibration of hydro power plants is bestowed. Completely 

different existing dynamic models of hydro plant elements 

are reviewed. The procedure for conniving the specified 

parameters from real plant knowledge is additionally 

conferred. Application and performance of reviewed models 

is mentioned also. Additionally, acceptable strategies for 

calibration differing kinds of hydro governors are studied and 

a classical technique is employed for PID governors. 

Inclusion of the nonlinearity and physical property of the 

elaborate turbine-penstock model, and learning the impact of 

the servo transfer functions are the most aspects of the 

planned calibration technique. The paper is written associate 

exceedingly way to be useful for an engineering science 

student or a novice engineer to model, simulate, and analyze 

a hydro power station dynamic behavior, and at last tune its 

governor. This work is used as a primitive guideline for 

academic and sensible functions. 
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NOMENCLATURE 

General 

 X = state variable, 

 p = d/dt (derivative operator), 

 s = Laplace transform operator, 

For Turbine and Penstock 

 Lp = penstock length in m, 

 Lt = common tunnel length in m, 

 At = common tunnel cross section area, m2 

 Ap = penstock cross section area, m2 

 Qr  = rated water flow rate of turbine, m3/s 

 Hr =rated head of turbine, in m, 

 Ho = base head of turbine, in m, 

 Gr = rated gate position, 

 fp = friction loss coefficient, 

 At = turbine gain constant, 

 Tw = water starting time constant, in seconds 

 Twt = water starting time constant, for the common 

tunnel only, 

 Twi = water starting time for the penstock of the ith 

unit, 

 Pt = turbine rating, 

 Dt= turbine damping constant, 

 Qnl= no-load water flow rate, 

 Zo= hydraulic impedance of penstock, 

 Te = penstock wave travel time, 

 A = wave-velocity, 

 Pmech = mechanical power, 

 Tmech = mechanical torque, 

 J = number of units, 

 Qi= discharge in the penstock i. 

For Governor 

 ref  = reference speed, 

 r = rotor speed, 

 Tp and Ta = pilot valve time constant of hydraulic 

governor, 

 Ks = servo gain of hydraulic governor, 

 Tg = main servo motor time constant of hydraulic 

governor, 

 Rt = temporary drop of hydraulic governor, 

 Tr = reset time of hydraulic governor, 

 Rp   = permanent droop, 

 Kp = proportional gain of PID governor, 

 Ki = integral gain of PID governor, 

 Kd = derivative gain of PID governor, 

 Tc and Td = gate servo motor time constant of PID 

governor,  

 Rmax = maximum gate opening rate limit, 

 Rmin  = minimum gate opening rate limit, 

 Gmax = maximum gate opening limit, 

 Gmin = minimum gate opening limit, 

 Gate = gate position. 

For Exciter 

 Vref  = reference voltage, 

 Vter = generator terminal voltage,  

 Tt = voltage time constant, 

 Tc and Td = transient gain reduction (TGR) time 

constant, 

 Ka = amplifier gain constant, 

 Ta = amplifier time constant, 

 Ke = exciter gain constant, 

 Te = exciter time constant, 

 A and B = saturation constant, 

 Kf = stabilizing circuit gain constant, 

 Tf = stabilizing circuit time constant, 

 Kc = rectifier constant depending on commutating 

reactance, 

 Kd = ac exciter synchronous and transient reactance 

constant, 

 In = rectifier load current, 

 Fex = rectifier regulation depending upon In, 

 Ifd = field current, 

 Ilr = feedback rate limit, 

 Klr= feedback rate limit,   

 Vmax = maximum amplifier output, 

 Vmin = minimum amplifier output, 

 Vrmax = maximum regulator output limit, 

 Vrmin = minimum regulator output limit, 
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 Efd= exciter output voltage, 

I. INTRODUCTION 

Modeling and simulation of a small hydro plant is a valuable 

tool for designing operations and deciding the worth of 

physical improvement by choosing correct system 

parameters. This study helps in confirming price and safety 

conditions, in choosing the simplest alternatives within the 

early section of design and to work out the necessity of 

special protection devices. It additionally helps to find 

parameters of control equipment’s like water level regulator, 

governor, exciter etc. and in determinative the dynamic 

forces functioning on the system that should be thought-

about in structural analysis of the penstock and their 

support. 

Dynamic response of the fluid mechanics, governor 

and electrical system related to little hydro plants also can 

be obtained with this simulation, that provides info 

regarding the performance of the complete system following 

system disturbances like rotary engine commence, rotary 

engine loading, load rejection and movement of wicket 

gates. It provides the result of interaction between fluid 

mechanics system, the governor and also the electrical 

system. It helps in learning the stability drawback associated 

with the system.    

In brief, simulation studies offer answers to several 

vital inquiries to coming up with and coming up with 

engineers such as: 

 The analysis of the stability and operational issues and 

their remedies,  

 Co-ordination of governor parameters with those of the 

fluid mechanics and electrical systems and choice of 

optimum governing parameters, 

 Detailed assessment relating to the dimension of 

penstock and also the necessity of a Surge tank, once 

considering the result of bang. 

 Questions supported value, operational; and 

environmental concerns. 

This paper is organized as follows: In Section II, a 

short description of electricity power plants is bestowed. 

Control scheme of Hydraulic turbine-penstock models for 

dynamic simulations are concisely represented in Section 

III. Section IV and V is devoted to present the specified 

equations for parameter determination. Hydro governor 

models and their standardization are mentioned is in 

Sections IV. Section VI presents the simulation results of 

the reviewed models of a true hydro powerhouse and 

performance of the tuned governor. Finally, Section VIII 

concludes the paper. 

II. SMALL HYDRO POWER MODEL 

Hydro power plants are usually classified in 2 classes i.e. 

tiny and huge hydro plants. In India, hydro plants up to 25 

MW station capacities are categorized as small Hydro 

Power (SHP) projects. Whereas Ministry of Power, 

Government of Asian nation is liable for giant hydro 

projects, the mandate for the topic small hydro power (up to 

25 MW) is given to Ministry of recent and Renewable 

Energy. With the generation capability of hydro powerhouse 

less than 25 MW, is usually referred as small hydro 

powerhouse. Mini hydro refers to capability of 1MW or less, 

and small hydro refers to capability of 100 kW or less. A run 

of watercourse plant doesn't have any vital storage 

capability and its energy output is subjected to the instant 

flow of watercourse. Important parts of small hydro plants 

are weir, intake or flume, surge tank, penstock, turbine, 

generator, regulator, transmission and distribution network 

or grid. The operation of a electricity plant is easy - water 

hold on in an exceedingly weir or seizure is discharged 

through an passage to show a rotary engine that successively 

drives an electrical generator, the facility generated is given 

by: 

P = gQH/1000. 

Where, 

 = Overall efficiency of the plant 

g = Gravitational Constant in m/sec2
 

Q = Discharge (flow rate) in m3/sec 

H = Head in m 

P = Power in kW 

The dominant part is generally the dimensions of 

passage gap in the weir/wall, that is accomplished by 

variable the gate gap and/or the blade angle setting (for 

Kaplan, propeller turbines). The effective passage gap 

directly affects the connection between rate of flow Q and 

head H. within the simplest case, the connection will be 

given by 

Q = Cd A (2 g H) 0.5 = Kd A (H)0.5 

Where,  

A = Orifice opening in m2 

g = Acceleration due to gravity in m/sec2 

Cd = Discharge coefficient 

Kd = Cd (2g) 0.5 

A typical small hydro power station is delineate as 

in Figure. The most parts that are utilized in the small Hydro 

Plants can be more classified into civil elements, 

powerhouse elements and transmission and distribution 

networks. All of those parts are once more delineated within 

the following sections. 

 
Fig. 1: General Layout of the Small Hydro Plants and its 

main components 

III. CONTROL SCHEME FOR HYDRO POWER PLANTS 

A typical Hydro station includes a dam or a mountain 

reservoir, penstocks a powerhouse and an electric power 

station. The reservoir stores water and make the head; 

penstock carry water from the reservoir to rotary engine 

within the powerhouse [9]. The water rotates the rotary 

engine that drive generators that turn out electricity. A 

hydraulic rotary engine may be a hydropower machine that 

directly converts the hydraulic power in moving water to 

mechanical power at the machine shaft. Rotary engine 

governors are systems for the control and adjustment of the 
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rotary engine power output and evening out deviations 

between power and also the grid load as quickly as possible. 

Excitation controllers are wide utilized to boost system 

damping and to boost dynamic stability. The gain setting of 

those controllers are sometimes determined off-line based 

on a particular operating conditions and are mounted in field 

applications. It’s accepted that the in operation purpose of 

an influence system can amendment with varied system 

load. Moreover, drastic changes in system in operation 

conditions are going to be discovered once the system is 

subject to a serious disturbance like a three phase fault. 

Thus, below these varied in operation conditions, the most 

effective dynamic performance can't be achieved by a set –

gain, demand and governor controllers. 

To improve the damping characteristics of a power 

system over a large vary of operation points, in these self-

tuning controllers, the system model is initial identified in 

period using calibration controllers, the system input and 

output variables. The gain settings are the adaptation law. It 

absolutely was illustrious that higher dynamic performance 

underneath disturbance conditions may be achieved by the 

self-tuning excitation controller than by the mounted gain 

excitation controller. 

A major disadvantage of the self-tuning excitation 

controller is that the got to determine system model 

parameters in real time, since the identification method is 

incredibly long. The situation is even worsened by the actual 

fact that the self-tuning excitation/governor controller 

should be enforced on a digital computer with restricted 

process capability. 

To relieve the process burden related to a self-

tuning excitation controller, a brand new form of 

excitation/governor controller is developed using fuzzy pure 

mathematics [12]. The input signals to the fuzzy excitation 

controller and also the PID governor are the measured 

generator speed deviation and acceleration. These signals 

are initial expressed in some linguistic variables using the 

membership functions in fuzzy set notation before they will 

be processed by the fuzzy controller. A fuzzy relation 

matrix, that contains all the choice rules expressed in 

linguistic variables, is about up to create the idea for 

symbolic logic operations performed by the fuzzy 

Governor/excitation controller to achieve a correct 

controller output. 

IV. MODELING OF VARIOUS COMPONENTS (SMALL HYDRO 

PLANTS) 

An electricity power station consists of a high dam that's 

engineered across a large watercourse to make a reservoir, 

and a station where the process of energy conversion to 

electricity takes place. The primary step within the 

generation of energy in a hydropower plant is that the 

assortment of run-off of seasonal rain and snow in lakes, 

streams and rivers, throughout the hydrological cycle. The 

run-off flows to dams downstream. The water falls through 

a dam, and carried by penstocks into the hydropower plant 

and turns a large wheel referred to as a rotary engine. The 

rotary engine converts the energy of falling water into 

energy to drive the generator once this method has taken 

place electricity is transferred to the communities through 

transmission lines and also the water is discharged into the 

lakes, streams or rivers. This is often entirely not harmful, as 

a result of no pollutants are additional to the water whereas 

it flows through the hydropower plant. So for simulation 

studies mathematical modeling of all such parts is needed. 

A dynamic analysis of hydro power plants relies on 

the governing equations of the system. Equilibrium balance 

equations based on principles of hydraulic continuity and 

motion characterize the water conduits. In conjunction with 

power transmission and mechanical phenomenon equations 

for the facility conversion, the systems physical 

characteristics are considered. 

In this chapter, the modeling of assorted parts of 

small hydro-plants and necessary equations representing 

their dynamic behavior is conferred. 

A. Penstock and Turbine Modeling 

Penstock pipes are essentially shut conduct pipes that helps 

to convey the water from the fore bay tank to the rotary 

engine. The materials utilized in penstock are typically steel, 

HDPE (High Density Polythene) and more and more PVC 

(Poly Vinyl Chlo-ride). It's one in every of the foremost 

vital elements of the little Hydro power plants because it is 

at now that the P.E. of the water is regenerate into K.E.. The 

rate of water at the penstock is usually 3m/s and is usually 

settled at a slope over 45 degrees. Because of the risk of 

contraction and enlargement of penstock pipes due to 

fluctuation in seasonal temperature, slippery style of 

enlargement joints are placed between 2 consecutive pipe 

lengths. Anchor block, that is essentially a mass of concrete 

mounted into the bottom, is employed to restrain the 

penstock from movement in undesirable directions.  

B. Non-Linear Model (Assuming Non-Elastic Water 

Column) 

The linear model of the hydraulic rotary engine is 

insufficient for studies involving massive variations in 

power output and frequency. The diagram in Figure 2 

represents the dynamic characteristics of the rotary engine 

with a penstock that is appropriate for large-signal time 

domain simulation [1]. The penstock is modelled 

assumptive an incompressible fluid and a rigid passage. 

 

Fig. 2: Non-Linear Model of Turbine (Non-Elastic Water 

Column) 

The mathematical equation representing dynamic 

behavior of the penstock-turbine is as below: 
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C. Traveling-Wave Model 

The modeling of the hydraulic effects using the belief of 

inflexible water column is adequate for brief and medium 
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length penstocks. For long penstocks, the period of time of 

the pressure and flow waves, due to the snap of the steel 

within the penstocks and therefore the sponginess of water, 

may be vital [1]. The non-linear model of turbine-penstock 

incorporating water column wave impact is shown in figure 

2. The mandatory equations characterizing dynamic 

behavior of the rotary engine are as below: Assuming 
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Fig. 3: Non-Linear Model of Turbine (Including Water 

Column Traveling Wave Effects) 

Mechanical power output is given by: 
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D. Governor Modeling 

1) Electro-Hydraulic Governor Modeling 

Modern speed governors for hydraulic turbines use electro-

hydraulic systems. Functionally, their operation is extremely 

similar to that of mechanical-hydraulic governors. Speed 

sensing, permanent droop, temporary droop and their 

mensuration and computing functions are performed 

electrically. As regulation of the top is extremely fascinating 

underneath run of watercourse mode operation of small 

hydro plants, so, figure 4 shows the diagram of the hydraulic 

governor [1] with head controller [18] within which the 

rotary engine gate is controlled by a two-stage hydraulic 

position servo. 
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Fig. 4: Electro-Hydraulic Governor Model 

The necessary mathematical equations representing 

the dynamic behavior of electro-hydraulic governing system 

are as below: 
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The gate position is given by 

Gate =
14

X  

2) Governor Modeling 

Some electro hydraulic governors are given three-term 

controllers with proportional-integral-derivative (PID) 

action. These permit the likelihood of upper response speeds 

by providing each transient gain reduction and transient gain 

increase. While not derivative action, it's comparable to 

hydraulic governor. The proportional and integral gains is 

adjusted to get desired temporary droop and reset time. The 

derivative action is useful for isolated operation. Figure 5 

shows the diagram of the PID governor [1] with head 

controller [21]. 

The necessary equations representing dynamic 

behavior of the PID governing system are as below:  
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Fig. 5: PID Governor Model 
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The gate position is given by: 

Gate = X15 

V. DATA 

The data for various components of run of river small hydro 

plant, which have been simulated in this project work, are 

given below: 

A. Penstock and Turbine data ([1]) 

Parameter Value Parameter Value 

Lt 3850 m, At 38.5 m2 

Lp 250.0 m Ap 5.0 m2 

fp 0.0 m/ (m3/sec)2 G 9.8 m/sec2 

Pt 125 kW Ho 15.0 m 

Hr 10.0 m Qr 4.43 m3/sec 

Qnl 0.00 m3/sec Gr 0.70 p.u. 

Dt 0.01 A 1400 m/sec 

Table 1: Penstock and Turbine Data 

B. Governor data ([6] and [1]) 

1) Electro Hydraulic Governor[1] 

Parameter Value Parameter Value 

Tp 0.05 sec, Ks 4.00 

Tg 0.20 sec, Rp 0.04 

Rt 2.60 Tr 10.00 sec 

R 0.16 Rmin -0.16 

Gmax 1.00 p.u. Gmin 0.00 p.u. 

Kt 0.15 Kc 0.15 

Table 2: Electro Hydraulic governor data 

2) PID Governor[1] 

Parameter Value Parameter Value 

Kp 3.00 Ki 0.70 

Kd 0.2 Ta 0.05 sec 

Tc 0.02 sec Td 0.02 sec 

Rmax 0.2 p.u./sec Rmin -0.2 p.u./sec 

Gmax 1.00 Gmin 0.00 

Kt 0.15 Kc 0.15 

Table 3: PID Governor data 

C. Exciter Data 

1) DC1A Exciter [6] 

Parameter Value Parameter Value 

Tt 0.001 Tc 0.173 

Tb 0.06 Ka 187 

Ta 0.01 Vmax 1.70 

Vmin -1.70 Te 0.01 

Aex 0.014 Bex 1.55 

Kf 0.1 Tf 0.001 

Table 4: DC1A Exciter data 

2) AC1A Exciter [6] 

Parameter Value Parameter Value 

Tt 0.00001 Tc 0.00001 

Tb 0.00001 Ka 200.00 

Ta 0.02 Vmax 15.00 

Vmin -15.00 Vrmax 7.30 

Vrmin -6.60 Ke 1.00 

Te 0.8 Aex 0.10 

Bex 0.03 Kf 0.03 

Tf 1.0 Kc 0.05 

Kd 0.38   

Table 5: AC1A Exciter data 

3) ST1A Exciter [6] 

Parameter Value Parameter Value 

Tt 0.015 Ka 200 

Ta 0.01 Vrmax 7.0 

Vrmin -6.40 Kc 0.04 

Klr 4.54 Ilr 4.4 

Table 6: ST1A Exciter data 

D. Synchro nous Generator [6] 

Parameter Value Parameter Value 

H 3.7 sec KD 0.05 

fs 60.00 Hz Ra 0.003 p.u. 

Ll 0.150 p.u. Ld 1.305 p.u. 

Lq 1.76 p.u. L’d 0.296 p.u. 

L’q 0.65 p.u. L”d 0.252 p.u. 

L”q 0.23 p.u. T’do 4.5 sec 

T’qo 1.00 sec T”
do 0.0681sec 

T”qo 0.07 sec,   

Table 7: Synchro nous Generator data 

E. Transmission Line [6] 

Parameter Value Parameter Value 

Rline 0.10 Xline 0.30 

Bc 0.05   

Table 8: Transmission Line data 

VI. RESULTS AND DISCUSSION 

The figure 6 shows the case with single machine infinite bus 

system, which have been considered for simulation purpose, 

are summarized as below: 

loadI

lineI

cjB

linejXlineRlineZ 2I

cjB

22V aÐ 11V aÐ

loadZ

Generator
BusInfinite 

Fig. 6: Example System 

In this case, Generator is having local load at its 

terminal, is connected to infinite bus through a transmission 

line is shown in figure 6. The load power is 50 MW, 25 

MVAR is connected to generator terminal. In this case 3-

phase symmetrical fault is simulated at generator terminal at 

5 seconds and it is cleared at 5.2 seconds. The results are 

shown with Conventional Governor and exciter controller 

used for this case. The values of parameters of governor, 

exciter and hydraulic components are same as given above. 

The actual simulation circuit is shown figure 7. 

The corresponding results are shown in the 

following figures from 8 to 13. 
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Fig. 7: Simulation Circuit 

Results for the synchronous generator connected to 

grid, and a 3-  fault is created after 5 seconds. 

 
Fig. 8: Speed Vs. time characteristics with conventional 

controller 

 
Fig. 9: Rotor angle deviation Vs time characteristics. 

 
Fig. 10: Electrical torque Vs time characteristics and 

Terminal Voltage Vs time characteristics. 

 
Fig. 11: Excitation Voltage Vs time characteristics and Field 

current Vs time characteristics. 

 
Fig. 12: Mechanical Power Vs time characteristics. 

 
Fig. 13: Load angle Vs time characteristics. 

The results from Figure 8 to Figure 13, shows very 

important facts about the machine behavior in power 

system. The power system is a spring-inertia oscillatory 

system with inertia on mechanical side and spring action is 

provided by the synchronous tie or isolated load. In this 

work, machine is considered with losses and dampers, 

which helps in damping out the oscillations.  

Due to 3-¢ symmetrical fault, terminal voltage 

suddenly becomes zero and after clearing the fault, with 

conventional Controller it starts rising and after approximate 

15 seconds of fault clearing, it becomes constant at a value 

higher than its initial value, Exciter current and voltage rises 

very sharply on occurrence of fault due to sudden decrement 

in terminal voltage. Fig.8 shows the rotor speed, increases 

and rotor oscillates very fast just after the fault. After 3 

seconds of fault clearing, rotor speed settles to a constant 

value same as initial value. Due to fault, electrical and 

mechanical power oscillates very fast and after approximate 

4 seconds of fault clearing, both settles to initial value.  Due 

to large oscillations in mechanical power, discharge curves 

show large deviations. 

VII. CONCLUSION 

The results show important characteristics of the machine 

behavior. after symmetrical fault, terminal voltage suddenly 

becomes zero and after clearing the fault, with governor and 

exciter controller it starts rising and after approximate three 

seconds of fault clearing, it becomes constant at a value over 

its initial value, exciter current and voltage rises terribly 

sharply on prevalence of fault because of fast decrement in 

terminal voltage. Conjointly rotor speed, will increase and 

rotor oscillates in no time simply when the fault. After three 

seconds of fault clearing, rotor speed settles to a continuing 

value same as initial value. As a result of fault, electrical and 

mechanical power oscillates in no time and after 

approximate four seconds of fault clearing, each settles to 

initial value. Because of massive oscillations in mechanical 

power, discharge curves show massive deviations. These 

simulation studies facilitate the engineers for call in real 

time to require corrective actions whenever such faults 

happen. 
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