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Abstract: In this paper, the simulation model of a typical canal type small hydroelectric power plant was 

developed through interconnection of models of various equipments of the plant under consideration in a 

MATLAB/Simulink based software environment. The various components of small hydroelectric plant like open 

channel, governor and Semi-Kaplan turbine, synchronous generator, exciter are being considered under 

modeling and simulation.. The aim is to study its behavior during transient condition. Using the simulated 

model enhancement through PID controller will be done to reduce oscillations, peak overshoot and peak 

undershoot during transient period and also to improve the steady state response This study helps in verifying 

costs and safety conditions, in selecting the best alternatives in the early phase of design and to determine the 

requirements of special protection devices.  

 Keywords – Hydraulic Transients, mathematical models, proportional and integral controller, small hydro 

electric power plants, Matlab/Simulink. 

 

I.   INTRODUCTION 
In Irrigation canal based Small Hydro plants, utilizing the heads available gives more or less constant power 

generation. But it is seen that the head available is almost constant whereas there are large variations in the 

discharge available. The power generation is completely dependent upon irrigation releases season wise through 

the canal which depends upon the crop pattern in the region. Power generation is for nine months as months of 

April, May and August are not considered since discharge is less than 1 cumecs. 

Modeling and simulation of small hydro power plant is valuable tool for planning power plant operations 

and judging the value of physical improvement by selecting proper system parameters. Earlier this was done for 

large or small hydro power plants. But for canal type small hydro power plants this study helps in verifying 
costs and safety conditions. It also helps in verifying the parameters of control equipments like water level 

regulator, governor, exciter etc. and in determining the dynamic forces acting on the system which must be 

considered in structural analysis of the penstock and their support. 

 

II. Mathematical Modeling 
 Generally differential equations are used to describe the various power system components. Study of the 

dynamic behavior of the system depends upon the nature of the differential equations.  

Small System: If the system equations are linear, the techniques of linear system analysis are used to study 

dynamic behavior. Each component is simulated by transfer function and these transfer functions blocks are 
connected to represent the system under study. 

Large System: Here state-space model will be used for system studies described by linear differential 

equations. However for transient stability study the nonlinear differential equations are used. 

 

1. Methods used for modeling for Canal Type Small Hydro Power Plant. 

1.1 The generator model is derived starting from the basic circuit equations and the use of Park’s 

transformation. 

1.2 Hydraulic turbine model includes both linear and nonlinear control methods. Nonlinear models are 

required where speed and power changes are large. 

1.3 For governor, mathematical equations of ordinary differential equations representing the dynamic behavior 

are used. Here the regulator consists of two parts electrical (PID Controller) and electro-hydraulic parts 
1.4 For exciters ordinary differential equations are used. 

 

2.  Mathematical Modeling of a Synchronous Machine: 

 The synchronous machine under consideration is assumed to have three stator windings, one field winding 

and two damper windings. 
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Fig. 1: Representation of a synchronous machine 

 

 Equation (1) is the generator voltage equation in the rotor frame of reference is described in Per-unit. The 

machine equation in the rotor frame of reference becomes. 

 
(1) 

Where,  

𝐿𝑑   = Equivalent direct-axis Reactance 

𝐿𝐹   = Filed winding Self –inductance 

𝐿𝐷  = Self-inductance damper winding 

𝐿𝑞   = Equivalent quadrature axis reactance 

𝐿𝑄   = Self inductance of quadrature reactance 

𝐾𝑀𝐷  = Stator to damper winding resistance 

𝐾𝑀𝑄=Stator to quadrature winding resistance 

r    = Stator winding current 

𝑟𝐹     = Field winding resistance 

𝑟𝐷    = resistance of d axis damper winding 

𝑟𝑄    = resistance of q axis damper winding 

𝑖𝑞    = armature current in the q direction 

𝑖𝐹    = Field current 

𝑖𝐷    = d axis damper winding current 

𝑖𝑑   = q axis damper winding current 
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3.  Modeling of Hydraulic Turbine and Governing System. 

3.1 Hydraulic Turbine Modeling 

The representation of the hydraulic turbine and water column in stability studies is usually based on the 

following assumptions: 

1. The hydraulic resistance is negligible. 

2. The penstock pipe is inelastic and the water is incompressible. 
3. The velocity of the water varies directly with the gate opening and with square root of the net head. 

The turbine output power is proportional to the product of head and volume flow. 

 
Fig. 2: A Typical Control System of Hydroelectric Plant 

 

The velocity of the water in the penstock is given by  

U = 𝐾𝑢  G √H 

Where 

             U = water velocity 

             G = gate position 

             H = hydraulic head at gate 

             𝐾𝑢= a constant of proportionality 
 

ΔṖm

ΔḠ
=

1 −  𝑇𝑊  s 

1 + 0.5 𝑇𝑊  𝑠  
 

 

 Above equation represents the classical transfer function of a hydraulic turbine. It shows how the turbine 

power output changes in response to a change in gate opening for an ideal lossless turbine. Fig. 3 shows the 

mathematical model. 

 
Fig. 3: Mathematical model of hydraulic turbine 

 

 3.2 Governor Modeling: 

 The basic function of a governor is to control speed and/or load. The primary speed/load control 

function involves feeding back speed error to control the gate position. In order to ensure satisfactory and 

stable parallel operation of multiple units, the speed governor is provided with a droop characteristic. The 

purpose of the droop is to ensure equitable load sharing between generating units. For stable control 

performance, a large transient droop with a long resetting time is therefore required. This is accomplished by 

the provision or a rate feedback or transient gain reduction compensation as shown in the figure. 
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Fig. 4: Governor with transient droop compensation 

       3.3 Mechanical-hydraulic governor model: 

The various components of Mechanical-hydraulic governor are; speed sensing, permanent droop 

feedback,   computing functions, relay valve, gate servomotor and a dashpot used to provide transient droop 

compensation. 

       The transfer function of the relay valve and gate servomotor is   

                 
g

a
  = 

K1

S
                       

       The transfer function of the pilot valve and pilot servo is       
a

b
 = 

K2

1+STp
 

 Where 𝐾2 is determined by the feedback lever ratio; 𝑇𝑝   by port areas of the pilot valve and 𝐾2.  Now 

from above two equations we have   
g

b
 = 

K1 K2 

s(1+sTp )
 = 

Ks

s(1+sTp )
 

  Where 𝐾𝑠 is the servo gain. 

     The transfer function of the dashpot is given by  
d

g
 =  RT  

sTR

s(1+sTR )
 

The temporary droop RT is determined by the lever ratio, and the reset/washout time TR  is determined 

by needle valve setting. 

    A block diagram representation of the governing system suitable for system stability studies is shown 

below. 

 
 

Fig. 4: Shows the Model of governors for hydraulic-turbines 

 

4.  Excitation System Modeling: 

 The basic elements which form different types of excitation systems are the dc or ac exciters, rectifiers, 

amplifiers, stabilizing feedback circuits, signal sensing and processing circuits. 
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Fig. 5: Separately Excited DC Exciter 

 
Fig. 6: Excitation system with stabilizing circuit 

 

III. Simulation Model Developed In A Matlab/Simulink Software Environment. 
The entire simulation system for the analysis of hydraulic transients in a hydroelectric power plant has been 

developed in a MATLAB/Simulink based software environment. Subsystems have been utilized in the 

simplification of a system diagram and the creation of reusable systems. Further, a subsystem is a group of 

blocks that is represented by a subsystem block. The entire simulation system contains three subsystems: first, 

the speed governor and servomechanism, in which turbine speed, dead zone, valve saturation, and limitation are 

all considered; second: the hydrodynamics system (HS), which consists of tunnels, penstock, and surge tanks; 
and third, the turbine generator and network, which has a generator unit operating in isolation. The combination 

of three subsystems are shown in Fig. 7. 
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MODEL FOR A CANAL DROP HYDRO POWER PLANT
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Fig. 7: Working model for canal type hydro power plant 

PERFORMANCE ENHANCEMENTOF THE PLANT USING PID CONTROLLER
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Fig.8: Working model for canal type hydro power plant 
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 A typical canal based hydroelectric power plant with a Kaplan turbine, as shown in Fig. 7 

reflects the Canal Hydro Power Plant in Bathinda Punjab run under Punjab Energy Development Agency 

(PEDA), and hence all the data of this plant are used to simulate hydraulic transients for different changes. 

Therefore, all of these simulations are performed on different operating conditions. In addition, the influences of 

changing different parameters of pressure water supply system, turbine speed governor PID gains, as well as 

surge tanks were analyzed. The simulation results are all in per unit system and the required data are below 
 

4.1 Turbine and Governor Data 

 

h                                       = 2.10 

h𝑐𝑎𝑟                                 = 2.74 

T𝑤                                     = 3 

ω                                      = 93 rpm 

Ƞt                                     = 91%  

ω𝑟𝑒𝑓                                  = 1p.u. 

T𝑎                                      = 0.07 

R𝑝                 =0.05 

K𝑝                                     = 3 

K𝑖                                      = 0.10 

K𝑑                                     = 3.26 

T𝑑                      =0.02 

K𝑎                                   =10/3 

g𝑚𝑖𝑛      =0.01 

g𝑚𝑎𝑥     =0.97518 

v𝑔𝑚𝑖𝑛     =-0.1 

v𝑔𝑚𝑎𝑥     =0.1 

 

4.2 Exciter  

V𝑟𝑒𝑓                              = 1  

V𝑡𝑒𝑟                               = 1 

T𝑐    and T𝑑     = 0.00001, 0.00001  

T𝑒                                 = 0.08 

V𝑟𝑚𝑎𝑥                            = -15 

V𝑟𝑚𝑖𝑛                             = 7.3 

T𝑟     =0.87 

K𝑎     =200 

T𝑎     =0.02 

K𝑒     =1 

K𝑓    =0.03 

T𝑓    =1 

V𝑓     =1.2911 

 

4.3 Synchronous Generator 

P𝑛    =1.3 MW 

V𝑛    =415V 

f   =50  

X𝑑    =0.911 

X𝑑
′    =0.408 

X𝑑
′′    =0.329 

X𝑞    =0.580 

X𝑞
′′    =0.350 

X1   =0.3 

T𝑑
′    =0.7 

T𝑑
′′   =0.035 

T𝑞0
′′    =0.033 

R𝑠   =0.03 

H   =1 
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P   =4 

V𝑓    =1 

 

 

4.4 PID Controller 

K𝑝                                   = 0.01 

K𝑖                                    = -0.88 

K𝑑                                   = 0 

 

Conclusion 
In this case, synchronous generator is connected to the load through a transmission line as shown in 

Fig.7. The load is 1.2MW on the generator. As the oscillations during the transient period is very large for 

mechanical input and in gate operation of the generator. To reduce their these oscillations into a limited range, a 

PID controller was used. The values of the governor, exciter, synchronous generator and hydraulic turbine are 

same as given before. The corresponding results are shown between figures 9 and 10. 

 

0 1 2 3 4 5 6 7
0.98

0.985

0.99

0.995

1

1.005

1.01

1.015

time in seconds

m
ec

ha
ni

ca
l p

ow
er

mechanical power input to the generator

0 1 2 3 4 5 6 7
0.98

0.985

0.99

0.995

1

1.005

1.01

1.015

time in seconds

m
ec

ah
ni

ca
l p

ow
er

mechanical power input to the generator with PID

Fig.9 
Mechanical Power Vs Time 

0 1 2 3 4 5 6 7
0.962

0.964

0.966

0.968

0.97

0.972

0.974

0.976

0.978

time in seconds

ga
te

 o
pe

ra
tio

n

gate operation without PID

0 1 2 3 4 5 6 7
0.964

0.966

0.968

0.97

0.972

0.974

0.976

0.978

time in seconds

ga
te

 o
pe

ra
tio

n

gate operation with PID

Fig. 10  Gate Operation Vs Time 

 

 

 



Modeling And Analysis Of Canal Type Small Hydro Power Plant And Performance Enhancement  

 

www.iosrjournals.org                                                        14 | Page 

Table -1 Experiment Result 

 
Quantity 

 

Without PID With PID 

Mechanical Power 

Oscillations duration  during 

Transient Period 

Upto 3.5 sec Upto 0.05 sec 

Maximum Overshoot for 

Mechanical Power 

1.006 pu 0.994 

Maximum Undershoot for 

Gate Opening 

0.963 pu 0.971 pu 

Steady State Response 3.7 seconds 0.6 seconds 

When the plant was connected to its load, there has been a lot of oscillations in the mechanical power 

(input to the generator) and in the gate operation during the initial transient period as convenient from the 

waveforms. By using the PID controller, the oscillations in the mechanical power and in gate opening during the 

transient period was drastically reduced. Whereas maximum overshoot and maximum undershoot was also 

controlled. For mechanical power the steady state reached in less than 0.5 seconds as compared without PID 

controller where steady state was reached after 3.7 seconds.  We can say that there was no oscillations during 

the transient period. Same case happened with the gate operation, there was very low oscillations in its operation 

during the transient period, when PID was put in operation. 
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