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Abstract:  This paper presents a flow control approach for the speed control of hydro turbines. Power can be 

controlled by controlling the rotary motion of the spear valve. In this paper, a flow control based model is 

proposed for the automatic control of small hydro power plants. In the proposed model, a servomotor is used 

to control the flow of water by controlling the rotational motion of the spear valve. The spear valve causes a 

‘continuous’ control of the flow of water. The suitability of servomotors for the control of small hydro power 

plants is discussed and PI controllers are used to further enhance their governing capability.  State space 

representation is used to mathematically model the proposed model.  Extensive simulations are performed to 

analyze the behaviour of the proposed model. Parameter optimization is performed using Artificial Neural 

Networks.   
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1  Introduction 

In an electric power system, consumers require power at rated frequency and voltage. To 

maintain these parameters within the prescribed limits, controls are required on the 

system. Voltage is maintained by control of excitation of the generator and frequency is 

maintained by eliminating mismatch between generation and load demand. The second 

problem of maintenance of constant frequency is analyzed in this paper. A new scheme is 

proposed for the speed control of hydro turbines. Power can be controlled by controlling 

the rotary motion of the spear valve. This scheme regulates the flow of water being fed to 

the turbine in accordance with the load perturbations and thereby maintains the frequency 

of the system at the desired level.  

2  Conventional Governor Types and Characteristics 

Conventional Governor Systems can be classified as mechanical-hydraulic governors, 

electro hydraulic governors or mechanical types. Mechanical hydraulic governors are 
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sophisticated devices which are generally used in large hydro power systems. They 

require heavy maintenance and are expensive to install, making their usage in small 

hydro power plants uneconomical.  Electro hydraulic governors are complex devices 

needing precision design and are expensive. Mechanical governors incorporate a massive 

fly ball arrangement and usually do not provide flow control. They require an elaborate 

set of complex guide vanes, inlet valves and jet deflectors. Conventional governing 

systems therefore, because of their cost and complexity, are not ideally suited for 

isolated, small hydro power plants that are not grid connected. The current trend is 

therefore to use load side regulation.  

 

3  Electronic Load Controller for Water Turbines 

 

Electronic load controllers govern the turbine speed by adjusting the electrical load on the 

alternator. As lights and electrical appliances are turned on and off the electronic 

controller varies the amount of power that is fed into a ‘ballast’ load. The load controller 

therefore maintains a constant electrical load on a generator in spite of changing user 

loads. This permits the use of a turbine with no flow regulating devices and their 

governor control system. Load controllers however waste precious energy which could 

have otherwise been used gainfully. Also they do not carry out flow control implying that 

mineral rich water is made to spill away which could have been diverted at high head for 

irrigation purposes. 
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4  Proposed Scheme 

 

In the proposed scheme, a single gate is used to regulate the flow of water. The gate provides 

flow control to generate power in consonance with the load demand. The gate is spear valve 

based for ‘continuous’ flow control. A Servomotor is used to operate the spear valve. This 

gate is positioned below the penstock and regulates the flow of water into the turbine.  

 

4.1  Servomotor as a Governor 

 

In our scheme we have proposed the use of a servomotor as a governor [1]. A servo 

motor may be thought of as a precision electric motor whose function is to cause motion 

in the form of rotation or linear motion in proportion to a supplied electrical command 

signal. We have used Type Zero servomechanism for our proposed system.  A feedback 

control system of Type Zero is generally referred to as a regulator system. Such systems 

are designed primarily to maintain the controlled variable constant at a certain desired 

value despite disturbance. A DC servomotor is an example of a type zero servo 

mechanism. We have considered the use of a DC servo motor for our model. Servo 

motors are suited for the control of small hydro power systems as they have a simple 

design, require less maintenance and are less expensive than conventional governors.  

 

4.2  PID Controller 
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PID controllers are commonly used to regulate the time-domain behavior of many 

different types of dynamic plants. [2-4].These controllers are extremely popular because 

they can usually provide good closed-loop response characteristics, can be tuned using 

relatively simple design rules, and are easy to construct using either analog or digital 

components. [7-9].A PID controller treats the error in three different ways: proportional, 

integral and derivative. The transfer function of a PID controller is given below 

  
 
Where, 

e(s) is the controller input, 

v(s) is the controller output 

 
Dramatic swings in the control effort can be troublesome in applications that require slow 

and steady changes in the controller's output due to the bursty nature of correction signals 

provided. For such applications it is advantageous to forego derivative action altogether. 

Derivative action is also a problem for applications that involve noisy measurements.[5] 

Hence we have ignored the derivative portion in our model. In our model, a PI controller 

is superimposed on the servomotor. 

 

4.3  Load Disturbance Modeling 

 

The model discussed subsequently has been subjected to two types of disturbances. The 

first type is a simple step increase in load. The value chosen for this type of disturbance is 

3 percent as it is appreciated that the magnitude of disturbance as compared to the 
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loading will be higher in a small hydro power plant, given its smaller capacity.[6]The 

second type of disturbance is the stochastic disturbance which is introduced to model 

random switching on / off of appliances by the users, independent of each other. Hence, 

to model this random, independent phenomenon, Gaussian distribution has been chosen.   

 

4.4   Model of Small Hydro Power Plant  

This model is assumed to have a single gate through which flow control is effected in 

response to a change in the user demand (load). The gate is continuously controllable, 

providing 100 percent flow control. The model was created using Simulink utility of 

Matlab.

 

   Figure1    Proposed  Model of a Small Hydro Power plant 
 
 
 
5  Mathematical Modeling of the proposed Scheme 

 

For our analysis, we have considered a model of a small hydro power plant where a 
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servomotor regulates a single gate which provides up to 100 percent flow control (refer to 

Figure 2 ). The approximate transfer function for the servo motor based governor is 

considered for the analysis and is given by 

 

 

      1               1 
(1+ sT1)    (1+sT2)G(s) = 

 Where,  

T1    =    mechanical time constant , T2     =    electrical time constant 

In addition, unity gain is applied as a feedback. A PI controller with the following 

transfer function is superimposed on the servomotor based governor:- 

 
 
 

 
Kpl +   Ki 

                 s 
G(s) =  

 
Where, 

Kpl     =    Proportional constant ,   Ki       =    Integral constant    
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Figure2 Model of a Small hydro power plant using Servomotor as a Governor 

 

The system can be reduced to a simpler state by employing partial fraction method as 

follows:-   

 

 
 
 
 
 

Figure3
 
 
Where, 
C = -2, D =  3  

 

The state variable differe
 

 

 

 Simplified representation using Partial Fractions 

ntial equations for the governor can be written as follows:- 

8



 
 
 
d     ∆XE1 =     Ki ∆f   +    Kpl   d     ∆f                                                                                                                       (1) 
dt                                                 dt   

                     

d     ∆XE2 =     -1     ∆XE2    -   1   [ ∆XE3 +  1    ∆f   -   ∆XE1  ]                                                                 (2) 
dt                     T2                   T2                         R 

 

d     ∆XE3 =     -1     ∆XE3    +   1   ∆XE2                                                                                                                    (3) 
dt                     T3                   T3     

 

The change in power generated can be written as follows:- 

∆Pg    =   C [ ∆XE3]     +    ∆Pg1                     (4) 

 

The state variable differential equation for the hydro turbine can be written as follows:- 

 

d     ∆Pg1 =          -1        ∆Pg1    +        D           [ ∆XE3]                                                     (5)                       
dt                   0 .5 Tw1                      0 .5 Tw1    

                              

d     ∆f    =      -1     ∆f   +     Kp  [ ∆Pg1  + C . ∆XE3  -  ∆PL]                                                                      (6)                                               
dt                     Tp                 Tp      

 

Hence (1) becomes  

 

d     ∆XE1 =     Ki ∆f       +     Kpl    [ -1     ∆f   +     Kp  [ ∆Pg1  + C . ∆XE3  -  ∆PL]  ]               (7)                                              
dt                                                      Tp                   Tp      

Th f state differential equations:-  e system dynamics is described by a set o
  .                                         
 X   = [A] X + [B] µ + [Γ]  p                                                                                              (8) 
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Where  X,  µ  and p  are the state, control and disturbance vectors respectively and [A],  
 
[B] and [Γ]  are constant matrices of appropriate dimensions associated with the above 
 
 vectors. Equation (8) may be written as follows:- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5.1   Solution of the State Space Equations 

-1         Kp        C Kp          0            0 
 Tp        Tp          Tp            
 
 
 0        - 1          D             0             0 
          .5TW1    .5TW1        
 
 0          0         -1             1             0 
                                  T3                  T3 
 
-1          0        -1             -1            1     
 RT2                  T2            T2          T2 

 
Ki-Kpl    KpKpl    KpKplC      0            0 
      Tp     Tp        Tp 

 

 

  
 -Kp 
   Tp    
 
  0 

 
 
  0 

  
 
  0 
 
 
-KpKpl 
   Tp 
 
 
 

+ 

  
∆f 

    
∆Pg1 

 
 

∆XE3 

  
 

∆XE2 

 

 

∆XE1 

= 

 . 
∆f 

 . 
∆Pg1 

 . 

∆XE3 

 . 

∆XE2 

 . 
∆XE1 

∆PL

   
The state space equations were solved using the standard State Space Model 

representation available in Matlab. The syntax for obtaining the standard State Space 

model is: 

 ModelName = ss([a], [b], [c], [d]) 

Where, 

ModelName is the user specified name of the State Space model to be generated  

a  is the 2D real valued system matrix  

b  is the 2D real valued input matrix  

c                   is the 2D real valued output matrix 
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d  is the 2D real valued feedthrough matrix. 

 
For construction of the system matrix a and the input matrix b, we considered the 

data of the model as given at the end of the paper with water starting time = 4 seconds. 

Based on this data, state space matrices were generated as follows: 

a =  
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b =  
 
 
 
 
 
 
c =  

 
 
 
 
 
 

 
  
d = 

-.01546875 3.86718 -7.73437 0 0 
0 -.5 1.5 0 0 
0 0 -1000 1000 0 

-10 0 -100 -100 100 
-.00436406 0.116015626 -.2320312 0 0 

-.0116015625 
0 
0 

-.0034804687 

1 0 0 0 

0 
0 
0 
0 

 
  
 
 
 
 

 
 

 
The model was subjected to a step disturbance by the following command: 

 



 

 step( ModelName) 

The solution of the change in frequency, ∆f parameter of the State Space model is as 

follows: 

                       
            
 
      Figure 4. ∆f (Hz) versus time (sec) for the proposed model 

 
This figure is in conformity with the results obtained by simulation, thereby proving the 

correctness of the mathematical model. 

 
6  Simulation of Proposed Model for Realistic Load Disturbances 

The model was subjected to a step disturbance of 3 percent coupled with a Gaussian 

Stochastic disturbance with mean zero and variance 1e -6. Simulations were carried out 

for varying water starting times using Matlab software. The results presented here 

correspond to water starting time of four seconds.  
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6.1 Simulations of Proposed  Model 
 
 
 

      

∆ f 
(Hz) 

                            t                                              

        Figure 5 ∆ f versus time for proposed model        

6.2  Summary of results 

The results of the simulations may be summari

1. Steady state is attained for both ∆ f and ∆ P

2. Increase in Tw leads to increase in perturba

3. A combination of PI controllers with Se

governing purposes.  

4. The values of the Proportional Constant an

Controller play a significant role in determ

is thus a need to optimize these parameters 

5. Hydro turbines have a peculiar response 

gate position produces an initial turbine po

that sought. This effect becomes more 

times. 

6. Gaussian Disturbances in the load tend to m

values. 
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       Figure 6 ∆ Pt versus time proposed model  

sed as under: 

t.  

tions. 

rvomotors is ideally suited for 

d the Integral Constant in the PI 

ining the stabilizing time.  There 

for a given model. 

due to water inertia; a change in 

wer change, which is opposite to 

pronounced with increasing Tw 

anifest themselves in ∆f and ∆Pt 



 
7  Parameter Optimisation using ANN  

 

An ANN model has been developed for tuning the Proportional Integral 

derivative controller for the automatic control of small hydro power plants using 

servomotor as a governor. It was observed that Parameter optimization of  Kp and Ki  

values is independent of the magnitude of the step disturbance and depends upon the 

desired regulation parameter, the nominal loading and the available water starting time at 

the proposed site. The network is trained until a good agreement between the predicted 

gain settings and actual gains is reached. Once the network is adequately trained, the 

network is again tested to ensure it can adequately predict the correct settings for the 

values of nominal loading and desired regulation parameter that are not included in the 

training set. Performance of the ANN controller for the model for water starting time of 4 

seconds is given below  

 

Table1  Input training data for ANN                              Figure 7  Graph Showing ANN Training Process 
                         (Tw = 4 seconds)                                   
                                                                        

                                                            

    Loading 
1/R 

        0.38        0.48     0.58       0.68 0.78 

0.1 Kp =.056 
Ki=.0019 

Kp=.056 
Ki=.002 

Kp=0.056 
Ki=.0021 

Kp=0.056 
Ki=.0022 

Kp=0.056
Ki=.0023 

 0.2 Kp=.156 
Ki=.0019 

Kp=0.156 
Ki=.002 

Kp=0.156 
Ki=.0021 

Kp=0.156 
Ki=.0022 

Kp=0.156
Ki=.0023 

 0.3 Kp=0.256 
Ki=.0019 

Kp=0.256 
Ki=.002 

Kp=0.256 
Ki=.0021 

Kp=.256 
Ki=.0022 

Kp=.256 
Ki=.0023 

0.4 Kp=.356 
Ki=.0019 

Kp=0.356 
Ki=.002 

Kp=.356 
Ki=.0021 

Kp=.356 
Ki=.0022 

Kp=.356 
Ki=.0023 

 0.5 Kp=.456 
Ki=.0019 

Kp=.456 
Ki=.002 

Kp=.456 
Ki=.0021 

Kp=.456 
Ki=.0022 

Kp=.456 
Ki=.0023 
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Table2   Performance of the ANN afterTraining 
     (Tw = 4 seconds)                      

 
Loading 
1/R 

        0.38        0.48     0.58       0.68 0.78 

0.1 Kp =.056 
Ki=.0019 

Kp=.056 
Ki=.002 

Kp=0.056 
Ki=.0021 

Kp=0.056 
Ki=.0022 

Kp=0.056 
Ki=.0023 

0.15 Kp =.106 
Ki=.0019 

Kp=.106 
Ki=.002 

Kp=0.106 
Ki=.0021 

Kp=0.106 
Ki=.0022 

Kp=0.106 
Ki=.0023 

 0.2 Kp=.156 
Ki=.0019 

Kp=0.156 
Ki=.002 

Kp=0.156 
Ki=.0021 

Kp=0.156 
Ki=.0022 

Kp=0.156 
Ki=.0023 

0.25 Kp =.206 
Ki=.0019 

Kp=.206 
Ki=.002 

Kp=0.206 
Ki=.0021 

Kp=0.206 
Ki=.0022 

Kp=0.206 
Ki=.0023 

 0.3 Kp=0.256 
Ki=.0019 

Kp=0.256 
Ki=.002 

Kp=0.256 
Ki=.0021 

Kp=.256 
Ki=.0022 

Kp=.256 
Ki=.0023 

   

 

 

            

8  Conclusion 

This work has proposed a novel technique of power generation using flow control. 

Towards the development of this technique, the suitability of servo motor as a governor 

for small hydro power plants was established. Exhaustive simulations were performed on 

the proposed control scheme using the Simulink utility of Matlab software to ascertain 

the efficacy of the proposed model. These simulations have demonstrated the suitability 

of the proposed model for the control of small hydro power plants. Predictions made by 

the ANN controller are in good agreement with the actual values of Kp and Ki. 

   
Data for construction of Model 

 
The following data has been considered for constructing the model.  
 

1. Total rated capacity           : 20 MW 
 
2. Normal operating Load     : 10 MW 
 
3. Inertia Constant H       : 7.75 seconds         (2<H<8) 
 
4. Regulation R        :   10 Hz / pu MW    ( 2<R<10) 

 
Assumption:  Load - frequency dependency is linear. 
 
Nominal Load = 48 % = 0.48;  
 
∆ Pd = 3 % = 0.03 
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The damping parameter D = ∂ Pd/ ∂ f  =  0.48  ×  10  =  0.004 pu MW / Hz 
              60 × 20 
 
 
Generator parameters  
 

Kp =   1  = 250  Hz / pu MW 
                       D 
 

Tp=  2 × H     =   64.64 seconds 
         f0 × D 

 
The open loop transfer function of a servomotor is given by  
 

G(s)H(s)  =                    Kn   KaKg / Ke                            
                       (1+TfS)(1+Tm s) 
 

where,  
 

Ka = net control field amperes per volt actuating error signal, 
 
Kg = no-load amplidyne terminal voltage per net control field current, 
 
Tf =   Lf   = time constant of quadrature field of amplidyne, seconds, 
          Rf 

 
Tm =     JRa   = time constant of motor and load, seconds, 
 KTKe 

 
Kc = motor volts per radian per second of motor,  
 
Kn = voltage from tachometer per radian per second of motor. 
 
For our model, we have considered the following values:- 
 
Kn =1 
,  
KaKg / Ke   =1   
  
Tf =0.001 seconds 
 
Tm =0.01 seconds 
 
PI Controller parameters:   Kpl = 0.056,   Ki = -0.002 
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