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Abstract. 
Run-of-river hydropower plants usually lack significant storage capacity; therefore, the more adequate control strategy would consist of keeping a constant water level at the intake pond in order to harness the maximum amount of energy from the river flow or to reduce the surface flooded in the head pond. In this paper, a standard PI control system of a run-of-river diversion hydropower plant with surge tank and a spillway in the head pond that evacuates part of the river flow plant is studied. A stability analysis based on the Routh-Hurwitz criterion is carried out and a practical criterion for tuning the gains of the PI controller is proposed. Conclusions about the head pond and surge tank areas are drawn from the stability analysis. Finally, this criterion is applied to a real hydropower plant in design state; the importance of considering the spillway dimensions and turbine characteristic curves for adequate tuning of the controller gains is highlighted.



1. Introduction
Nowadays, the interest in run-of-river hydropower plants is increasing. Climate change, shortage of appropriate places to build conventional hydropower plants, or generating electricity as near as possible to the consumption site (distributed generation) are some reasons for considering this type of plants.
There is an increasing need to develop clean energy technologies to cope with the problems relating to climate change, sustainable development, and energy security. Although hydropower is currently the principal renewable electricity generation source, its development would require overcoming some barriers concerning environment, public acceptance, and economic aspects [1].
In some regions, such as Asia Pacific and Central and South America, hydropower capacity is expected to increase significantly along next years. For instance, in Ecuador, hydropower produced more than one half of the generated electrical energy in 2012 [2], and one of the objectives of the “Plan Maestro de Electrificación” (Electrification Master Plan) 2012–2021 is that 90% of electric energy is to be generated from renewable sources, hydro and wind. However, in other countries, expected hydropower capacity increase would be lower than planned for other renewables technologies; in Spain, planned hydropower development is mainly based on run-of-river hydro plants, small hydro units for harnessing the energy associated with minimum environmental flows and refurbishment of existing plants [3].
Run-of-river hydro plants have become more important in recent years. Such plants are characterized by the small or zero storage capacity of the head pond and therefore the generated energy depends to a great extent on the available flow in the river. The interest in this type of plants is due to the effect of several factors.(i)Run-of-river hydro plants allow harnessing the energy associated with water flows for other uses, such as water supply or irrigation, or the environmental minimum flows.(ii)In most cases, conventional hydro plants with reservoir give rise to significant environmental effects, such as physical barriers for fish movements or sediments transport along the river [4], visual impact, flooded areas, and land use issues.(iii)Size of run-of-river hydro plants is usually limited; therefore, these plants are connected to distribution networks and contribute to the development of distributed generation. In addition, initial and operating costs are lower than those associated with other renewables sources, such as wind parks [5].Run-of-river plants have limited regulation capacity and in general do not participate in power-frequency regulation. However, some ways of participation of run-of-river hydro plants in this task have been proposed. The joint operation of several small hydro plants for providing primary, secondary, and tertiary regulation services is analyzed in [4]. The isolated operation of small hydro plants in remote areas is considered in [5]; the power-frequency regulation would be provided by changing the turbine speed, when the discharged flow through the turbine is lower than the available river flow; thus, variable-speed generation equipment is required.
The most frequently used control scheme in run-of-river plants is based on controlling the water level in the head pond [6–13]. Water level control has the advantages of its simplicity and robustness [8], allows minimizing the flooded area [13], and is compatible with other uses of spillway requiring constant water level. In small head schemes, as considered in [6], it is important to maintain the water level within strict limits. Different algorithms for controlling the water levels in three or more cascade hydro plants are presented in [7, 12]. In [10] the use of a dead band for minimizing the regulator movements is analyzed. The control system proposed in [14] is aimed at maintaining a minimum environmental flow in the intermediate river reach between the intake and the tailrace.
PID regulator has been extensively used in turbine governors of conventional hydro plants. The adjustment of the PID gains has been studied by several authors aiming to obtain a good dynamic response; among the first contributions, it is noteworthy to mention the works by Hovey and Paynter [15, 16]; in [17], the Routh-Hurwitz criterion is applied to define the stability region. A state variable model is used in [18, 19] for analyzing the influence of PI gains on the eigenvalues of the dynamic matrix. The root-locus technique has also been applied to the adjustment of PID gains [20, 21]. Although in more recent works advanced control techniques have been applied [22], the interest for robust PID controllers is still active [23]. In [24], the PID gains are analytically determined by pole placement; good performance was obtained in simulations and field tests conducted in a real plant. In [25, 26], the stability study and the tuning of the PID were carried out by eigenvalues analysis; oscillation modes were identified and associated with the different elements of the power plant.
In the case of water level control in [8], it is found that with a PI controller a good response may be obtained; the derivative component could be affected by the noise transmitted with the sensor signal. The root-locus technique is used to tune the controller in [12]. In [9], the stability regions are determined in terms of some design parameters; the tuning of the PI controller is based on a heuristic criterion derived from the root-locus plot. The influence of the operating point in the dynamics response is studied, concluding that for better performance the controller gains should be adapted to the operation conditions.
The aim of this paper is the study of the stability of the water level control system of a run-of-river hydropower plant under normal operating conditions. Then, a small perturbation analysis will be used. Two different operation modes are studied. In normal hydrologic conditions, the water level control system operates in a conventional way: the wicket gates position is changed, adapting the discharged flow to the inflow, in order to maintain the water level close to the reference value. In flooding operating conditions, the excess flow is discharged through a spillway; in this case, the water level reference is changed in order to allow controlling the spilled flow as in [14]. The dynamics of this operation mode has substantial differences with respect to the normal operation mode [8] and requires a specific analysis. Additionally, a diversion plant with surge tank is considered in order to extend the applicability of the results; in this configuration, the stability of level control should be studied with more detail due to the higher order of the involved dynamics. Following the methodology described in [9, 13], the stability regions are determined and the PI gains adjusted.
The results obtained in this study have been applied to Ocaña II hydro plant (Cuenca, Ecuador) which is currently in design phase.
The paper is organized as follows. In Section 2, the plant dynamic model used in the study is described. In Section 3, a small perturbation stability analysis is discussed and in Section 4 the PI controller is tuned by using a heuristic criterion. The theoretical results are applied to the case study in Section 5, verifying the adequacy of the proposed tuning criterion. Finally in Section 6 the conclusions derived from this study are presented.
2. Modeling
In this section, the dynamic model of a run-of-river diversion hydropower station with pressurized conduits and surge tank is described. The head pond, where the intake is located, is created by a small dam with a spillway that allows evacuating the excess flow when the plant operates under flood conditions. The water surface in the head pond in normal operation is below the spillway level. A sensor level is placed near the intake and its signal is sent to the governor, which adjusts the wicket gates position in order to keep the water level constant in both situations: normal or flood. The plant layout can be seen in Figure 1.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
			
		
			
		
			
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
				
		
		
			
		
			
		
			
		
			
				
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
	


Figure 1: Run-of-river diversion hydropower plant with surge tank and spillway in the head pond.


The block diagram of the power plant dynamic model, comprising the hydraulic system and the PI regulator, can be seen in Figure 2. Main components of the model are described below.




	
	
		
			
			
			
			
			
		
		
		
			
		
			
			
			
			
			
		
		
		
			
		
			
			
			
			
			
		
		
		
			
		
			
		
			
		
			
			
			
			
			
		
		
		
			
		
			
		
			
		
			
		
			
			
			
			
			
		
		
		
			
		
			
		
			
			
			
			
			
		
		
		
			
		
			
			
			
			
			
		
		
		
			
		
			
			
			
			
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
	


Figure 2: Block diagram of the control system.


The power plant modeled is supposed to operate connected to a large network. Therefore, the unit speed variations are not relevant and are damped in a very short time interval compared to the time scale of interest in this study [9, 27]; thus, speed may be supposed to remain constant at its synchronous value.
2.1. Hydraulic System
The elements that define the hydraulic system are the head pond, the headrace tunnel, the surge tank, the penstock, and the turbine. The dynamics of each component is expressed by different equations as presented below. The notation used throughout the paper is defined in Appendix B.
Head Pond. Consider
								
							where  is the flow through the spillway. It is equal to zero in normal operation. When the plant is working under flood conditions, the flow is calculated with the expression
								Headrace Conduit. The equations that describe transient-state flows in close conduits are mass and momentum conservation expressions [28]. A lumped parameters model has been used to represent the headrace conduit behavior [27, 29, 30].
The system of ordinary equations obtained can be represented as a series of -shaped consecutive elements. The “orientation” of the -shaped elements may vary according to the upstream and downstream boundary conditions of the pipe. A scheme of the model can be seen in Figure 3. In this case, these boundary conditions are given by the head at both ends of the conduit.




	
	
		
		
			
		
			
		
			
		
		
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
				
					
				
					
				
			
		
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
				
					
				
					
				
				
		
		
			
				
					
				
					
				
				
		
		
			
				
					
				
					
				
				
		
		
			
				
					
				
					
				
				
		
		
			
				
				
		
		
			
				
					
				
					
				
				
		
		
			
				
				
					
				
					
				
		
		
			
				
				
					
				
					
				
		
		
			
		
			
		
			
				
		
		
			
			
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
			
			
			
			
			
		
		
			
				
			
		
		
			
				
			
		
		
			
				
			
		
	


Figure 3: Scheme of the headrace tunnel model.


The set of expressions applied to each element are
								
							where  is the number of -shaped elements the pipe is divided in.
Surge Tank. Consider
								Penstock. The conduit that joins the surge tank and the turbine is modeled as the headrace tunnel using the lumped parameters approach.
Turbine. The aim of the model is to study transients slower than the turbine response. In these cases [9, 31], a static model is used to include the turbine dynamics (5). The power plant modeled has two identical units, which are supposed to work at the same operating point; thus, a single equivalent turbine has been considered:
								
							Equation (5) should be obtained from the turbine hill curves; in Figure 4, the efficiency hill of the turbine considered in the case study is shown.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
			
				
		
			
			
				
		
			
			
				
		
			
			
				
		
			
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
		
			
	


Figure 4: Hill curves.


2.2. PI Regulator
A PI regulator modifies the wicket gate opening in order to maintain a constant water level in the head pond. The dynamics of this regulator can be expressed by
								
							where  is the proportional gain and  is the integral gain.
3. Stability Analysis
3.1. Linearized Model
In order to study the system stability following the Routh-Hurwitz criterion, a linear model should be used. Some assumptions have been done in order to linearize the above presented equations.(i)Penstock dynamics is not considered because the associated time constant is in most cases very small compared to the relatively slow dynamics of the other components [32]. In the considered plant configuration, friction losses are mainly due to the headrace conduit [9] and therefore friction losses in penstock can also be neglected.(ii)The oscillations of water level in the head pond are much slower than pressure waves in the conduits. Then, the headrace tunnel dynamics is approximated by a rigid water column model (7). The complete model described in Section 2.1 will be used only in the simulations:
											In order to obtain the state equations the controller equation is expressed in the form
								
							Previous equations have been expressed in per unit values and linearized around an initial equilibrium point; the obtained equations are included in Appendix A. The resulting linear model, in state space form, is
								
							where the parameter  (13) has been introduced to consider the effect of spillway dimensions
								
3.2. Stability Analysis
The characteristic polynomial of the matrix  may be expressed as
								
							where the coefficients are
								
							According to Routh-Hurwitz criterion, the system (9) is asymptotically stable if the following conditions are satisfied. (a) All coefficients of the characteristic polynomial (14) must be different from zero and of the same sign; (b) the elements of the first column of the Routh array must be positive. In practice, the first condition is always fulfilled, and the second condition may be shown to reduce to
								
							In order to study the influence of the surge tank and head pond dimensions in the stability of the power plant, the following parameters  and  are defined, as described in [9, 13]:
								
							where  is the surge tank cross-sectional area that guarantees stability according to the Thoma criterion [13, 33]. Although this widely known criterion was formulated for load-frequency control, it provides an interesting reference value for the present study. The following expression (18) gives its value as a function of the plant design parameters:
								
							Introducing , , and  parameters, stability condition results in 
								
							where  and  are the controller gains in p.u.
Figures 5, 6, and 7 include the effects of the surge tank cross-section area (), the head pond surface area (), and the spillway parameter (), respectively, in the stability region. The coefficients  and , acquired from the hill curves, and the initial per unit headrace conduit flow variable, , used to obtain these figures, correspond to the initial operating point; the per unit initial flow and head losses in the conduit  have been assumed to be equal to 1 and 0.08 p.u., respectively; for the water inertia time constant, , the value 12.09 s has been used, as in the case study.




	
	
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
				
		
		
		
		
		
			
		
			
		
			
		
			
		
		
		
		
		
			
				
			
			
			
			
		
	


Figure 5: Stability regions: effect of the surface area of the surge tank ().






	
	
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
				
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
	


Figure 6: Stability regions: effect of the surface area of the head pond ().






	
	
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
				
		
			
		
			
		
			
		
			
		
			
	


Figure 7: Stability regions: effect of the spillway dimension ().


As it can be seen in these figures, the magnitude of the controller gains is large. This is due to the very small value of the error signal (p.u. level variation in head pond). Thus, for a practical implementation of this control scheme, a signal conditioner could be required.
In the three figures, the area under the curves determines the stable region, that is, the combination of  and  that guarantees a stable operation of the level control system. As it seems intuitively logical, it can be observed that in the three cases the system stability region is extended when parameters , , and  increase.
In Figure 5, the effect of varying the  parameter is represented. In the figure, it can be seen that for  values below 1.0 there exists a stability region. This fact indicates that in the case of level control the fulfillment of the Thoma condition is not necessary for system stability [9].
In Figure 6, the effects of varying  are considered. The figure shows that this parameter influences notably the system stability.
The characteristics of the spillway (length, spillway discharge coefficient, etc.), reflected in the parameter  (13), affect the stability of the plant, as can be seen in Figure 7. Therefore, the design of the spillway should be taken into account if water level control is considered.
In order to compare the stability regions in both operation modes (normal and flood), (19) is simplified using . The resulting expression (20) was developed in [9]:
								
							As it is shown in Figure 8, the stability region, when a part of the river’s flow is evacuated by the spillway, is bigger than the region obtained in normal operation.  is equivalent to a spillway with a length of 7.5 m in a head pond of 900 m2 and considering 0.5 m for the height of water level above the spillway. Therefore, it can be stated that the change in the head pond dynamics produced by the spillway contributes positively to the stability of the water level control. Admittedly, in flood operation mode head pond surface area () may be affected for the change in the reference water level. However, the influence in the stability regions due to this change is quite small; so it will be neglected.




	
	
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
		
		
		
		
			
		
		
		
		
		
			
		
			
				
		
		
		
		
		
		
	


Figure 8: Stability regions: comparison of normal and flood operation.


In (19) and (20), it can be seen that turbine operating conditions are another important factor for stability. The initial per unit headrace conduit flow, , and the turbine coefficients, , change when the plant is operating with partial load different from rated conditions. This fact affects the stability boundaries as well as the results of applying the tuning criterion of the PI gains proposed in the next section. This issue is studied in detail in [9], so in this paper the work focuses on the influence of the spillway on the stability and control of a run-of-river power plant.
4. PI Gains Tuning
The characteristic polynomial (13) of the linearized system has, in general, four conjugate complex roots:
						
					Other authors have worked using the pole placement for tuning the governor gains. For example, in [34] some strategies for obtaining an appropriate response were proposed but in the context of load-frequency control. In [35], water level of three coupled tanks is controlled by a structure of PI controllers; PI controllers were tuned using pole placement method by reducing the overshoot and the settling time. In this paper, one of the main priorities is to minimize the effort made by the servo which acts on the turbine wicket gates following the philosophy expressed in [10] and reducing the settling time. For these purposes, the criteria proposed in [9] are used in this paper and summarized below.(1)The real part of each pair of conjugated poles should have approximately the same value so that the settling times are similar and the appearance of a slow pole is avoided.(2)One of these pairs should have its imaginary part close to zero, thus avoiding the appearance of oscillations as far as possible.Analytical expressions (22) for the proportional gain in p.u.  and the integral term in p.u.  are obtained from the rules formulated. As stated in [9], it is worthy to mention that these expressions are independent of each other.
Figures 9 and 10 include the relation between  and  (spillway dimension) with the  and  parameters obtained using (22). It has been supposed that the surge tank surface is equal to the surface proposed by [33] for the surge tank dimensioned in Ocaña II power plant. A head pond surface area of 900 m2 will be assumed. This value corresponds to head pond surface area in Ocaña II power plant:
						




	
	
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
		
		
			
	


Figure 9: Relation between ,  and .






	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
			
		
		
			
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
		
		
			
		
			
		
		
			
		
			
	


Figure 10: Relation between , , and .


5. Study Case
Ocaña II hydropower plant, located in Cañar (Ecuador), is a run-of-river diversion plant just downstream Ocaña I power plant which is operating nowadays in Cañar River. The plant consists of a head pond with a spillway for excess of flow during flood periods, long headrace conduit of more than 5 kilometers, surge tank, penstock, and two Francis turbines. The main features of the plant are reflected in Table 1.
Table 1: Plant dimensions, parameters and base values.
	

	Element	Parameter	Value
	

	Base values	Base head		165.19 m
	Base flow		20 m3/s
	

	Head pond	Horizontal section		900 m2
	Spillway length		9.00 m
	Spillway level		450.90 masl
	Water level reference under normal conditions 		450.10 masl
	Water level reference under flood conditions 		451.40 masl
		0.012
	

	Head race conduit	Length		5201 m
	Section		5.31 m2
	Losses		13.21 m
	Losses (p.u.)		0.080 p.u.
	Time constant		12.09 s
	Initial head-race conduit flow 		1.00 p.u.
	

	Surge tank	Section		9.62 m2
	Thoma section		9.15 m2
		1.052
		93.54
	

	Penstock	Length		801.15 m
	Section		5.31 m2
	Losses		3.45 m
	

	Turbine		0.596
		0.978
	



The results of the previous stability analysis, as well as the followed PI tuning criterion, have been applied to a hydropower plant that is currently in design stage. The plant response has been obtained by means of simulations. The results obtained were useful in the design process and will be used for the implementation of the control system.
Although the model used for both the stability analysis and obtaining the mathematical expressions of the controller gains is a linear model with certain simplifications, the model used for simulations is the nonlinear one described in Section 2 and includes penstock dynamics, as well as nonlinearities associated with losses in the conduits so as to obtain results closer to the real plant response. The headrace conduit has been divided into six equal elements and the number of elements for the penstock is four.


5.1. Application of the Results of the Stability Analysis
The stability regions obtained from (19) and (20), corresponding to the power plant under study for both operating modes, are shown in Figure 11. Table 1 contains the parameters needed to make the power plant characteristics adequate for the mathematical expressions.




	
	
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
		
			
		
			
		
			
		
		
		
		
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
		
		
			
		
			
		
			
	


Figure 11: S