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Development of a small hydropower plant model verified on real parameters
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Abstract: Research, optimization and practical implementation of small hydroelectric power plants as a source of clean electricity presents
one of the topical tasks in current energetics, which is virtually impossible to solve without powerful computer support due to the strongly
nonlinear nature of such systems. The article presents a complete model of a small hydropower plant, modelling its individual subsystems
and verifying its dynamic properties in basic operating modes. Also an influence of a major external fault, caused by a drop in the power
grid frequency, was investigated. Full Small-Hydropower Plant (SHPP) model properties were verified using MATLAB software package
using real parameters of a micro hydro power plant in Dobsina (Slovakia). The obtained results confirmed correctness of the proposed SHPP
model, which can be used for design of its control.
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1. Introduction

Current trends in electricity generation are characterized by
increasing criteria towards saving our environment. In the
surrounding nature lot of accumulated amount of renewable energy
occurs, esp. in the water resources (like lakes, rivers, artificial water
reservoirs, etc.). This energy can be extracted from the water by
creating suitable reservoirs of hydropower — either reservoirs utilizing
water level or routes with continuous water flow) by using machines
converting this energy to rotational mechanical energy (water wheels,
turbines) and further converting the mechanical energy to the
electrical one (in synchronous and asynchronous electrical machines).
All this energy conversion must be controlled according to
requirements of final consumer of the electric power. The described
systems are called hydroelectric power plants and according to the
IEEE Standard 1020-1988, these power plants are roughly described
by the following attributes:

e the unit rating is between 100 V and 5 000 kW and the rated

voltage from 480 V to 13.8 kV;

o they are fitted either by a synchronous or asynchronous

generator;

o the total cost of the surroundings treatment should be

minimal;

o they are designed for fully automated operation;

e they have a low-level tank only having a low level of water

column (in Run-of-River Hydroelectric Plant).

Computer models of energy systems considerably simplify and
speed up their design and also save costs at their realization. Several
various models of hydropower generation were investigated by
scientists where the existing models depend on supposed
requirements involved in the study. Some of these models are simply
analytical [1-2] while others were developed from robust system
models and show dynamic characteristics [3]. Various models of
hydro plant and techniques used to control the generation of power
can be found in [4-5]. The hydroelectric power plant model published
in [6] allows design and investigation of the hydropower system in
frequency domain. Moreover, there are existing models of linear and
nonlinear hydro-turbine set with non-elastic and elastic water column
effects [7-9].

It is obvious that for detailed investigation of electromagnetic
phenomena in the SHPP and interaction between electrical network
and the hydraulic turbine, it is necessary to model in details electrical
phenomena occurring in the electric generator [10-11]. An example
for a detailed and high-quality model is presented in [12].

The article describes a model of a small hydroelectric power plant
that is usable for designing its control, utilizing also artificial
intelligence methods [13] or modern control methods used for
investigation of the plant dynamic properties in chosen operating
modes. The model is composed from particular models of SHPP
physical subsystems that are suitable interconnected. Properties of the
proposed model were verified by simulation in MATLAB/Simulink
using real parameters of a micro hydro power plant in Dobsina
(hydropower dam).

2. Small Hydropower Plant Model Development

Model of a small hydropower plant (SHPP) is complex non-
linear dynamic system consisting of the subsystems shown in Fig. 1
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Fig. 1 Block diagram of the small-hydropower plant

The basic subsystem of the entire SHPP is the "Hydraulic
Turbine" model in which the energy of water is converted into
mechanical energy. The "Servo Drive" subsystem serves as an
actuator to control this conversion by controlling the water amount
flowing through the turbine or a turbine pressure, respectively. In
principal, the turbine control has two basic functions:

1. turbine starting and running up to mechanical speed close to

the grid frequency,

2. after being phased into the network (i.e., after

synchronization) it controls the power supplied to the grid.

This is ensured by the turbine control subsystem, referred in the
literature as a "Governor".

The conversion of the mechanical energy of a turbine into an
electrical one is ensured by a subsystem labeled as "Electricity
Generator", which can be either an asynchronous or a synchronous
electrical machine. In SHPP this conversion can also be provided by
static converters with a DC bus. When using a synchronous
generator, it is also necessary to model its excitation circuit by a
separate subsystem.

At output from the generator there is a three-phase electrical
voltage, which can be used directly by own load, or it is possible to
connect the SHPP via the transformer to an external electrical grid
with external load. The most important grid parameters are the
voltage U, and its frequency f; (or the angular frequency ).

The complete SHPP model is obtained by modeling its
individual subsystems and their interconnection according to Fig. 1.
The accuracy of modeling of particular subsystems depends on
purpose of using the complete model. Depending on the accuracy of
the sub-system models, we obtain a more accurate or less accurate
overall model.
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3. Subsystems of Small Hydropower Plant
3.1 The Hydraulic Turbine Model

All variables in the paper are normalized in respect to their
maximum value, which corresponds to a value of 1 or 100% (e.g., at
actuator opening).

The steady-state mechanical power of the water turbine is
proportional to the height H of the water column above the turbine
and the current water flow rate Q of the turbine according to the
relationship

P, = pgQH €y
b, = ntPh (2)

where P, is the mechanical power on the turbine shaft, Py, is the
possible hydraulic power, p is the density of the water and #; is the
turbine efficiency.

The standard flow change is given by the relationship
= (1-h—h)/T, ©)

where T, is the time constant of this change, q = Q/Qnax is the
standardized flowrate, h = H/H,,, is the standardized height of the
water column, and h, is the standardized loss of height which is
equivalent to the losses in the pipelines.

The output mechanical power of the turbine depends on product
of the current flow and the height of the water column in the turbine
according to the relationship

B, = Ath(q - qnl) - DiGAw (4)

where A, is the turbine gain, D; is the turbine internal diameter
(load damping constant), G is the servo drive position (in %), q; is
the standard flow rate at unloaded turbine and Aw is the shaft speed
and power grid difference. The equations (1) — (4) correspond to the
model of the hydraulic turbine subsystem (Fig. 2). Parameters for
modeling are given in the Appendix.
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Fig. 2 Block diagram of the subsystem titled “HYDRAULIC TURBINE”

The timer response of the turbine mechanical power P, to
a linear opening and closing of the valves by servo drive is shown
in Fig. 3.
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Fig. 3 Time response of the mechanical power P, on the hydraulic turbine
shaft at opening and closing the valves by servo drive

3.2 Model of the Servo Drive

The servo drive subsystem serves as an actuator for controlling
the hydropower flow to the hydraulic turbine. It is modeled by the
second order dynamic system — Fig.4, whose state variables
represent the opening speed of blades of the inlet flap into the
turbine and the position of opening of these flaps.
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Fig. 4 Block diagram of the subsystem named "SERVO DRIVE"

At higher levels of the water column above the turbine, strong
pressure waves (so-called water hammer) are created during
opening and closing the turbine inlet flaps, which could lead to
turbine destruction. Therefore, for safety reasons, the opening speed
of the flaps must be limited. Limiting the outlet position of the flaps
in the model serves to set the real working area in which the turbine
still responds to the opening of the servo drive. The rotor circuit
gain K, and rotor winding time constant T, are servo drive
parameters listed in the Appendix. The time course of opening and
closing the actuator is shown in Fig. 5.
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Fig. 5 Opening and closing of the servo drive

3.3 Models of Electric Generator and Hydro Turbine

An electric generator is an AC electric machine of synchronous
or asynchronous type. Detailed models of these machines present
non-linear dynamic systems of higher order in which internal
electromagnetic dynamic phenomena lie within the millisecond
range. In contrast to this, the hydrodynamic processes in the turbine
are considerably slower and therefore, in most cases, it is
meaningful to assemble an electromechanical model of the
generator in terms of a torque equation for the common turbine and
generator shaft. The hydraulic turbine and the generator are
mechanically coupled through the common shaft for which the
equation of equilibrium is valid

M, + My, — My = J.dw,, /dt (5)
Mf = Kiwp, (6)
My, = P /o (7

where M, is the torque of the generator, M,, the torque of the
turbine and Mg is the frictional torque proportional to the
mechanical angular velocity o, and the constant K, in the equation
(6) represents the friction coefficient. The right side of the equation
(5) represents the dynamic torque on the shaft, which accelerates
the total moment of inertia on the shaft J.. Here, P, is the generated
electrical power on the shaft, which in case of an asynchronous
machine is proportional to product of its torque and the rotor
angular velocity ;. The aforementioned assumption complies
connection of models of the asynchronous electric generator and
hydraulic turbine fixed on the common shaft (Fig. 6), where T, is
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the rotor time constant of the asynchronous generator corresponding
to the rotor resistance.
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Fig. 6 The electromechanical subsystem “GENERATOR-LOAD*“:
a) Interconnection of the generator with the turbine on the common shaft;
b) Asynchronous generator model; ¢) The mechanical system on the shaft

Time course of mechanical quantities during turbine starting to
the velocity close to grid frequency (the value f; = 0.6 corresponds
to the frequency 50 Hz) are shown in Fig. 7.
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Fig. 7 Turbine starting to the frequency of mains

3.4 Turbine Control Model — the Subsystem "GOVERNOR"™

Turbine control system fulfils two tasks:
1. Turbine speed control within generator area of the electric
generator.
2. Controlling the power supplied to the grid (if required).
A simple model of such control supposes using two standard Pl
controllers with the connection is shown in Fig. 8.
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Fig. 8 Subsystem of “GOVERNOR “ for turbine control

In this control structure the controller R, of the PI type controls
the angular velocity m, and the controller Rp, controls the generator

power. The logic signal /P provides switching between both
controlling modes. The 1st order filter smooths the reference value
s and serves to limit oscillations in the speed and power. Since
the generated power is achieved by increasing turbine speed above
the grid frequency, the output of the power controller represents the
corresponding increment of the mechanical speed of the turbine and
is added to the reference velocity myes.

To obtain the PI controller parameters, a complete SHPP model
was used according to Fig. 1. The algorithm of finding the proper
values of the parameters of controllers was as follow: the whole
range of possible values of the proportional gain K and the integral
component K, of the controllers was symmetrically divided with a
defined density. For all combinations of the arguments the value of
a criterion function was calculated. As the criterion the integral of
quadratic deviation between the desired and actual angular velocity
of the electric generator was used

j(KP: Kl) = I(wref - we)zdt (8)

The optimal parameter pairs of Pl controllers were selected in
the instant when the criterion function (8) showed a minimum
value. For finding optimal controller parameters am -file in
MATLAB was created. The specific controller parameters are given
in the Appendix.

4. Simulation of Basic Operating Modes

The basic operating modes of the hydro turbine are:
1. the start-up to the speed close to the grid frequency,
2. the power generator staging and
3. the electrical power control.

Figure 9 shows an example of modeling these modes for the
micro-hydropower plant in Dobsina. The parameters are listed in
the Appendix.
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Fig. 9 Modeling of turbine start-up, synchronization and power control

At time t=0, the turbine starts to run to the grid frequency
without connecting the generator to the grid. After reaching the
speed corresponding to the grid frequency, the generator is phased
(synchronized), i.e. it is connected to the power grid. After the
transient state has been stabilized at t =80 s, the “governor” using
the logic signal «/P, switches the mode from speed control to
power control. At time t=400s the turbine is in operation. The
power is stabilized at a standard value of P, =0.36 which
corresponds to the nominal turbine power.

Fig. 10 shows the turbine response to the grid frequency drop,
which presents a basic type of external disturbance acting on the
hydro generator.

One sees that at time t =600 s, the frequency of the network
dropped, and the control responded by reducing the speed of the
hydro turbine and equalizing the power of the generator to the
desired value.
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Fig. 10 Modeling turbine start-up, synchronization and power control

Figure 11 shows the torque curve of the generator during
synchronization, and Fig. 12 displays the generator course when the
grid frequency drops, which cause transient phenomena on the
torque curve M, of the generator.
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Fig. 11 Generator of the torque after synchronization
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Fig. 12 Generator of the torque at the grid frequency dropping

5. Conclusions

The paper shows the process of development a SHPP simulation
model, which consists of three basic subsystems: a hydraulic
turbine, an electric generator and a turbine controlling mechanism
called a "governor" together with a servo drive. The resulting model
was compiled from models of individual subsystems. The particular
models were designed and verified separately in the
MATLAB/Simulink program package using real parameters of a
micro hydro power plant in Dobsina Slovakia.

The dynamic properties of the complete SHPP model have been
verified by simulation of basic operating modes of the hydro
turbine, such as its start-up to the speed close to the grid frequency,
power generator synchronization and electrical power control. Also
influence of an external disturbance, which is the power grid
frequency drop, was investigated. The achieved results confirmed
the correctness of the proposed model, which can be used to
investigate its properties in different operating modes and especially
for the design of various control structures using intelligent control
methods.
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Appendix
Subsystem Governor:
KPRe =0.15 KIRe =0.00064 KPRO): 6.5

K|r,=0.068 T=10 [s]
Subsystem Servo Drive:
K,=3.3[Q"] T,=0.07 [s]

Subsystem Hydraulic Turbine:

L = 1255 [m] penstock lenght

A = 1.54; [m2] penstock cross section

g=9.81[m/s2] h_base=51.7[m] q_base = 4.6 [m%s]
Tw = ((L/A)*(q_base/(h_base*q))) [s]

Di=1.4[m] M, = 2.1 [MW]

A;=0.89 Qn = 0.0434 [m3/s]

Subsystem Electric Generator:

Me = 2.1 [MVA]  J; =7.99 [kgm?]
p=1 Smax = 0.1

K=0.01 T,=0.1[s]
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