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Abstract: MHPPs (micro hydro power plants) have become prominent in hydropower plants as a solution to provide the energy 
demands of the grid. In this study, a new hybrid renewable energy based DC excitation system for synchronous generator in the 
developed MHPP system is introduced. Proposed hybrid DC excitation system consists of solar & hydrogen energy based power 
generating systems. Hybrid renewable energy based system is used for the excitation of the synchronous generator in the MHPP test 
system. The renewables are used as a secondary energy source to provide the excitation current to a synchronous generator that 
generates energy in MHPP. A PV (photovoltaic) array is used as the main source of excitation, and a FC (fuel cell) stack is used for DC 
excitation in the lack of sunshine. In the experimental setup, an electrical control card is developed, and a microcontroller is used to 
perform the proposed excitation system. All experimental results obtained from 5 kW rated power MHHP test system. Experimental 
results show that, the proposed method provides the continuous excitation current, and the operation of the synchronous generator is 
uninterrupted. The proposed method is also practical and easily implemented for MHPP systems. 
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1. Introduction 

Nowadays, continuously growing electrical energy 

market in the world is directed to alternative energy 

sources for investigating instead of fossil fuels. One of 

these most exploited renewable energy sources is 

called as hydropower. Therefore, it is important to 

provide maximum benefit from this potential. Large 

hydro-electrical power plants have very serious 

investment cost. Also, construction of these plants 

keeps on long years, and their dams may have negative 

effects on climate, environment and historical works of 

art. All of these reasons are forced to build mini and 

micro hydro-electrical power plants, particularly in 

countries. 

Produced and consumed electrical power is 
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considered as the development level of a country. The 

developing countries have to improve their energy 

production to increase their development speed, and 

they can also get rid of foreign dependency. 

The amount of fossil fuels keeping dropping, their 

harmful results for environments and also the 

continuous increment of energy demand makes 

renewable energy sources come into prominence. The 

hydroelectric power plants that are the one of the 

renewable energy sources meet twenty percent of the 

need of electrical energy in the world. 

MHPPs (micro hydro power plants) are built as a 

river power plant, so they do not have a reservoir. A 

water level adjustment system is used instead of the 

reservoir where the penstock connected to the river. 

Powers of MHPPs change between 5 kW to 100 kW, 

and there is no restriction about these limits. Also, there 

is a restriction about pico-hydroelectric power plants 

that are defined as the MHPPs under 5 kW [1]. The 
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fundamentals of the MHPPs similar to significant and 

micro hydroelectric power plants, but each country 

may use different classifications about the subject. 

Many different excitation methods have been put 

forward recently. IEEE has decided to prepare a 

standard about the excitation buildings of synchronous 

generators, and these have been classified as three 

DC-based excitations, seven AC-based excitations and 

three static-based excitations [2, 3]. 

Nowadays, PV and FC (fuel cell) system 

technologies have been improving, so renewable 

energy sources also increase the efficiency of small 

hydroelectric power plants. There have been a lot of 

researches, including automatic control of voltage and 

speed of energy transformation in synchronous 

generators [4-6]. The behavior of the alternators 

feeding the electrical system has a serious effect on the 

stability of power system in a fault situation [7, 8]. 

Steady state operation of alternators so most important 

subject to provide the power system stabilization, 

especially sudden load changes and faults [9, 10]. 

Ozturk [11] performed an experimental study of the 

turbine-generator system, and he used a synchronous 

generator and a DC motor instead of a turbine. 

Reliability analysis of hybrid PV generators and small 

hydropower plants are researched in Ref. [12]. In this 

study, an alternative method is proposed to generate 

power in remote regions instead of the conventional 

diesel generators by using PV generators with an 

alternator as a hybrid system. Adding a small loading 

pool to the hydropower plant has been increased the 

reliability of the system according to PV cell systems 

operating individually. The researchers in this paper 

also researched the effects of a battery system that 

added to the system. Operation and performance of a 

PV generator and a hydroelectric plant hybrid system 

are also studied in Ref. [13]. There have been also 

many studies about PV generators and hybrid systems 

for developing the performance of these systems and 

connecting them to the grid [14-16]. 

Today, the batteries have been used as the main 

excitation source in MHPPs [17-19], even they have 

many disadvantages to other excitation methods. The 

batteries have been charged in continuous operation. 

The charging condition has been obtained with a 

rectifier which using generated AC power [20-22]. 

2. The Motivation of the Study 

A comparison of the current excitation methods is 

shown in Table 1 [23, 24]. Table 1 also indicates the 

differences of the proposed excitation method. 

The goal of this study is using two different type 

renewable energy sources for excitation of 

synchronous generator and developing a structure of 

the excitation current control. In the proposed method, 

there is not a battery system for the excitation, and the 

excitation also depends on a hybrid renewable energy 

system that consists of a PV system and a fuel cell 

system. These renewable energy sources supply the DC 

voltage directly, so the proposed system does not 

require a conversion system. The proposed method 

provides an easy and sustainable control of voltage 

reactive power. The proposed method is also 

independent of the weather conditions. 

In the study, a developed MHPP test system in the 

laboratory is presented and new hybrid renewable 

energy based DC excitation system for synchronous 

generator in this developed MHPP system is 

introduced. The proposed hybrid DC excitation system 

consists of a PV generator and an FC stack. The hybrid 

system is used for the excitation of the synchronous 

generator in developing MHPP test system, and it is 

used as a secondary energy source to provide the 

excitation current of the synchronous generator. 

Renewables generate DC power to supply the required 

excitation current, so this condition increases the 

overall efficiency of the system. The PV generator is 

used as the main source of excitation, and a FC stack is 

used for DC excitation in the lack of sunshine. In the 

experimental setup, an electrical control card is 

developed, and a microcontroller is used to perform the 

proposed excitation system. 
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Table 1  A comparison of the current excitation methods. 

Excitation 
source 

Effect on the voltage 
control 

Technical disadvantages and environmental effects Cost 

Batteries 
Easy control of voltage 
(reactive power) 

 Requiring continuous charge support. 
 Battery lifetime is a restriction. 
 Battery life cycle is an important problem. 

Low 

AC-DC 
rectifiers 

Easy implementation. 
Difficult control of voltage 
(reactive power) 

 The nonlinearity of the system increases depending on the generator load, and 
this condition makes frequency-voltage control difficult. 

 The quality of the energy decreases. 
 There is no environmental effect. 

Lowest

Solar energy 
The control of voltage is 
easy in a condition of 
sufficient solar irradiation. 

 The solar energy depends on the solar irradiation and the module temperature, 
so an extra power supply is necessary for the sustainable excitation. 

 It is a renewable energy source that it could be easily obtained. 
Medium

Wind energy 
The control of voltage is 
easy in a condition of 
sufficient wind speed. 

 The wind energy depends on the wind speed, so an extra power supply is 
necessary for the sustainable excitation. 

 It is a renewable energy source, so it could be easily obtained. 
Medium

DC generator 

There are many physical 
installing difficulties. 
Difficult control of 
voltage. 

 The driving of the generator is obtained with a hydro turbine, so the 
nonlinearity of the system increases depending on the generator load, and this 
condition makes frequency-voltage control difficult. 

 The quality of the energy decreases. 
 The brush and collector are other problems in DC generators. 
 There is no environmental effect. 

Medium

Proposed 
renewable 
energy based 
DC excitation 
system 

Easy and sustainable 
control of voltage  
(reactive power). 

 A hybrid (PV and fuel cell) system is used for the excitation of the 
synchronous generator. 

 The proposed method is independent of the weather conditions. 
 Two different renewable energy sources are used for excitation of 

synchronous generator. 
 In this control system, a new structure has been used differently from the 

classical hybrid systems. Synchronous generator excitation losses have been 
obtained from PV/fuel cell modules. 

 Plenty of sunshine has been increased the electrical output of the generator. 
 The renewables are used as a secondary energy source to provide the 

excitation current to a synchronous generator that generates energy in MHPP.
 There is no environmental effect. 

High 

 

3. Developed MHPP in the Laboratory 

In this section, the general structure and the main 

parts of the developed MHPP test plant in the 

laboratory are presented. The developed MHPP system 

is constituted in the laboratory. The general structure of 

developed micro hydropower test plant in the 

laboratory is shown in Fig. 1. MHPP system consists of 

a reservoir tank, an induction motor for pumping the 

water to the reservoir, a motor driver and a Pelton 

turbine coupled with a 5 kW synchronous generator. A 

linear actuator is used for controlling the Pelton turbine 

to adjust the generator speed, a synchroscope device 

for connecting the MHPP system to the electrical grid, 

a PLC (programmable logic controller) unit for 

controlling the whole system, an operator panel and a 

computer for monitoring and controlling the system. 

The proposed DC excitation system consists of a PV 

generator and a fuel cell stack. The experimental setup 

in the laboratory is also shown in Fig. 2. 

MHPP system that has different excitation sources is 

shown in Fig. 1. In this structure, different excitation 

sources are included (a PV generator and fuel cell stack) 

for the voltage control of the MHPP system, and 

reactive power control of the system is performed with 

the voltage control. Fig. 3 also indicates the block 

diagram of the developed MHPP system that consists 

of hydraulic, electro-mechanic and the control systems. 

In Fig. 4, the main electro-mechanical components 

of a closed circulation system prototype are shown. 

The water power obtained from the pressure stabilizer 

is used for the input of the turbine as mechanical power, 

and then wasted water is pumped back into the water 

tank. A closed water circulation loop is achieved 
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Fig. 1  Developed micro hydropower test plant in the laboratory. 
 

 
Fig. 2  Experimental setup. 
 

 
Fig. 3  The block diagram of developed test MHPP system. 

 
Fig. 4  Turbine-generator part of prototype MHPP. 
 

thanks to this way, and the synchronous generator is 

excited by using this mechanic energy. 

The rotating speed of a synchronous generator is 

proportional to the frequency of the output voltage, so 

the generator frequency can be controlled by 

controlling the flow rate. In a hydraulic power system, 

pressure-controlled systems are used for controlling the 

flow rate. In the proposed system, a linear activator is 

used as the solution. It moves linearly due to capable of 

managing easily, and its power consumption is less 

according to the hydraulic power plant. Applied linear 

activator that has a needle controls the flow rate of the 

system. The difference amount of the water by changing 
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the rotating speed is provided by the movement of the 

needle. 

The generator frequency is calculated by using two 

different methods in developed experimental system. 

One of them is using an encoder that sends signals to 

used PLC unit, and the other one is the developed 

micro-controller based synchronization circuit that 

calculates the frequency by counting the zero passing 

of the voltage. 

The grid frequency is 50 Hz, and the generator 

provides the synchronization being connected in 

parallel to the grid. The pole type and the pole number 

of a synchronous generator have emerged according to 

this knowledge. Because of this, round-cylindrical 

rotor synchronous generator that has some double-pole 

3 (6-pole machine) is selected at high-speed in the 

proposed system. 

There are two different types of excitation systems in 

the generator that can be implemented with different 

control strategies. These are rotating diodes and the 

ring system. This structure is given in Fig. 5. 

4. Proposed Renewable Energy Based DC 
Excitation System 

In the study, a new hybrid renewable energy based 

DC excitation system for the synchronous generator is 

presented. The synchronous generator has two 

different excitation sources, and the general schematic 

of the proposed excitation system is shown in Fig. 5. 

The generator is suitable for AC excitation system and 

the static excitation system. Static excitation control is 

the important part of this study. Proposed hybrid DC 

excitation system consists of a PV power generator, 

and it is shown in Fig. 6. The FC stack is also shown in 

Fig. 7. 

Hybrid renewable energy based system is used for 

the excitation of the synchronous generator in 

developing MHPP test system, and it is used as a 

secondary energy source to provide the excitation 

current to the synchronous generator. The solar energy 

is the primary energy source of excitation, and if there 

is not enough power from PV panels, FC stack is 

operated for DC excitation. An electrical control card 

was developed for this aim, and a PIC (peripheral 

interface controller) 16F877 microcontroller was used 

to control the proposed excitation system. 

A voltage controller is used to operate the system in 

stable. The structure of the excitation system is shown 

in Fig. 5, is transformed to the proposed structure 

shown in Fig. 8 to provide the stability. 
 

 
Fig. 5  Synchronous generator with two different excitations. 
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Fig. 6  PV array for proposed excitation system. 
 

 
Fig. 7  Fuel cell stack for proposed excitation system. 

The outputs of the DC excitation supplies are shown 

in Fig. 9, and they are used for the input of developed 

DC chopper circuit. DC chopper circuit is used for 

controlling the excitation current, and output of the DC 

chopper circuit is controlled with according to the duty 

cycle of PWM (pulse-width modulation) signals 

generated from the PLC. The developed DC chopper 

circuit for the excitation of the system is also shown in 

Fig. 9. 

The technical specifications of the PV panels used in 

the developed MHPP system are shown in Table 2. The 

technical specifications of the used FC stack in 

developed MHPP system is also shown in Table 3. 

An electrical control card was developed to make a 

suitable selection of the proper energy, and a PIC 

16F877  microcontroller  was  used to  control  the 

proposed excitation system. The flow diagram of the 

excitation source selection for the developed MHPP  
 

 
Fig. 8  The proposed excitation structure of MHPP system. 
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Fig. 9  Developed DC chopper circuit for the excitation.   

 

Table 2  Specifications of PV cells.   
Usys Umpp Impp UOC ISC 

225 V 35.2 V 4.4 A 43.3 V 4.98 A 
 

Table 3  Specifications of fuel cell. 

Type of fuel cell No. of cells Rated power Performance H2 supply valve voltage Reactants 
PEM (proton 
exchange 
membrane) 

24 100 W 14.4 V @ 7.2 A 12 V Hydrogen and air 

 

 
Fig. 10  Flow diagram of the excitation source switching. 
 

system is shown in Fig. 10. The excitation source is 

selected according to the power of the PV generator. 

The power of PV generator depends on the climatic 

conditions, so the control card selects the proper DC 

excitation source for the MHPP system related to the 

generated power change by the climatic conditions. 

5. Results and Discussion 

The proposed excitation system that provides DC 

voltage from PV/fuel cell hybrid source is shown in 

Fig. 11. The PV power curves are shown in Fig. 11 was 

obtained from a pyranometer measures the solar 

irradiation and module temperature of the solar panels 

during a measurement data of 24 h in the Elazig 

province in Turkey. The switching conditions of the 

excitation of synchronous generator and the threshold 

values are also given below: 

 If PPV < 30 W, connect from 2 to 4 and the 

excitation is supported by fuel cell (insufficient solar 

radiation); 

 If 30 W < PPV < 60 W, connect from 1 to 4 and the 

excitation is supported by PV generator; 

 If PPV > 60 W connect from 1 to 3 and the 

excitation is supported by PV generator. 
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Fig. 11  PV and FC powers and switching threshold values. 
 

This control structure was provided by the logic 

operation of excitation current. Thus, when PV 

supported energy is adequate, then PV system is used 

for excitation. When the power of fuel cell system is 

not enough, this time synchronous generator excitation 

power is provided by the PV system. In this operation, 

synchronous generator will continue to produce the 

desired manner. This process is run because of power 

mismatch between PV and FC system shown in Fig. 11, 

and this structure forces generated power can be made 

and used in PV step by step. 

The proposed excitation system is used for the 

excitation of the synchronous generator. The screen 

shots of the PID (proportional, integral, derivative) 

controller obtained from the PLC are shown in Figs. 12 

and 13. In these figures, the percentage of the 100% 

frequency equals to the 100 Hz, and the percentage of 

the 84% voltage equals to the 380 V. The power change 

of PV system for investigating the behavior of the 

proposed excitation system was achieved by making 

partial shading to the PV panels. Increasing and 

decreasing the source voltage is observed causing the 

little ripples in Fig. 12, and Fig. 13 and these ripples 

occur with the effect of the PWM. Despite the change 

of the source, the terminal voltage of the generator 

changed too little, and frequency is stable during in this 

situation. 

 
Fig. 12  Voltage-frequency changes in the time of changing 
excitation source PV to FC. 
 

 
Fig. 13  Voltage-frequency changes in the time of changing 
excitation source FC to PV. 
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Figs. 12 and 13 show the proper energy source 

selection by the developed control card, respectively. 

The excitation energy source is selected as FC-based 

energy source from PV generator in Fig. 12. The solar 

energy source is also selected in Fig. 13 to provide a 

sustainable excitation current to the synchronous 

generator used in developed MHPP test system. 

5. Conclusions 

Today, the batteries have been used as the main 

excitation source in MHPPs, even they have many 

disadvantages to other excitation methods. The 

batteries have been charged in continuous operation. 

The charging condition has been obtained with a 

rectifier which using generated AC power. 

The goal of this study is using two different type 

renewable energy sources for excitation of 

synchronous generator and developing a structure of 

the excitation current control. In the proposed method, 

there is not a battery system for the excitation, and the 

excitation also depends on a hybrid renewable energy 

system that consists of a PV system and a fuel cell 

system. These renewable energy sources supply the DC 

voltage directly, so the proposed system does not 

require a conversion system. The proposed method 

provides an easy and sustainable voltage control. The 

proposed method is also independent of the weather 

conditions. 

In the study, a developed MHPP test system in the 

laboratory is presented and new hybrid renewable 

energy based DC excitation system for synchronous 

generator in this developed MHPP system is 

introduced. The proposed hybrid DC excitation system 

consists of a PV generator and an FC stack. The hybrid 

system is used for the excitation of the synchronous 

generator in developing MHPP test system, and it is 

used as a secondary energy source to provide the 

excitation current of the synchronous generator. 

Renewables generate DC power to supply the required 

excitation current, so this condition increases the 

overall efficiency of the system. 
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