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 This paper analyzes the performance of a Pico hydropower plant consisting 

of an axial hydro turbine integrated with a permanent magnet generator 

(PMG) and connected to a power converter. The proposed system is aimed 

to obtain a wide system operation range to gain more power captured while 

maintaining time-harmonic distortion in voltage (THDv) that meets the 

standard. The PMG specification is 1 kW, 1 phase, 235 V, 50 Hz, 83 rpm. 

The design and simulation of PMG were carried out by analytical and 

numerical calculations using FEMM 4.2. The power converter was 

simulated using PSIM and functions to reduce the THDv and pass the 

generator voltage between 50–500 V. The results show the THDv of the 

generating system at the upper and lower limits of the passed voltage having 

a THDv below 5%. Meanwhile, the PMG performance characteristics at 

various currents and rotations produce efficiency of 87.20% at nominal 

current. From these results, it can be concluded that the Pico hydropower 

plant works well as desired. 
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1. INTRODUCTION 

Very-low head Pico hydropower (VLHPHP) has been increasingly developed in the last decade. 

This plant provides an opportunity to explore hydro energy from stream rivers with large discharges and 

very-low heads that mostly flow through urban or agricultural areas. VLHPHP does not require piping and 

dams to be built along the river and close to the load [1]. Its easy-to-reach location makes it easy to monitor, 

operate, and maintain. In addition, VLHPHP can be integrated with existing sluice gates to save construction 

costs. 

A Pico hydro is defined with different capacities, namely <10 kW [2] and <5 kW [3], while a very-

low head is a less than 3 m head [1]. Studies related to VLHPHP with a power of <5 kW are being focused 

on the main components, namely the very-low head Pico hydro turbine [4]−[7], generator [8], [9], power 

controller [10]−[12], as well as a combination of two or all of these components [13]−[16]. Due to relatively 

small power, VLHPHP is more efficient without mechanical transmission and using a multi-pole generator. 

The type of generator used is generally asynchronous or permanent magnet generator (PMG). However, 

lately, PMG has become increasingly popular because of its advantages over asynchronous generators, such 

as higher efficiency and compact construction [11], [17].  

https://creativecommons.org/licenses/by-sa/4.0/
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The study of the Pico hydro system done by [13] has conducted some experiments to obtain the 

axial hydro turbine-PMG set characteristics. The generator was designed to produce 2 kW, 3×350 V at 750 

rpm. Another study showed that a Pico hydro system test consisting of a supply pipe, dual-blades reaction 

turbine, AC generator, and a monitoring system was carried out by Palanisamy and Thirunavukarasu [14]. 

The results exhibited that the system produces 2.4 kWh/day of power. No-load testing was also conducted by 

Sadowski [15] on power converter-PMG using a variable prime mover with a speed of 0 – 750 rpm. The 

results indicate that the power converter voltage controller still needed to be improved for better voltage 

amplitude significantly when the water turbine rotation is changed. Saura et al. [16], tested a lab-scale Pico 

hydro system consisting of a Pelton turbine and a 9 V DC motor used as a generator to supply a 5 mm light-

emitting diode. Tests were carried out by varying the blade material (plastic and aluminum), the blade 

numbers (2-10 pieces), and the head height (15–65 cm). The best system performance produces 5.46 output 

voltage, achieved at 65 cm head, 5.52 l/s of flow rate, and using 10- plastic blades.  

The power electronic converter (PEC) serves as the generating system's output voltage and 

frequency stabilizer. In addition, PEC also reduces harmonics and controls the power factor [18]. PEC in 

Pico hydropower systems generally uses a dummy load and without a dummy load [19]. The control system 

using a dummy load requires much wiring and smooth step switching to produce reasonable control. For this 

reason, the dummy load capacity is the same as the generating capacity. The weakness of this system is that the 

two converters on the generator and load side must have the same power rating as the generator capacity [20]. 

The control of Pico hydropower using a dummy load connected to a 3-phase, 4 kW induction 

generator is carried out by Huang et al. [21] to make better power quality while keeping voltage and 

frequency at the expected degree. The dummy load was also simulated by Xu et al. [22] using a 3-phase, 1 

kW induction generator and a 3-phase, 1 kVA synchronous generator, respectively, to investigate the impacts 

of harmonic distortions caused by electronic load controller installation. In comparison [10] simulates and 

tests an inverter for 1 kW 1-phase Pico hydro without defining the type of generator. The inverter can be used 

for multiple generators on a remote microgrid and lower the THDv. A power converter simulation was also 

carried out on Pico hydro by taking a 2.3 kW 3-phase PMG [11]. The study suggested a control algorithm 

employed for load balancing, harmonics diminution, and reactive power enhancement when a three-phase 

PMG supplies a single-phase nonlinear load. Another study discusses the design procedure for connecting 

Pico hydro to the grid using a power converter, where the load side used a PV inverter grid interface [12]. 

The generator capacity is about 1.3 kW without specifying the type.  

This work analyzes the performance of a Pico hydropower plant with the proposed construction 

comprising an axial hydro turbine and 1-phase, 1 kW, 50 Hz, 83 rpm PMG connected with a power 

converter. The rotor of the PMG is integrated with that of the axial hydro turbine to get a compact system. 

The study aims to obtain an extensive system operation range to capture more power while maintaining time-

harmonic distortion in voltage (THDv) of the system that meets the IEEE Std 519-1992. PMG characteristics 

are extracted at various loads and frequencies. The output voltage of the rectifier and inverter are simulated 

using PSIM, while analytical and numerical simulations using FEMM 4.2 are carried out to obtain the PMG 

characteristics. 
 

 

2. METHOD  

2.1.  System construction and defined parameters 

The compact construction of Pico hydro is represented by the unified structure of the turbine 

generator in Figure 1, showing the generator rotor position on the perimeter of the turbine blades. The turbine 

is a propeller or axial type with 24 guide vanes and 8 runner blades. Simulation at 90 rpm, head 1,329 m, and 

flow rate 256 kg/s, with tilt angle 45o produces turbine power of 2514.71 W [23]. Permanent magnets use the 

N45H type with Br = 1.32 T and Hb = 995 kA/m. Several parameters are determined to obtain the electrical 

parameters of the generator at the nominal frequency, as tabulated in Table 1. 
 

 

 
 

Figure 1. Axial hydro turbine-PMG assembly 
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Table 1. The defined parameters 
Parameters, symbol Value Unit 

Inner rotor diameter, Di 0.624 m 
Air gap length, lg 3 mm 

Rotation, n 83 rpm 

Pole numbers, 2p 72 poles 
Nominal frequency, f  50 Hz 

Phase number, m 1 phase 

Current density 3.4 A/mm2 

 

 

2.2.  Electromotive force (EMF) 

The instantaneous and r.m.s phase EMF generated by the magnetic flux of the permanent magnet 

when the rotor rotates is obtained using (1)-(3) [24]. 
 

𝐸𝑝ℎ =
𝑑𝜓𝑀

𝑑𝑡
= 𝜔𝜓𝑀 sin(𝑛𝜔𝑡 + 𝛾) (1) 

 

𝐸𝑝ℎ_𝑟𝑚𝑠 =
1

√2
𝜔𝜓𝑀 =

1

√2
𝜔𝑘𝑤𝑁𝑝ℎΦ𝑀 (2) 

 

Φ𝑀 =
𝐵𝑔𝐷𝑖𝑙𝑖

𝑝
 (3) 

 

Where  Eph is the instantaneous EMF, Eph_rms is the r.m.s phase EMF,  is the displacement angle between the 

axis of the stator winding to that of the rotor pole, M is the magnetic linkage flux, n is the harmonic order,  

is the angular frequency, kw is the winding factor, Nph is the winding number, M is the magnetic flux, Bg is 

the air gap flux density, li is the stator core effective length, and p is the pole pairs.  

Eph induces stator coils having a phase resistance of R1, the d- and q- axis synchronous reactance Xd 

and Xq, respectively, and producing a terminal voltage VT of: 

 

𝑉𝑇 = √(𝐸𝑝ℎ − 𝐼𝑎𝑅1)2 − (𝐼𝑎𝑋𝑞)
2

− (𝐼𝑎𝑋𝑑)2 (4) 

 

with Ia is the armature current (A). 
 

2.3.  Power converter circuit 

Commercial power converters transforming variable AC voltage and frequency into constant AC 

voltage and frequency are generally available for wind turbines but with a relatively narrow input voltage 

range. For example, power converter Leonics has an input voltage range of 176-265 VAC [25]. In this study, 

the input voltage range is more expansive to enable the system to deliver power even at a minor discharge, 

especially during the dry season. It is also assumed that the power system is in a rural area, so even if the 

power supply is small, it is still helpful for lighting. Therefore, the generator voltage passed is set between 

50-500 V, and the power converter topology is shown in Figure 2.   
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Figure 2. Axial hydro turbine-PMG connected to power converter circuit  
 

 

The AC output voltage of the generator containing harmonics is rectified first to a DC voltage using 

a diode rectifier equipped with a capacitor. Then buck-boost converter accommodates the generator's variable 

voltage and produces constant DC voltage at 350 V using PI control. Furthermore, the inverter converts it to 

ac voltage to supply the ac load. The inductor serves to filter the output of the inverter bridge to produce a 
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pure sinusoidal output voltage and current. The hysteresis control with a 5 V band is employed to get the 

desired voltage. This control is simple to implement, has a simple structure, responds quickly, and is 

unaffected by changes in plant parameters. The output voltage reference is 220 Vrms, and the value of each 

parameter used is Lin = 5 mH, Cin = 4700 F, Lo = 5 mH, and  Co = 470 F. 
 

2.4.  Losses and efficiency 

When the generator rotates and is given a load of Ia, losses will arise, producing heat and reducing 

the output power Pout. These losses are due to current (copper loss Pcu) and rotation (core loss Pcore and 

mechanical loss Pmech), respectively given by (5) and (6) [26], 
 

𝑃𝑐𝑢 = 𝑚𝐼𝑎
2𝑅1  (5) 

 

𝑃𝑐𝑜𝑟𝑒 = 𝛿𝑖𝑐𝐶ℎ𝑓𝐵𝑝
𝛼 + 𝛿𝑖𝑐𝐶𝑒𝑓2𝐵𝑝

2  (6) 
 

where ic is the iron core density (kg/m3), Ch is the hysteresis loss coefficient, Ce is the eddy current loss 

coefficient, Bp is the peak value of magnetic flux density (T),  is the constant of Steinmetz,  
 

𝑃𝑚𝑒𝑐ℎ = 𝑃𝑓𝑟𝑖𝑐 + 𝑃𝑤𝑖𝑛𝑑 (7) 
 

where Pfric is the friction loss in bearings, Pwind is windage loss in the air gap. 

Efficiency is obtained from  
 

𝜂 =
𝑃𝑜𝑢𝑡

𝑃𝑖𝑛
× 100% =

𝑃𝑖𝑛−𝑃𝑐𝑢−𝑃𝑐𝑜𝑟𝑒−𝑃𝑚𝑒𝑐ℎ−𝑃𝑎𝑑𝑑

𝑚𝐸𝑝ℎ𝐼𝑎 cos 𝛽
 × 100% (8) 

 

where Pin is the input power, Padd is the additional loss due to leakage flux assumed as 20% of the Pcore, cos   

is the power factor = 0.9. 
 

 

3. RESULTS AND DISCUSSION 

3.1.  Principal dimension and nominal parameters 

Figure 3 depicts the dimensions of the stator and rotor. The stator has 144 slots and li = 40 mm as 

shown in Figure 3(a), while on the outer circumference of the rotor are arranged 72 permanent magnets with 

a per piece size of 40×20×5 mm as shown in Figure 3(b). The generator power is sourced from the magnetic 

flux that induces the stator coils across the air gap. Figure 4 shows the amplitude of the magnetic flux density 

in the air gap Bg at nominal load condition Bg(L) is lower than that of the Bg at the no-load condition Bg (0) 

due to demagnetization caused by the flux generated by the armature current. The difference in amplitude is 

3.6%, which is generally between 1%-5% [27]. Demagnetization decreases linkage flux and ultimately 

reduces Eph. Table 2 presents the calculating results of generator parameters at nominal frequencies. The 

difference between Eph and VT  is 69 V is the voltage drop caused by components R1, Xd, and Xq.  
 
 

Table 2. Nominal parameters of the generator 
Parameters, symbol Value Unit Parameters, symbol Value Unit 

Winding numbers, Nph 3312 turns Output power, Pout 1062.12 W 

Resistance, R1 6.82  Input power, Pin 1218.06 W 

Induction voltage, Eph 300 V Copper loss, Pcu 138.81 W 

Terminal voltage, VT 231 V Core loss, Pcore 11.86 W 

Armature current, Ia 4.51 A Additional loss, Padd 2.37 W 
d-axis sync. reactance, Xd 20.89  Efficiency,  87.20 % 

q-axis sync. reactance, Xq 22.34     

 

 

 

 

(a) (b) 
 

Figure 3. The dimensions of (a) stator and (b) rotor with permanent magnets, in mm unit 
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3.2.  Electromotive force (EMF) 

The generator voltage contains the 3rd and 5th harmonics causing voltage waves to appear at 150 

Hz and 250 Hz (multiples of 3 and 5 of the base frequency), whose Eph harmonic spectrum is shown in 

Figure 5 (a). The harmonic content distorts the fundamental Eph waveform, as shown in Figure 5 (b). The 

maximum Eph is 424.12 V at n = 1 and gets higher (466.90 V) due to the 3rd and 5th harmonic content. The 

THDv is obtained of 23.49%, which is relatively high if the generator is directly connected to the load 

because, according to IEEE Std 519-1992, the maximum THDv is 5% [28]. Therefore, THDv is lowered 

through a filter in the power control circuit discussed in the next section. 
 

 

 

 

 
 

Figure 4. Air gap magnetic flux density at  

no-load and nominal load conditions 

 

Figure 5. Harmonics on the generator voltage (a) harmonic spectrum  

and (b) Eph waveforms at f = 50 Hz 
 

 

3.3.  Voltage waveform characteristics 

Figure 6 shows the simulation results of the upper limit of VT with a maximum value of 813 VAC in 

Figure 6 (a) that is controlled and rectified to 350 VDC in Figure 6 (b), then converted to 220 VAC, 50 Hz with 

2.2% THD in Figure 6 (c). Similarly, the simulation at the low voltage limit of 50 V in Figure 7 is carried out 

by controlling and rectifying the generator voltage VT having the maximum value of 90.33 VAC shown Figure 

7 (a) becomes 350 VDC in Figure 7 (b). Then the inverter converts back to an AC voltage of 220 V, 50 Hz in 

Figure 7 (c) with a THD of 3.63%.  
 

 

   

(a) (b) (c) 
 

Figure 6. Simulation at high voltage limit of 500 V (a) generator, (b) rectifier, and (c) inverter 
 

 

   

(a) (b) (c) 
 

Figure 7. Simulation at low voltage limit of 50 V (a) generator, (b) rectifier, and (c) inverter 

 

 

3.4.  On load characteristics 

To get the load characteristics, some of the constraints taken in the simulation are: i) the hydro 

energy where the Pico hydro system is installed can produce 1 kW of electrical power, ii) the maximum 

current is when VT reaches the minimum value, and iii) the minimum current is set around 0.95 A. Thus, 

when subjected to a variable resistive load at constant rotation, the PMG produces the characteristics shown 

in Figure 8. The power curve at various frequencies in Figure 8(a) shows that the generator can achieve more 

than 1 kW of power, represented by the dotted line. At higher frequencies, the slope of the power curve 

becomes steeper because higher EMF is generated, resulting in a higher power at the same current. At f = 30 

Hz, the maximum power generated is below 1 kW, but not all can be delivered depending on the voltage 

generated. The steepness of the power curve decreases as the current increases due to copper loss. 

(a) (b) 
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Figure 8(b) shows the VT vs. Ia curves corresponding to the power ones. At a frequency of 40–70 Hz, 

the dotted line is the voltage that produces power >1 kW. The maximum voltage at f=70 Hz is around 453 V 

and higher at smaller currents but still below 500 V. Meanwhile, at f = 30 Hz, the voltage that is not passed is 

VT < 50 V, which occurs at high currents due to small Eph while the voltage drop is high, in this case, it 

happens at Ia > 7.52 A. 

Figure 8(c) shows the  vs. Pout curves at various frequencies with maximum efficiency for each 

frequency of around 93%. The higher the frequency, the smoother the efficiency curve because a high Eph 

produces more input power, which makes it has a better resistance against the increase in losses caused by 

both Ia and frequency. The opposite happens at low frequencies, where the impact of the current growth is 

quite significant in decreasing efficiency. It can be seen at f=30 Hz, exhibiting an efficiency of 69.53% at 

896.76 W. 
 

 

 

 

(a) (b) 
  

 

(c) 
 

Figure 8. PMG characteristics at various frequencies, (a) Pout vs. Ia, (b) VT vs. Ia,  (c)  vs. Pout 

 

 

4. CONCLUSION 

This paper has evaluated the performance of a compact Pico hydro power plant whose components 

include an axial hydro turbine, PMG, and power converter. The purpose of the study is to obtain a vast 

system operating range by passing the generator output voltage between 50–500 V while keeping the THDv 

consistently below 5%. The simulation results show that at the lower limit of the voltage (50 V), the THDv is 

3.63%, while at the upper limit (500 V), it is 2.2%. The power characteristic at the current and frequency 

variables produces the highest efficiency of around 93% and 87.20% at nominal frequency. From these 

results, it can be concluded that the proposed system works well as expected. 
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