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Stand-Alone Pico-Hydro Generation System using
a High-Efficiency IPM Synchronous Generator

Kazumi Kurihara * and Tomotsugu Kubota **

Abstract — This paper presents a successful stand-alone pico-hydro generation system using a
high-efficiency interior permanent-magnet (IPM) synchronous generator. A 1-kW 4-pole V-type
IPM generator with low voltage regulation is used for laboratory test in stand-alone hydro energy
conversion system. It has been found from experimental results that the constant output voltage is
supplied stably by the proposed system under wide speed range.
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1. Introduction

Recently, global warming has become an important
problem. In Japan, there has been a power-shortage
problem because of the shutdown of the nuclear power
reaction by the Great East Japan Earthquake on March 11,
2011. In such situation, the territorially distributed energy
generation using wind or water power attracts attention.

The development of permanent-magnet (PM)
synchronous generators has progressed rapidly due in part
to emergence of the high energy rare-earth magnets like
neodymium-iron-boron (Nd-Fe-B) and many designs of PM
rotors have been presented in recent years [1]-[6]. However,
rare-earth materials such as neodymium and dysprosium are
expensive and depend on China for 90% or more of the
world share [7]. Therefore, the research for the substitution
of Nd-Fe-B to Ferrite magnets has been reported [8].
However, it is considered that the downsizing of the
generator needs the  high energy rare-earth magnets in
stand-alone small power generation system still now. Small
wind or water power generation systems have been
presented in recent years, for example, [9]-[12].

This paper presents a successful automatic voltage
regulation of high-efficiency IPM synchronous generators
for stand-alone pico-hydro power generation system. A 1-
kW 4-pole V-type IPM generator with low voltage
regulation [13] is used for laboratory test in hydro energy
conversion system.
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Fig. 1. Hydro energy conversion system using the IPM
generator

2. Stand-Alone Pico-Hydro Generation System

Fig. 1 shows the schematic of a pico-hydro energy
conversion system using the IPM generator. The proposed
stand-alone hydro power system supplies single-phase
consumers at 100 V/50Hz. It consists of a hydro turbine, a
direct-driven IPM generator, an ac/dc converter (full bridge
diode rectifier + boost converter), a dc filter, a single-phase
voltage source pulse width modulated (PWM) inverter, and
an ac output filter connected to the load. Further, dc power
sources for a microcomputer and switching devices are
built by an ac-dc converter. The hydro power is converted
into the mechanical rotational energy of the hydro turbine
rotor. The hydro turbine rotor is connected to the hydro
generator, and the mechanical energy is converted into
electrical energy. The ac voltage of the IPM generator is
converted into dc voltage through the ac/dc converter. The
rectifier is matching the ac voltage to the dc voltage, while
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the boost converter provides the required level of constant
dc voltage. The dc output voltage is fed a PWM inverter
through the dc filter. The voltage should stay constant for
various water flow velocities. We determined the maximum
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Fig. 2. Configuration of an IPM generator

rotational speed of the IPM generator and used the boost
converter to keep the voltage constant at low water flow
velocities.

Fig. 2 shows the configuration of a three-phase V-type
IPM generator [13]. The designed maximum output was
about 2 kW at 1000 rpm. The rated current is designed at
4.7 A. The stator is skewed by one slot pitch to eliminate
cogging torque resulting from the PMs. The generator has
the distinctive feature that it does not need the voltage
control by the field DC winding to reduce the voltage
regulation [14]. This is the reason why the width of stator
tooth and the configuration of the PMs have been
determined from the simulation results to reduce the
magnetic saturation of iron core and the leakage flux in the
rotor, respectively [13]. As a result, the voltage regulation
of the IPM generator itself was designed very small at rated
speed of 1000 rpm.

3. Steady-State Synchronous Performance

This paper contains the steady-state synchronous
performance characteristics for the IPM generator itself and
the power generation system, respectively.

Fig. 3 shows the experimental setup for measuring the
load performance characteristics of the generator. A three-
phase 50-Hz 200-V squirrel-cage induction motor and a
torque detector were used. The generator has been driven at
constant speed by the PWM inverter-driven induction
motor, where a V//F control is used.

3.1 EMF and Load Performance of IPM Generator

Fig.4 shows the flux distribution caused by PMs. In
simulation, the time-stepping finite element analysis is used
[6], [13]. The width of stator tooth and the configuration of
PMs have been designed from the simulation results to
reduce the magnetic saturation and the leakage flux in the
rotor, respectively.

Fig. 4. Flux distribution caused by PMs
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Fig. 5. EMF generated by PMs
Table 1. EMF
Computed value Measured value
EMF (V) 124.1 124.1
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Fig.5 shows the terminal voltage waveform (EMF)
generated by PMs in driving the IPM generator at 1000 rpm
[13]. It is shown that the agreement between the computed
and measured values of the EMF is good.

Table 1 shows the computed and measured values of no-
load EMF. It is shown that the agreement between the
computed and measured values is excellent.

Fig. 6 shows the comparison between the computed and
measured values of the terminal voltage of the IPM
generator, where it is directly connected to a balanced
three-phase resistance load. It is shown that the agreement
between the computed and measured values is good.
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Fig. 6. Terminal voltage versus output power
at 1000 rpm

Table 2. Terminal voltage at rated output power
Computed value Measured value
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Fig. 7. Terminal voltage and line current at rated output
(@) Measured and computed results of terminal
voltage
(b) Measured and computed results of line current

There is a drop at the end of the measured curve. This is
due to the increase of the voltage drop by the increase of
the stator winding resistance because there is comparatively
high temperature rise in the experiment.
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Fig. 8. Boost converter

Table 2 shows the computed and measured values of the
terminal voltage at the rated output power of 1 kW. It is
shown that the agreement between the computed and
measured values is good. In addition, it has been found
from Tables 1 and 2 that the voltage regulation has been
extremely low and its value was 0.32% from the
experimental results. Further, the efficiency of the IPM
generator was 93%.

Fig. 7 shows the steady-state terminal voltage and line
current at rated output of 1 kW, respectively. It is seen that
the good agreement exists between the measured and
computed results of the terminal voltage and the line
current.

3.2 Output Performance of Power Generation System

The RMS and frequency of the EMF of the IPM
generator vary by the rotor speed. Therefore, we kept the ac
output voltage constant by using the boost converter

Fig. 8 shows the boost converter. The voltage equation
between the input and output sides of the boost converter is
given by

\Y/

Vyy = @)
Yl

where « is the duty cycle, Vi,and V,, are the input and
output voltages corresponding to the boost converter,
respectively.

The target value of the ac output voltage is 100 V/50 Hz.
Now, the value of the modulation factor of the PWM
inverter is set at 0.95. Therefore, the target value of the dc
output voltage of the boost converter is determined at 150
V. We detected the voltage across the capacitor, and
changed the « to keep the dc output voltage constant, where
a switching frequency was 40 kHz.

Fig. 9 shows the ac output voltage waveform of the
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single-phase PWM inverter at no load. The fundamental
and carrier frequencies are 50 Hz and 2 kHz, respectively.

Fig. 10 shows the measured results of the terminal
voltage versus the output power under the resistance load
when the rotor speed changes from 400 to 1000 rpm.
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Fig. 9. Output voltage waveform of PWM inverter
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Fig. 10. Measured terminal voltage versus output power
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Fig. 11. Measured output power and total efficiency

The target value of the ac output voltage is 100V (RMS).
It can be seen that the measured values of the voltage agree
well with the target value. It was found from the
experimental results that the constant output voltage is

supplied stably by the proposed system under wide speed

range.

Fig. 11 shows the measured output power and the system
efficiency including the IPM generator, control devices and
dc power sources versus rotor speed, where the maximum
rotational speed is 1000 rpm and the maximum line current
of the IPM generator is set at the rated one (4.7A).
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Fig. 12. Output power and loss at rated current
(a) at 1000rpm, (b) at 400rpm

It can be seen from Fig. 11 that as the speed is higher, the
system efficiency is higher.

Fig. 12 shows the experimental results of the output
power and loss at the rated current of the IPM generator.
Fig. 12(a) shows those at the rated speed (1000 rpm) and
Fig. 12(b) shows those at the minimum speed (400 rpm).
The loss of the control device is mainly due to switching.

4. Conclusion

The stand-alone pico-hydro power generation system
using the high-efficiency V-type IPM generator is proposed.
A 1-kW 4-pole V-type IPM generator with low voltage
regulation is used for laboratory test in stand-alone hydro
energy conversion system. It has been found from
experimental results that the constant output voltage is
supplied stably by the proposed system under wide speed
range A 1-kW 4-pole V-type IPM generator with low
voltage regulation is used for laboratory test in stand-alone
hydro energy conversion system. It has been found from
experimental results that the constant output voltage is
supplied stably by the proposed system under wide speed
range.



125 Stand-Alone Pico-Hydro Generation System using a High-Efficiency IPM Synchronous Generator

Acknowledgements

The authors would like to thank Dr. N. Kikuchi and Mr.
H. lwamoto of the IBASEI Ltd., for the technical support.

References

[11 M. A.S. K. Khan, S. A. Saleh, and M. A. Rahman,
“Generation and harmonics in interior permanent
magnet wind generator,” in Proc. IEEE IEMDC,
Miami, FL, May 3-6, 2009, pp.17-23.

[2] H. Haraguchi, S. Morimoto, and M. Sanada, “Suitable
design of a PMSG for small-scale wind power
generator,” in Proc. ICEMS, Tokyo, Japan, 2009, Nov.
16-18.

[3] K. Kurihara, “Effects of cage-bars for stability of
circumferentially =~ magnetized  permanent-magnet
synchronous generators,” in Proc. ICEMS, Incheon,
Korea, 2010, Oct. 10-13.

[4] S. A. Saleh, H. M. Zubayer, T. Igbal, M. A. S. K.
Khan, and M. A. Rahman, “Design and performance of
a double-layered interior permanent magnet generator,”
in Proc. IEEE IEMDC, Niagara, ON, Canada, May 15-
18, 2011, pp.1522-1527.

[5] K. W. Klontz, T. J. E. Miller, M. I. McGilp, H.
Karmaker, and P. Zhong, “Short-circuit analysis of
permanent-magnet generators,” |EEE Trans. Ind.
Applicat. vol. 47, no.4, pp. 1670-1680, Jul. /Aug. 2011.

[6] K. Kurihara, “Effects of Damper Bars on Steady-State
and Transient Performance of Interior Permanent-
Magnet Synchronous Generators,” IEEE Trans. Ind.
Applicat. vol. 49, no.1, pp. 42-49, Jan. /Feb. 2013.

[71 T. Miura, S. Chino, M. Takemoto, S. Ogasawara, A.
Chiba, and N. Hoshi, “A ferrite permanent magnet
axial gap motor with segmented rotor structure for the
next generation hybrid vehicle,” in Proc. Int. Conf.
Elect. Machines, Rome, Italy, 2010, Sept. 6-8.

[8] S.M.Jang, H.J. Seo, Y. S. Park, H. I. Park, and J. Y.
Choi,  “Design and  Electromagnetic  Field
Characteristic Analysis of 1.5 kW Small Scale Wind
Power Generator for Substitution of Nd-Fe-B to Ferrite
Permanent Magnet,” |IEEE Trans. Magn., vol. MAG-48,
pp.2933-2936, Nov 2012.

[91 D. Fodorean, L. Szabo, and A. Miraoui, “Generator
Solutions For Stand Alone Pico-Electric Power Plants,”
in Proc. IEEE IEMDC, Miami, FL, May 3-6, 2009,
pp.434-438.

[10] T. Sakurai, H. Funato, and S. Ogasawara,
“Fundamental Characteristics of Test Facility for Micro
Hydroelectric Power Generation System,” in Proc.
IEEE IPEMC, Wuhan, China, May 17-20, 2009,
pp.2612-2617.

[11] D. Borkowski and T. Wegiel, “Small Hydropower
Plant with Integrated Turbine-Generators Working at
Variable Speed,” IEEE Trans. Energy Convers., vol.28,
no.2, pp.452-459, Dec. 2013.

[12] L. Barote, C. Marinescu, and M. N. Cirstea, “Control
Structure for Single-Phase Stand-Alone Wind-
Based Energy Sources,” IEEE Trans. Ind. Electron.,
vol. 60, no.2, pp. 764-772, Feb. 2013.

[13] K. Kurihara, T. Kubota, K. Saito, N. Kikuchi, and H.
Iwamoto, “High —efficiency interior permanent-magnet
synchronous generators with minimal  voltage
regulation for nano and pico hydro generation,” in Proc.
ICEMS, Sapporo, Japan, 2012, Oct. 21-24.

[14] W. Huijun, A. Zhongliang, T. Renyuan, and N. Yingli,
“Design of a Hybrid Excitation Permanent Magnet
Synchronous Generator with Low Voltage Regulation,”
in Proc. ICEMS, vol. 1. 2005, pp.480-483

Kazumi Kurihara received the B.E. and
M.E. degrees from Ibaraki University,
Hitachi, Japan, in 1976 and 1978,
respectively, and the D.E. degree from
Tokyo Institute of Technology, Tokyo,
Japan, in 1996. Since 2004, he has been a
Professor with the Department of Electrical and Electronic
Engineering, Ibaraki University. His research interests are
permanent-magnet machines, universal motors, hysteresis
motors and numerical analysis of the machines.

Tomotsugu Kubota was a Technical
Officer with Ibaraki University. He is
currently a Senior Staff. His research
interests are hysteresis motors and
phenomenon of magnetic hysteresis.



