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Abstract— Hydropower energy from bidirectional water bodies such as river flow represents a largely underutilized renewable
energy resource due to the challenges associated with low flow velocities, bidirectional motion, and variable operating conditions.
This paper presents the design and evaluation of a low-speed alternator specifically developed for energy harvesting from such
environments. The alternator design focuses on optimizing key electromagnetic parameters, including the number of poles and air-
gap length, to enable effective power generation at very low rotational speeds without the use of mechanical gearing. A cylindrical
alternator configuration incorporating 54 poles was implemented and experimentally evaluated. The prototype achieved an RMS
output voltage of 13 V (open circuit condition) at a rotational speed of 40 rpm, which was identified as the minimum operational
speed for useful energy extraction, with the output voltage increasing proportionally with rotational speed to approximately 26 V
at 80 rpm. Experimental results further demonstrate a linear relationship between alternator speed and output frequency,
highlighting an inherent limitation of low-speed alternators operating under variable flow conditions. The findings confirm the
feasibility of direct-drive, low-speed alternator designs for bidirectional hydropower energy harvesting while underscoring the
need for effective frequency stabilization. Ongoing work is directed toward the development of a frequency-conditioning
mechanism to enable stable power delivery for practical applications.

Index Terms— Low-Speed Cylindrical Pole Alternator, Bidirectional Flowing Water, Hydropower Energy, renewable energy

resource and optimizing electromagnetic parameters

I. INTRODUCTION

Electrical power is essential for any modern society,

which drives economic development, industrial
productivity, which drives economic development, industrial
productivity, healthcare delivery, communication systems,
and overall quality of life. As global energy demand
continues to rise—driven by population growth,
urbanization, and technological advancement [1]—it
becomes challenging to meet this demand in a sustainable
and environmentally responsible manner. This is the main
challenge facing the Nigerian power system as the current
amount of power generated is nowhere close to the required
amount for sustainable power in the country. The fossil-fuel-
based power generation which is associated with finite
resource depletion, greenhouse gas emissions, and long-term
environmental degradation [2], is the main way individuals
and organisations meet their power need. Hence, the
development and deployment of renewable energy systems
that can deliver clean, reliable, and scalable electrical power
is essential for our society.

Hydropower occupies a unique and prominent position
among the renewable forms of energy. It harnesses the

kinetic and potential energy of moving water to produce
electricity [3], offering several advantages over other
renewable sources such as solar and wind. These advantages
include high energy density, predictable and controllable
output, relatively high conversion efficiency, and low
operational emissions [2]. In many regions including
Nigeria, hydropower has served as a backbone of national
energy systems, providing both baseload power and grid
stabilization services.

Traditionally, hydropower generation has been dominated by
systems that exploit water bodies that flow in one direction,
high hydraulic head, and significant pressure differentials.
Large dams constructed across rivers create artificial
reservoirs that store water at elevated heights, allowing
controlled release through penstocks to drive high-speed
turbines coupled to electrical generators [2]. This approach
enables efficient energy conversion due to the substantial
mechanical power available from the high head and steady
flow conditions. Variants of this model include run-of-river
systems, which rely on natural river flow with minimal
storage, and pumped-storage facilities, which provide grid-
scale energy storage by cycling water between reservoirs at
different elevations [2]. For us to use hydropower in this
way, there has to be a one directional flowing body of water.
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However, Nigeria and most countries of the world are
blessed with bidirectional flowing water bodies that are not
suitable for the conventional hydropower configuration as it
is incompatibility with bidirectional flowing waters which
have low head, and low flow velocity. Bidirectional waters
have low hydraulic head, its flow velocities vary
significantly over time, and the direction of flow reverses
periodically. Conventional dam-based solutions are ill-suited
to these conditions, as they are typically designed for
unidirectional flow and rely on maintaining a consistent
pressure differential across the turbine. Although tidal
barrages and lagoons represent one attempt to adapt dam-
like structures to tidal environments, they inherit many of the
same environmental and economic drawbacks associated
with large dams, including high construction costs,
ecosystem disruption, and limited site availability [4].

This limitation of dam-based hydropower for bidirectional
flow environments has motivated growing interest in
approaches that can directly exploit the kinetic energy of
moving water without requiring large hydraulic head or flow
rectification. Central to this challenge is the design of
electrical generators—specifically alternators—that can
operate efficiently at low rotational speeds.

A low-speed alternator suitable for bidirectional water
bodies must therefore satisfy a unique and demanding set of
requirements. It must be capable of generating usable
electrical power at rotational speeds significantly lower than
those of conventional machines, while maintaining
acceptable efficiency and power density. One of the primary
constraints in low-speed alternator design is the trade-off
between rotational speed and electromagnetic torque [5]. At
lower speeds, higher torque is required to achieve a given
power output, which in turn necessitates increased magnetic
flux, larger machine dimensions, or higher current levels.
Achieving sufficient magnetic flux at low speeds may
require the use of high-performance permanent magnets or
increased numbers of poles, both of which introduce
additional design considerations and potential cost
implications.

Several low-speed alternator designs have been reported in
literature. [6] reported a low-speed alternator 100 rpm with
100 poles, while [7] reported a speed of 150 rpm with 18
poles. However, they didn’t consider the case for variable
speed that would be suitable for bidirectional water bodies.

This paper focuses on the design considerations, constraints,
and performance implications of low-speed alternators for
bidirectional hydropower applications, with the goal of
contributing to the development of more adaptable,
sustainable, and environmentally compatible renewable
energy systems.

Section I1: Theoretical Background of Alternators

Alternators are electromechanical energy conversion devices
that converts mechanical power supplied by a prime mover
into alternating electrical power through the principle of
electromagnetic induction [8]. The fundamental operation of
an alternator is governed by Faraday’s law, which states that
a time-varying magnetic flux linking an electrical conductor

Volume 15 Number 15, July 2025

induces an electromotive force (EMF) in that conductor [9].
In rotating electrical machines, this time variation is
produced by the relative motion between magnetic fields
generated by the rotor and electrical windings placed on the
stator.

2.1 Principle of Electromagnetic Induction

Faraday’s law of electromagnetic induction may be

expressed as

dd;
where e(t) is the instantaneous induced EMF, N is the
number of turns in the winding, and @, is the magnetic flux
linking the winding. In an alternator, the rotor carries either
a field winding or permanent magnets that establish a
magnetic flux @;, while the stator contains armature
windings in which voltage is induced. As the rotor rotates at
an angular velocity w,,, the magnetic flux linking the stator
windings varies sinusoidally with time, resulting in an
alternating voltage waveform.

2.2 Relationship Between Mechanical
Electrical Frequency

Speed and

One defining characteristics of an alternator is the
relationship between mechanical rotational speed and the
electrical frequency of the generated voltage. This
relationship is governed by the number of magnetic poles P
on the rotor and is given by

Pxn
120

f= 2

Where f is the electrical frequency in hertz (Hz), P is the
total number of magnetic poles, and n is the mechanical
rotational speed in revolutions per minute (RPM). This
equation identifies two design constraints for low-speed
alternators. First, at low mechanical speeds, achieving a
usable electrical frequency requires a high number of poles.
For example, generating a 50 Hz output at 60 RPM would
require 100 poles. Secondly, for the use case in bidirectional
flowing water body, the speed (n) will be varying, which
would result in a varying frequency. Hence, many low-speed
alternator systems operate at non-standard and varying
frequencies and rely on power electronic interfaces for
frequency conditioning [2].

2.3 Induced Voltage and RMS Output

For a sinusoidally distributed magnetic field, the RMS value
of the induced phase voltage in an alternator can be
expressed as

Epms = 444k, fND s ?)

Where k,, is the winding factor (accounting for coil pitch
and distribution), f is the electrical frequency, N is the
number of series turns per phase, and & is the peak magnetic
flux per pole. Equation 3 shows that the RMS output voltage
is directly proportional to frequency, magnetic flux, and the
number of turns in the stator winding. In low-speed
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alternators, the electrical frequency is inherently low due to
reduced rotational speed, which in turn reduces the induced
voltage unless compensated by increasing the magnetic flux
or the number of turns.

2.4 Role of the Air Gap

The air gap between the rotor and stator plays a critical role
in determining the magnetic flux distribution and overall
machine performance [5]. The air-gap flux density B, can be
approximated by

H
By =" (4)

Where o is the permeability of free space, H, is the
magnetomotive force across the air gap, and

g is the air-gap length. A smaller air gap increases the
magnetic flux density and improves electromagnetic
coupling between the rotor and stator, leading to higher
induced voltage and torque. In high-speed alternators,
thermal expansion and vibration limit how small the air gap
can be made. However, in low-speed alternators, the air gap
can be further reduced as the low speed of the alternator
results in reduced thermal expansion and vibration.

2.5 Winding Configuration and Pole Interaction

The stator winding configuration strongly influences voltage
magnitude, harmonic content, and machine efficiency.
Distributed windings improve waveform quality and reduce
harmonics but occupy more space, while concentrated
windings offer compactness and higher slot fill factors at the
expense of increased harmonic distortion. The winding
factor k,,, which is the product of the pitch factor and
distribution factor, directly affects the RMS voltage
according to the induced voltage equation.

In high-pole-count machines, careful coordination between
the number of poles and the number of stator slots is
required to minimize cogging torque, torque ripple, and
acoustic noise [10]. This interaction is particularly important
in low-speed alternators, where torque pulsations are more
pronounced due to high torque operation.

Section I11: Alternator Design and Results

In this cylindrical salient pole alternator design, we optimize
the number of poles, air-gap geometry, and winding
configuration to achieve acceptable electrical performance
while maintaining mechanical robustness and reliability. The
alternator was designed and tested using COMSOL
Multiphysics 6.2. A schematic of the design is presented in
Figure 1.
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Figure 1: Schematic of the designed alternator (all
dimensions are in mm)

To achieve low speeds, the number of poles (P) in the
design is 54 and 80 stator slots. The alternator had an outer
diameter of 2000 mm. The diameter of the rotor is 691.5 mm
and the air gap between the rotor poles and the stator slots is
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10 mm. This little airgap can be tolerated in this application
as the speed of the alternator is low. The cylindrical design
is shown in Figure 2.

Figure 2: Fully designed cylindrical schematic of the
alternator

The alternator was tested for speeds ranging from 40 to 80
rpm and the results are presented in Figure 3.
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Figure 3: RMS Voltage and speed relationship for the
designed alternator.

The alternator produces an RMS voltage of 13 V at a
minimum rotational speed of 40 rpm tested under open
circuit condition (no attached load). Experimental testing
was limited to speeds at or above this value because it
represents the lowest rotational speed at which sufficient
torque is induced on the turbine by the bidirectional water
flow. In bidirectional water bodies, such as tidal systems, the
direction of flow reverses periodically due to the
gravitational influence of the moon. At the point of flow
reversal, the water velocity approaches zero, resulting in
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negligible torque generation. Consequently, 13 V is defined
as the minimum voltage threshold at which useful electrical
power can be harvested from the water body.

As the velocity of the water body increases following flow
reversal, the induced hydrodynamic torque increases,
leading to a higher rotational speed of the alternator. This
results in a corresponding increase in the induced voltage. At
a rotational speed of approximately 80 rpm, the alternator
produces an RMS voltage of about 26 V, enabling the
system to harvest a significantly higher amount of electrical
power and operate in a more efficient energy conversion
regime.
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Figure 4: Relationship between frequency and speed of the
designed alternator

Figure 4 illustrates the relationship between the alternator’s
rotational speed and the resulting electrical frequency.
Because the velocity of the water body varies over time, the
rotational speed of the alternator is inherently variable. As
shown in the figure, the generated electrical frequency
exhibits a linear dependence on the alternator speed,
consistent with fundamental alternator theory. While this
behavior is expected, it represents a key limitation of low-
speed alternators operating under variable flow conditions,
as the resulting output frequency is not inherently stable.

To enable practical use of the alternator for the intended
application, a frequency-stabilization mechanism is therefore
required. Such a device would regulate or condition the
generated electrical output, ensuring a stable frequency prior
to power distribution or utilization. The design and
implementation of an appropriate frequency-stabilization
approach constitute the next major focus of this research.

Section 1V: Conclusion

This paper presented the design and evaluation of a low-
speed alternator intended for harvesting hydrokinetic energy
from bidirectional water bodies. The design focused on
optimizing key alternator parameters—particularly the

80
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number of poles and air-gap length—to achieve usable RMS
voltage levels at very low rotational speeds. A cylindrical
alternator configuration with 54 poles was implemented,
enabling the system to generate an RMS voltage of 13 V at a
rotational speed of 40 rpm, which represents the minimum
operational speed for practical energy extraction. As
expected, the output voltage was observed to increase with
increasing alternator speed.

A primary limitation of the proposed alternator is the
variable output frequency resulting from fluctuations in
rotational speed driven by changing water flow conditions.
While this behavior is inherent to low-speed alternators
operating under variable input conditions, it restricts direct
utilization of the generated power. Ongoing research
therefore focuses on the development of an efficient
frequency-stabilization mechanism to regulate the electrical
output and maintain steady, usable frequencies, thereby
enhancing the practical applicability of the proposed system
for real-world hydrokinetic energy harvesting.

Recommendation: Further research can be carried out to
increase the output to 50Hz.
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