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Abstract

Remote Alaska communities have historically dealt with elevated electric power expenses due to 

high cost of transporting diesel fuel for power generation. To offset this cost, the installation of 

various renewable resources have been utilized, particularly wind and solar power. Hydrokinetic 

generation by harnessing river flows is an emerging and less commonly implemented renewable 

resource that offers great potential for power generation. Specifically, this study investigates the 

behavior of a novel concept for harnessing vertical oscillation that occurs when a bluff body is 

inserted into a flow path. Unlike traditional rotating turbines used in hydrokinetic energy, this 

particular device utilizes the fluid structure interactions of vortex-induced-vibration and gallop. 

Due to the unique characteristics of this vertical motion, a thorough examination of the proposed 

system was conducted via a three-pronged approach of simulation, emulation, and field testing. 

Using a permanent magnet synchronous generator as the electrical power generator, an electrical 

power conversion system was simulated, emulated, and tested to achieve appropriate power 

smoothing for use in microgrid systems present in many Alaskan rural locations.
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Chapter 1 - Introductory Material

1.1 Introduction

Rural Alaskan communities have traditionally suffered from extremely high electrical energy 

costs, well above the national average [1]. Transporting expensive diesel fuel for use in generators 

means that community members spend significant portions of their income on electricity. In order 

to reduce the financial burden of electricity generation costs, local renewable sources of power 

have been investigated. Besides the traditional wind and solar renewables, hydrokinetic sources 

offer the potential for significant generation, especially since many communities are located near 

rivers, which for years have offered a source of food [2]. Much like salmon wheels, which are 

essentially a very well-established hydro power harvester, hydrokinetic power sources offer the 

possibility of utilizing local water flow as a way of easing everyday life.

1.2 Research Problem and objectives

The primary goal of the work detailed in this thesis is to bring reliable and affordable electrical 

power to remote communities by harnessing the kinetic energy available in moving water. To 

accomplish this goal, several objectives must be met. No large-scale testing had been previously 

performed with the proposed hydrokinetic device, which meant that design and field testing of a 

full-scale device would be required as the first objective. Objectives necessary for successful field 

testing included selection of a suitable generator, generator modeling, and verifying the generator 

model with laboratory testing. A final objective after field testing was to simulate an electric power 

conditioning system to provide useable electric power to a community. Experimental and field 

testing of the proposed electric power conditioning will be a future work of this project which will 

be carried out by the Alaska Center for Energy and Power (ACEP).

1.3 Hydrokinetic Power Advantages

Hydrokinetic power generation is one method of extracting useable energy from flowing water, 

avoiding the construction of an expensive and environment-altering conventional hydropower dam 

that extracts power from falling water [3]. Hydrokinetic sources are advantageous, especially for 

rural applications, because the design and construction are simple and reliable, while the 

1



installation and maintenance can be done by the local community at low cost [2]. Since rural 

communities generally have smaller loads, a hydrokinetic source can make a large offset in the 

total cost of diesel fuel required annually [4]. Hydrokinetic sources also have several advantages 

over other renewables, such as wind and solar, since it has a high energy density, is more 

consistent, and has a smaller footprint [5].

1.4 Hydrokinetic Power Difficulties

While hydrokinetic energy offers a potential offsetting source of diesel generation, many 

challenges exist with the implementation of new hydrokinetic sources. The profitability of many 

hydrokinetic projects are determined by locations and the characteristics of the river resource [6]. 

Much like other renewables, the main difficulty with hydrokinetics is time variation of power 

generation. Power output of hydrokinetic sources is cubically related to water flow rate. 

Unfortunately, water flow rates in rivers vary significantly throughout the year [7]. For 

hydrokinetics, the time variation can be seasonal, since generation is not possible during winter 

freeze-up in Alaska. Most generation is available during spring melt-off, which eventually tapers 

down during the summer and fall. Time variation can be observed on daily time scales as flowrates 

change due to daytime melting or rainfall. Finally, variations can occur on very short timescales 

as river flow is often turbulent and mixing, meaning that the instantaneous flow rate fluctuates 

constantly [7]. In addition to flow rate variation, hydrokinetic sources often suffer from the 

accumulation of debris on the harvesting mechanism [8]. To mitigate these problems, a power 

smoothing system must be implemented to condition the power output before it can be used in a 

community [9].

1.5 Vertical Oscillator Dynamics

Many different designs exist for hydrokinetic energy harvesters, with both vertical and horizontal 

configurations [5], [10]. Most of these designs involve rotating turbines that convert the water flow 

into rotational energy. A new non-rotating device has been proposed that utilizes two fluid 

structure interactions [11]. These interactions are vortex-induced-vibration (VIV) and gallop. A 

bluff body is inserted into the flow path, which begins to shed vortices [12]. The shedding of the 

vortices creates a linear, vertical oscillation similar to point wave energy converters [13]. The most 

well-known example of VIV was the Tacoma Narrows Bridge collapse when the shedding 
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frequency of the vortices aligned with the natural frequency of the bridge, leading to the eventual 

oscillations and mechanical failure [14]. In the oscillator design, the linear vertical motion is 

converted to rotational energy through a transmission system. An advantage of this configuration 

is that energy can be extracted at low flow velocities, even around 0.4 m/s [15]. To accomplish 

this design, a simple pontoon barge is anchored into the stream path as shown in Figure 1.

Figure 1 - Rendering of the current prototype mounted to a barge [Photo courtesy of Ben Loeffler, ACEP].

Mounted to the barge is a T-shaped bluff body that hangs down into the water flow. As the 

oscillations begin to occur, the vertical motion is converted to rotational energy similar to a piston 

and crankshaft. The advantages of this design include a wider operating range, particularly at lower 

flow rates, the potential for fewer problems resulting from collection of debris, and offering the 

ability to harvest otherwise unusable energy from the water resource.

1.6 Generator Considerations

Several challenges exist with the safe and continuous conversion of mechanical energy to useable 

electrical power, especially in remote islanded microgrids1 like those found in Alaska. Firstly, a 

properly sized and application appropriate generator must be selected. Some factors that contribute 

to this decision include cost, availability, generator type, size, and excitation. Since this technology 

1 Remote islanded microgrids will be defined and described in detail in Chapter 2.
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is catered toward use in remote communities, cost is an important decision point. As the cost of 

the selected generator increases, the overall construction cost and levelized cost of electricity 

(LCOE) will also increase. High LCOE makes hydrokinetics less competitive than other renewable 

sources such as solar or wind [16]. The minimum sized generator for practical use and reasonable 

transportation costs is limited to machines with low power ratings. Generators vary widely in type 

and design. Generally, the main categories are direct current (DC) and alternating current (AC) 

generators, with AC generators being subdivided into induction generators and synchronous 

generators. Synchronous generators can be further divided into separately excited or permanent 

magnet. Due to the highly variable nature of the resource, proper generator selection is paramount 

to implementing this technology as a cost-effective and robust alternative to other renewable 

technologies.

1.7 Generation Stability

Traditional power generation relies upon minimally variable fossil fuel cycles spinning turbines at 

a consistent rate. Since the generator frequency can be manipulated by changing the inputs to the 

plant, frequency regulation is easily achieved. As previously discussed, hydrokinetic sources are 

highly variable on a variety of timescales. This means that the power and frequency output of the 

generator will be inconsistent. Like other renewables, no outside control of the input power to the 

system can be made, so control strategies must be implemented on the generation system. For 

frequency control, mechanical transmission systems can be used to increase the rotational speed 

to match the desired output, but these suffer from losses and are very expensive to implement, 

especially for continuously variable transmissions such as those required for a wide range of input 

speeds. The second option is to regulate frequency output using power electronics. These also have 

losses associated with them but can save on valuable space and money. Power output can be 

regulated by either dumping excess power into a dummy load during high generation periods or 

using the excess power to support electrical heating or battery charging. During low generation 

periods, a load sharing system needs to be designed to maximize diesel generator efficiency, while 

also maximizing the renewable source's contribution to the overall load.
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1.8 Power Conversion

After the energy harnessed from water flow has been converted to electrical energy, the electrical 

signal must be conditioned before being sent to the microgrid. Since the hydrokinetic source is 

highly variable, the generator cannot be directly connected to the grid. The most common practice 

for renewable sources to isolate the variations in output is to connect them to the grid using a 

rectifier to inverter (AC-DC-DC-AC) topology as in Figure 2 [17].

Figure 2 - Diagram of the AC-DC-DC-AC converter topology showing the individual conversion stages.

This configuration has several advantages, but primarily it allows the inverter to maintain 

appropriate output frequency over a wide range of input signal frequencies [18]. Disadvantages 

include reduced conversion efficiency at low power levels and the introduction of harmonics into 

the system [19]. Other options involve using batteries as a storage device at the DC stage, which 

are then used in a DC microgrid or inverted back to AC.

1.9 Harmonics

As part of the signal conditioning system, the minimization of harmonics must be considered. The 

presence of electrical harmonics means that the voltage and current waveforms deviate from the 

desired sinusoidal form. Based on the design quality, both rectifiers and inverters can introduce a 

certain level of harmonics into an electrical system. If the hydrokinetic source supplies a significant 

part of a microgrid demand, a poorly conditioned signal may introduce significant harmonics into 

the grid system. Harmonics can increase the current in the system, which causes losses due to 

power being a function of current squared. Electric motors experience elevated losses because of 
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hysteresis and eddy currents that are created as a result of harmonics at higher frequencies. This 

heats up the motor core and can shorten the life of a motor [20].

1.10 Thesis Organization

Chapter 2 of this thesis presents a thorough literature review of several topics pertaining to 

hydrokinetic resources and power conversion. Chapter 3 discusses the generator selection criteria 

and shows the steps in procuring a suitable generator for this design. Generator modeling and 

simulation in MATLAB Simulink® is described in Chapter 3. The simulation results are verified 

in laboratory testing summarized in Chapter 4. Field testing of the hydrokinetic device is described 

in Chapter 5, with further modeling using testing results performed in Chapter 6. Chapter 7 

contains the concluding remarks and future work for this project.

6



Chapter 2 - Literature Review of Relevant Topics

2.1 Introduction

In order to properly understand the existing technologies in place for hydrokinetic generation, a 

thorough literature review has been conducted. Primary topics of interest are generator technology, 

power conversion, control methods, cost and optimization schemes, and microgrid technology. 

These topics all contribute to the overall design considerations of a functional hydrokinetic energy 

harvester.

2.2 Generators

Electrical generators are electromechanical machines that convert mechanical energy into 

electrical energy. Generators can supply either direct current (DC) or alternating current (AC). 

Generator selection depends on many factors including output power, prime mover speed, cost, 

and excitation method. Hydrokinetic sources commonly employ the same AC generators used in 

hydro and wind applications. Primarily, these AC generators are either synchronous (SG) or 

induction (IG) types.

2.2.1 Synchronous Generators

Synchronous generators run at a fixed speed that matches with the output frequency of the 

electrical signal. In this way, the prime mover speed is synchronous with the output frequency of 

the electrical AC power. Field excitation for the rotors of these generators are supplied by either a 

DC electromagnet or permanent magnets. By varying the DC current in an externally excited SG, 

the output voltage of the machine can be controlled. As the current changes, the magnetic flux 

from the electromagnet changes proportionally. The permanent magnet generator uses magnets 

attached to the rotor to supply the field. Since the magnets are fixed, the flux is constant and no 

voltage control is possible. However, this eliminates the need for slip rings or brushes, which are 

used to connect the rotor to a DC source for the electromagnet configuration. Additionally, 

synchronous generators can supply reactive power to loads that may require it for excitation, such 

as induction motors. In contrast, induction generators require reactive power to set up the 

excitation magnetic field.

7



For small scale generation and microgrid applications, the permanent magnet synchronous 

generator (PMSG) has proven to be the most popular. This is because of the PMSG's simplicity 

(brushless design), reliability, low noise, and high power density [5], [21], [22], [23]. PMSGs can 

run separately from the grid and still produce power because of the self-excitation characteristics 

of permanent magnets. For rural applications this is beneficial since external excitation power is 

not required, meaning that the hydrokinetic source can be self-starting. PMSGs can be driven 

directly which removes the need for an inefficient and large transmission system [24]. 

Additionally, they operate with higher power factors and efficiency due to the self-excitation 

property [25]. PMSGs are also low-maintenance and have long life spans, which is essential for 

remote operation [26]. Some work has been done to study the optimum design of linear PM 

generators for vertical oscillators associated with wave energy conversion, however, these designs 

are prohibitively expensive due to their customized nature [27]. As a result, this work will focus 

on rotary PMSGs assuming a mechanical transmission system will be designed to accommodate 

the rotational requirement of a standard PMSG.

Synchronous generators have several disadvantages associated with their use. Primarily, since the 

operating frequency is dependent upon a highly variable water flowrate, the AC output signal must 

be rectified to DC. Once a stable DC bus is created, an inverter can be used to output a steady 

frequency AC signal to the microgrid. Even so, operation at low speeds requires a large number of 

poles, which increases the cost and size of the generator [5]. The addition of a rectifier and inverter 

adds cost and complexity to the system. Rectification and inversion can also introduce undesirable 

harmonics into the grid signal.

2.2.2 Induction Generators

Induction generators are used in a wide variety of applications due to their inexpensive, simple, 

and reliable design. They can also supply constant voltage and frequency at variable speeds when 

designed properly. However, induction generators are less efficient than their PMSG counterparts 

[5]. In order to function as generators, induction machines require rotational speeds greater than 

the synchronous speed. This means that mechanical transmission systems are commonly needed 

to increase the rotor speed, which leads to lower efficiency and more maintenance costs.
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The relative difference between the synchronous speed and the prime mover speed is called slip 

and is defined by (1)

where s is the slip, fs is the synchronous frequency, and fp is the prime mover frequency [20].

If the prime mover speed exceeds the synchronous speed and the slip is negative, the induction 

machine acts as a generator. If the synchronous speed is greater than the prime mover speed and 

the slip is positive, the machine acts as a motor.

When operating, the induction machine consumes reactive power to setup and maintain the internal 

magnetic fields. Most commonly this is supplied by the grid, which is not ideal for microgrid 

applications. However, self-excited induction generators (SEIGs) do exist for use in isolated 

generation applications. These work by connecting a capacitor bank to the output terminals of the 

generator in order to supply reactive power. While the self-exciting nature of SEIGs is 

advantageous, they also exhibit poor voltage and frequency regulation when the load is variable 

[28]. To manage this issue, power electronics can be utilized to regulate voltage and frequency to 

the grid, similar to the systems used with PMSGs. Another type of induction generator is the 

doubly fed induction generator (DFIG), which uses two windings. One of the windings forms the 

stator, while the other set is connected to the grid through a controller. The controller can be used 

to regulate the rotor current, which in turn enables control of frequency and voltage regardless of 

prime mover speed.

2.2.3 DC Generators

Direct current generators are electromechanical devices that convert mechanical energy into direct 

current electrical energy. Similar to synchronous generators, DC generators utilize a DC 

electromagnet or permanent magnet for excitation. The major drawback to DC generators is their 

expensive cost and significantly higher weight. DC generators usually produce low voltages, 

which makes transmission more inefficient and difficult [5]. AC generation is the most practical 

for isolated and remote areas [29].
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2.3 Power Conversion

While generators convert mechanical energy into electrical energy, rectifiers and inverters convert 

between AC and DC electrical power, and vice versa, respectively. Power electronic components 

such as diodes, transistors, and thyristors behave as switches whose manipulation and timing can 

be employed for conversion between AC and DC signals. Passive components like inductors and 

capacitors can be used to filter or smooth signals. The process of converting an AC signal to a DC 

signal is known as rectification, while the opposite process is called inversion [30]. Conversion 

between different levels of AC voltage is accomplished using a transformer, while conversion 

between different levels of DC voltage is accomplished with a switching converter.

Power conversion is relevant to hydrokinetic sources because highly variable resources must 

match a constant grid voltage and frequency. As previously stated, both PMSGs and SEIGs require 

power conversion before connection to the grid. This not only ensures proper voltage and 

frequency regulation, but also isolates the generation source electrically from the grid. If a fault or 

malfunction were to occur upstream of the grid connection, it is electrically isolated from the grid.

2.3.1 Rectifiers

A rectifier is an electronic circuit that converts an AC signal to a DC signal. This can be either a 

controlled or uncontrolled process. Uncontrolled rectification utilizes passive diodes to simply 

rectify the AC signal into a varying DC signal [31]. To obtain a smooth DC signal, filtering circuits 

are used. This is the simplest method of controlling the rectification process. Controlled 

rectification utilizes thyristors and transistors to obtain a controlled DC output voltage. These 

devices require a triggering signal at the gate node. By varying the triggering signal, the output 

voltage can be manipulated. Similar to uncontrolled rectification, filtering is commonly necessary 

to obtain a smooth DC output.

There are many rectifier topologies and strategies. Uncontrolled topologies using diodes have low 

costs and need no external excitation from a control signal. However, this lack of control can be 

undesirable when maintaining a fixed DC output. Current distortion can also occur on the generator 

side [32]. As rectifier topologies become controlled and more complicated, harmonic distortion 

tends to decrease, while cost, semi-conductor stress, and control all increase. Previous hydrokinetic 
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research implemented a simple diode rectifier installed at the terminal of a PMSG to successfully 

convert variable AC voltage into DC voltage [33].

2.3.2 DC Converters

DC converters are electronic circuits that change the voltage level of a DC signal. Since power 

must be conserved, these devices do not change the power contained in the DC signal since the 

current also changes proportionally. DC converters that lower the output voltage are known as 

buck converters. DC converters that raise the output voltage are known as boost converters. Some 

converters can step the voltage up or down depending on the input. These are known as buck-boost 

converters. There are many different converter circuits, but they all fall into one of the above three 

categories. DC converters can be used in wind turbine applications to control the torque on the 

turbine blades and thereby ensure that maximum power is being extracted from the wind [30].

2.3.3 Inverters

Inverters are electronic circuits that change a DC signal into an AC signal. This is accomplished 

with switching devices such as thyristors and transistors. By switching the DC signal on and off, 

an AC sine wave can be imitated. As the amount of time the DC signal is switched on increases, 

the time-averaged value goes up. By strategically varying the time the signal is on/off, an average 

signal that approximates a sine wave can be achieved. Figure 3 shows how variation of the pulse 

width can be used to approximate a sine wave. At any time that the reference signal vc is greater 

than the triangle waveform vΔ, the switch S1 conducts, while S2 is off. This controlled switching 

emulates a sinusoidal signal by conducting for longer periods of time near the peak of the reference 

signal and conducting for short periods of time near the edges of the reference signal. This pulse 

width modulation (PWM) technique can be used for each phase to simulate three phase power in 

a grid. Inversion with switching devices also allows for frequency variation as the switching 

frequency can be changed.
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Figure 3 - Pulse width modulation used to emulate an AC sine wave (copied from [30]).

2.3.4 Conversion Efficiency

Converter efficiencies depend on converter type, power level, manufacturer, and operating point. 

Transformer efficiency can vary substantially due to loading, build quality, and power capacity. 

High-quality rectifiers can operate near 90% efficiency. DC-DC converters vary depending on the 

configuration, but high-quality converters have efficiencies near 95%. Inverters can have 

efficiencies near 97-98% [34].

2.4 Microgrids

The US Department of Energy (DOE) defines a microgrid as “a group of interconnected loads and 

distributed energy resources (DERs) within clearly defined electrical boundaries that acts as a 

single controllable entity with respect to the grid. A microgrid can connect and disconnect from
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the grid to enable it to operate in both grid-connected or islanded mode [35].” In Alaska, 

communities that are isolated from the main Railbelt electric grid operate in a permanently islanded 

status. Perhaps a more accurate definition of a remote islanded microgrid can be given by 

Holdmann and Asmus, “An advanced remote microgrid can achieve greater than 100 percent 

instantaneous renewable penetration and 50 percent annual renewable generation while 

incorporating at least one non-firm renewable energy resource.” In fact, remote microgrids like 

those found in Alaska comprise over 40% of the global marketplace [36]. Traditionally, diesel 

generators have provided the bulk of the distributed energy resources and regulate voltage and 

frequency in the microgrid [37]. Microgrids consist of DERs, loads, and energy storage 

components, which must be balanced such that generated power equals load as in (2) 

where PDEMAND is the power demand at a particular point in time, PDERs is the power delivered by 

the various distributed energy resources in a microgrid, and PSTORAGE is the power delivered by 

any energy storage devices in the microgrid [38].

2.4.1 Distributed Energy Resources

DERs are sources of power in a microgrid. These resources can inject power into the microgrid to 

supply load demand. Typical energy resources in rural Alaska include diesel generators, 

photovoltaic panels, wind turbines, and more recently hydrokinetic sources. Since hydrokinetics 

are a renewable source of energy, the goal is to maximize the power contribution of hydro 

whenever possible. However, since diesel generators have a widely varying efficiency curve, it is 

most economical to keep these resources operating in that particular range which optimizes their 

efficiency. The challenge therefore becomes maximizing renewable penetration into the total 

power generation, while managing operation of traditional generators so that an inefficient 

operating point does not outweigh the benefits of using renewables.

2.4.2 Loads (Demand)

Loads (demand) are electrical components that consume electric power [39]. These can include 

appliances, equipment, lighting, or motors. Loads can be separated into two categories: primary 

and secondary. Primary loads are essential loads that need uninterruptible power. Examples may 
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include clinics, housing, water pumps, or other infrastructure. Secondary loads are loads that can 

be deployed in times of high generation. These may be resistive banks that serve no useful purpose 

other than balancing generation with loads, or deployable useful loads like electrical heating that 

utilize excess generation toward some usable end. When generation is low, load shedding may 

become necessary. This ensures that essential infrastructure receives constant power, while other 

non-essential loads are disconnected to maintain the generation to load balance.

While many loads consume almost completely real power, some electrical loads also require a 

source of reactive power. These are called inductive loads. Induction motors require reactive power 

to maintain their magnetic fields, as well as real power to spin. Depending on the generator 

selection for converting the renewable energy source to electrical power, there may not be enough 

reactive power generated. The addition of capacitive loads can supply reactive power without 

modifying the generation scheme.

2.4.3 Energy Storage

Energy storage is any equipment or infrastructure designed to store energy for later use. Short term 

storage includes capacitors, flywheels, and batteries. Long term storage elements may be pumped 

hydro, fuel tank storage, and fuel cells. Storage elements are used to compensate spikes or lapses 

in generation capacity which may impact the power quality of the resource [40]. An example of 

this would be cloud cover reducing photovoltaic output or a temporary calm period for wind 

generation. One advantage of hydrokinetics is that theoretically these kinds of temporary 

generation gaps are limited. For a felicitous hydrokinetic site, periods of non-generation should be 

infrequent. While the power output may vary for a hydrokinetic source due to the variable nature 

of rivers, non-generation events should be limited when compared to wind and solar. While many 

hydrokinetic sources use energy storage elements such as batteries, they are not as essential when 

compared against traditional renewables.

2.4.4 Microgrid Frequency Response

Microgrids commonly use a droop-based control scheme when islanded. This means that the 

rotational speed of DERs are monitored. When the microgrid load exceeds generation, the 

frequency will begin to decrease and the generator speeds will droop. DERs are classified into 

three categories: grid-forming, grid-following, and grid-supporting. Grid-forming DERs usually
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include traditional diesel generators and energy storage devices, which are operated as voltage 

sources that regulate frequency and voltage level. Grid-following DERs are usually dispatchable 

renewable sources operated as current sources and follow the microgrid frequency and voltage set 

by the grid-forming DERs [41]. However, since renewables can be intermittent, frequency 

instability can be a concern, especially in microgrids where renewables can make up a significant 

percentage of the total generation [42]. Grid-supporting DERs are inverters that “share real and 

reactive loads via frequency and voltage control [43].”

Zhou et al. have proposed a two-stage load shedding scheme in order to maintain frequency in an 

islanded microgrid [41]. The first stage counteracts rapid frequency drops caused by microgrid 

islanding, but similar frequency drops could happen in permanently islanded microgrids as well. 

By shedding an initial set of loads, the frequency converges towards a stable value and stops 

falling. The second stage of load shedding increases the frequency back to a safe value. The second 

stage of load shedding also avoids generator tripping as the generators try to supply more current 

than is safe. Another proposed frequency regulation tactic is rapidly controllable thermal loads 

which can be used to increase or reduce the grid loading as necessary for frequency stability [44].

2.5 Hydrokinetic Power Smoothing

To counteract the effect of variation of stream flow on generation, hydrokinetic sources require a 

method of smoothing the output power to the microgrid. While some research has been done on 

hydrokinetic power smoothing, wind power smoothing has been studied quite extensively. Power 

fluctuations can cause the grid frequency to change, active power generation can change causing 

voltage flicker, and frequency and voltage fluctuations create poor power quality and lead to an 

unstable system [45]. Power smoothing strategies can be broken into two primary categories:

1. Energy storage devices like super-capacitors, batteries, fuel cells, and flywheels can be 

used to regulate power output.

2. Power smoothing can also be done by regulating the DC-link voltage or controlling the 

mechanical system to regulate mechanical power.
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2.5.1 Energy Storage Power Smoothing

Energy storage devices intended for power smoothing are usually connected to the DC-link 

between the rectifier and inverter of a three-phase generator. For short term power smoothing, a 

super-capacitor can be used [46]. During periods of high generation, part of the power generated 

goes into charging the capacitor. When generation decreases, the capacitor discharges and 

maintains the power level. A drawback with capacitors is they are typically quite expensive and 

the energy storage timeframe is only 30-60 s [45]. Similarly, a battery system can be used at the 

DC-link. The batteries will charge during periods of high generation, and discharge during low 

generation periods. Drawbacks with battery storage includes their size, cost, and maintenance. 

However, due to their wide-spread usage, batteries can be more cost effective than alternative 

storage systems, while also having energy storage timescales that are much longer than super

capacitors.

Flywheels are mechanical devices that store kinetic energy. A mass is rotated using excess power, 

until additional power is required. By converting the rotational energy back into electrical energy 

during low power events, the overall power output of the combined systems is smoothed. 

Unfortunately, flywheels are usually not applicable to small scale generation due to their large 

size, maintenance requirements, and cost.

Several more advanced and costly energy storage systems are being researched. These include 

superconducting magnetic energy storage (SMES) devices. Energy is stored in a magnetic field 

created by a DC current in a superconducting coil. In order to function, these storage devices 

require extremely low temperatures (5-70 K), which in order to obtain would create a cooling load 

in excess of the generation capabilities of the renewable source [47], [48].

2.6 Maximum Power Point Tracking (MPPT)

Maximum power point tracking (MPPT) is a technique used in renewable energy systems to 

extract the maximum power available from a resource over a full range of operating points [49], 

[50]. Several techniques exist to manage the power point tracking, but the most common is the 

perturb and observe method [51], [52], [53], [54], [55]. One MPPT method was proposed that 

optimizes the operating point for a wind energy conversion system in speed control mode 

independently of turbine characteristics and air density [56]. To be effective as a renewable energy 
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resource, hydrokinetics must also implement some form of MPPT. The vertical oscillator will have 

a unique power curve based on the generator selected and the operating behavior. This means 

every operating speed and condition of the vertical oscillator will have an ideal loading that will 

extract the maximum amount of power available. A parameter-independent intelligent power 

management controller with a slope-assisted MPPT algorithm was proposed in [57] with small 

standalone wind energy systems in mind. Common to all MPPT methods is the necessity of power 

electronics for controlling active and reactive power and managing the MPPT algorithm [58].

2.7 Conclusion

Despite the novelty of this particular hydrokinetic device, numerous research projects have 

investigated topics that are central to the design and implementation of this device. In particular, 

generators, power conversion systems, microgrids, and previous hydrokinetic studies were 

reviewed prior to the commencement of the design process. This general review served as an 

essential gathering of background knowledge requisite to exploring the possibilities of vertical 

oscillations for hydrokinetic power generation.
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Chapter 3 - GENERATOR SELECTION AND MODELING

3.1 Introduction

Generator selection is a very important design parameter for any power generation application. 

For the vertical oscillator hydrokinetic energy harvester, the anticipated mechanical power output 

was 3 kW. Due to losses inherent to power conversion techniques, the generator must be oversized 

at a minimum of 4 kW to meet the design guideline. Since DC generators are prohibitively 

expensive, one of the AC generator topologies will be selected for this hydrokinetic application. 

A thorough comparison between the operating characteristics of induction and synchronous 

generators will be required to select an appropriate machine.

Simulation of the electrical power conversion system in software is a powerful tool in the design 

development. For the purposes of this test system, simulation was performed using 

MATLAB/Simulink®. Simulink® was chosen because it has built-in functionality (SimScape 

Electrical) for simulation of power systems and power electronics. Simulink® has previously been 

used in several other hydrokinetic studies in the literature [59].

3.2 PMSG Physical Construction

PMSGs come in a wide variety of shapes, sizes, and electrical characteristics. Indeed, one of the 

advantages of these type of generators is their physical construction can change the behavior of 

the machine drastically. For example, the number of magnetic poles in the machine alters the 

electrical output frequency. This is governed as defined in (3) 

where fe is the electrical output frequency in Hz, nm is the mechanical speed of the rotor, and P is 

the number of pole pairs [20]. Electrical frequency and the number of poles are directly 

proportional, while the required mechanical speed to have a constant output frequency can be 

reduced if the number of magnetic poles increases. For low speed prime movers such as 

hydrokinetic sources, lowering the required mechanical speed is advantageous because this 

reduces the size of any required transmission system. The addition of poles presents a significant 

drawback in that the construction of electrical machines with a high number of poles requires a 
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significantly larger and heavier design. In fact, a comparison between an eight pole versus a ten 

pole machine considered for this design found that weight increased by 205.5%, length increased 

by 120.2%, and width increased by 152.0% for the machine with more poles [60]. Additionally, 

the power output grew by a factor of 2.5. While additional poles are advantageous for more closely 

matching a slow prime mover speed to the grid frequency, there are drawbacks that have to be 

considered. Since hydrokinetic sources are often deployed in remote areas where shipping costs 

are significant and weight or size dependent, choosing a larger device can have some serious 

implications on installation cost. Additionally, the generator will be mounted onto the hydrokinetic 

barge, which will require a buoyancy analysis as the generator placement becomes a stability 

problem when the device is in operation.

The design decision of pole number depends on several factors. Since the resource is highly 

variable, the use of power electronics was anticipated to rectify and invert the signal. Therefore, 

the need to match the output electrical frequency to the grid is lessened. It is expected that having 

the electrical output frequency close to the grid speed, even with rectification and inversion, will 

reduce the presence of harmonics in the power conversion system. Larger machines with more 

poles can operate at a lower speed, but require more input torque as governed in (4) 

where Pmech is the mechanical power, τ is the torque, and ωmech is the mechanical speed [20]. To 

keep the same power, torque must increase. This means that the hydrokinetic source is required to 

provide a proportionally larger torque since the requirement for speed has diminished. This puts 

more mechanical stress on the prime mover, transmission system, and generator. Increasing the 

mechanical stress will ultimately impact the longevity of the system as the fatigue and number of 

cycles must be considered. Since vertical oscillators require a transmission system to convert linear 

motion into rotary motion, some design optimization can be performed to obtain a suitably high 

prime mover speed to reduce harmonics, while still providing enough torque to supply power.

3.3 Generator Operating Characteristics

Since it has been shown that generator construction considerations are an integral part of the 

design, the electrical characteristics of different machines should be quantified. Specifically, the 

first consideration is the effect of pole number and prime mover speed on power output in 
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commercially available devices. It is anticipated that additional poles will yield a higher rated 

power at a discrete value of rotational speed.

Figure 4 shows a typical power output versus input prime mover speed curve for both a 8-pole and 

10-pole PMSG [61]. As expected, increasing rotational speed results in a higher power output as 

governed by (4). This assumes the torque remains constant, which is expected for a constant 

electrical loading condition. A quick comparison confirms that the higher number of poles will 

lead to more power output at any given rotational speed.

Figure 4 - Characteristic speed versus power output curves for commercially available 8-pole and 10-pole permanent magnet 
synchronous generators.
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3.4 Generator Manufacturer's Data

Once the generator selection process was completed, a Simulink® model was developed around 

the 10-pole PMSG purchased for this particular application. Specifically, this generator is a DSG 

P Series 112.14-10 model from manufacturer Hubner Giessen. The generator manufacturer 

provided the information shown in Table 1.

Table 1 - 10-pole PMSG nameplate parameters without manufacturer's rectifier installed on the generator output.

Parameter Value Units
Nominal Power 7800 W
Nominal Rated Speedfrequency 2000 / 166.67 RPM/Hz
Nominal Torque (approx.) 42 N-m
No-load Voltage 388 / 524 Vll /Vdc

Nominal Voltage (approx.) 310 / 414 Vac /Vdc

Nominal Current (approx.) 14.5 / 19 Aac /Adc

The manufacturer provided the option for a diode rectifier installed at the terminal box of the 

generator. This limited the allowable current output from the rectifier to 17 ADC and altered the 

machine parameters as shown in Table 2.

Table 2 - 10-pole PMSG nameplate parameters with manufacturer's rectifier installed on the output.

Parameter Value Units
Nominal Power 7000 W
Nominal Rated Speedfrequency 2000 / 166.67 RPM / Hz
Nominal Torque (approx.) 37 N-m
No-load Voltage 388 / 524 Vll/ Vdc

Nominal Voltage (approx.) 311 / 415 Vac / Vdc

Nominal Current (approx.) 13 / 17 Aac / Adc
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Further, the manufacturer was able to provide a generator power curve based on the generator shaft 

speed as shown in Figure 5.

Figure 5 - Manufacturer speed versus power output curve for 10-pole permanent magnet synchronous generator demonstrating 
the maximum power output of the generator at various rotational speeds.

3.5 Model Development

In order to replicate the behavior of the manufacturer's data for the PMSG, the permanent magnet 

synchronous machine block was used in Simulink®. Previously, this block has been extensively 

used in the modeling of wind energy conversion systems [62]. Simulation of a small PMSG from 

manufacturer's data was discussed in [63]. In order to use the machine block, several parameters 

have to be specified that tell the model how the physical generator works.
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3.5.1 Permanent Magnet Synchronous Generator Block

The first parameter of interest is the voltage constant. The units of the voltage constant are 

VLL,peak/krpm as shown in Figure 6.

Figure 6 - Screenshot of Simulink® permanent magnet synchronous generator block parameter window showing the required 
values for modeling.

The voltage constant dictates the correlation between generator shaft speed and voltage output at 

the generator terminals. However, the measurements provided by the manufacturer cannot be used 

directly for this parameter. This is because the manufacturer's measurements were taken at the 

terminal box of the generator. This means that some voltage drop over the resistance of the stator 

has already occurred. If the manufacturer's measurements are used directly in the model, the output 

voltage of the model is lower than anticipated since there is an additional voltage drop over the 

stator resistance. The stator resistance is given by the manufacturer and verified with physical 

measurement as being 0.66 Ω for all three phases.
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where CV is the voltage constant of the machine and VLN is the line-to-neutral voltage of the 

machine. In (6), the first factor is the conversion from a root mean square voltage to peak voltage. 

The second factor is the conversion from line-to-neutral voltage to line-to-line voltage.

A final parameter to add to the generator model is the armature inductance, Ls. This was measured 

by the manufacturer as being 0.85 mH. Experimental measurement of generator parameters 

compares favorably to both analytical and finite element approaches as shown in [64].

3.5.2 Diode Rectifier

The generator manufacturer supplied a simple diode rectifier pre-installed at the terminal box of 

the generator. Diode rectifiers have an output voltage governed by (7)

24

To properly derive the voltage constant, the internal generator armature voltage, Ea,gen, must be 

calculated as in (5)

where Ea,gen is the internally generated armature voltage, VLL is the line-to-line output voltage at 

the terminal, Ia is the armature current of the machine, and Rs is the stator resistance [20]. However, 

since the generator voltage constant units are VLL,peak/krpm, the line-to-neutral voltage needs to be 

converted to a line-to-line peak voltage by (6)

where Vdo is the ideal output voltage, VLL is the line-to-line voltage of the generator, and ω is the 

electrical frequency in rad/s of the generator output [31]. The voltage Vdo in (7) predicts the output 

of an ideal diode rectifier with no inductance at the source. However, since the armature does have 

some inductance associated with it, the voltage output will be smaller than predicted by (7). The 

modification for source inductance is shown in (8)



where Vd is the modified output voltage of the rectifier, ΔVd is the ripple in the output created by 

the inductance Ls, while Id is the output current of the rectifier [31].

3.5.3 DC Link Smoothing Components

The acquired generator did not come with smoothing components such as inductors or capacitors 

after the rectifier. In the modeling process, these components were used to filter voltage and 

current ripple seen in the output of the rectifier. To size the components, the values were adjusted 

until the ripple became equal to 10% of the total magnitude of the voltage or current as in (9) and 

(10)

3.5.4 Inverter

For connection to an AC power grid, an inverter will be required to change the DC output of the 

rectifier to an AC signal. This is done by pulse width modulation (PWM), which entails the 

comparison of a sinusoidal reference signal with a constant triangular waveform to generate pulses 

that control the switching in the inverter. The output of the inverter has a fundamental frequency 

that matches the carrier frequency of the reference signal. In this case, the carrier frequency is 60 

Hz, such that the output of the inverter will also be 60 Hz and suitable for a grid connection. 

However, harmonic content at frequencies other than the fundamental will also exist. The 

frequency modulation ratio is defined by (11) 

where mf is the frequency modulation index, fcarrier is the carrier frequency in Hz, and freference is the 

reference frequency in Hz. By increasing mf, the frequency of the harmonics increases, however, 
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where Vrip is the ripple voltage, Vdc is the output voltage, Irip is the ripple current, and Idc is the 

output current. Previous work has been done on estimating the sizes of filter inductors and 

capacitors [65], [66]. Overall, this trial and error approach is sufficient for characterizing the 

generator output through the rectifier as filtering will not be done during laboratory testing. 

However, some filtering helps to remove transient behavior from the Simulink® model.



where VAN represents the line-to-neutral voltage of one of the inverter legs, ma is the amplitude 

modulation ratio, and Vd is the input voltage to the inverter [67].

3.6 Simulink® Simulations

Simulink® has many convenient tools for modeling power systems. Primarily, the permanent 

magnet synchronous machine block is used for modeling the generator used for the vertical 

oscillator. This block models a permanent magnet motor or generator [68]. The operating mode is 

decided by the sign of the torque (positive torque represents motor operation and negative torque 

represents generator operation). Using a rotating reference frame about the rotor for a PMSG, the 

governing equations are shown as in (13) and (14)
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losses due to switching also increase. To eliminate even numbered harmonics, mf should be an odd 

integer. Additionally, using an mf value that is a multiple of three cancels out the most dominant 

harmonics in the line-to-line voltage [67].

To control the amplitude of the fundamental frequency component in the output voltage, the 

amplitude modulation ratio is used. The peak value of the fundamental frequency component in 

one of the three inverter phases is given by (12)

where Vs, Im, Rs, Lm, Φr, ωr, θ are the stator vo ltage, stator current, stator resistance, machine 

inductance, rotor flux, rotor speed, and the rotor flux angle, respectively [69].

To simplify the governing equations behind the PMSG operation, a direct-quadrature-zero 

transformation is performed. This transformation rotates the reference frame of a three-element 

AC signal to a reference frame with only DC signals by utilizing the product of the Park and Clarke 

transforms, shown in (15) and (16), respectively, with the dqz product in (17).



The results of this transformation are shown in Equations (18)-(20) 

where Ld and Lq are the d a nd q axis inductances, respectively, Rs is the stator resistance, id and iq 

are the d and q axis currents, respectively, Vd and Vq are the d and q axis voltages, respectively, ωr 

is the angular speed of the rotor, λ is the amplitude of the flux induced by the magnets, p is the 

number of poles, and Te is the electromagnetic torque [70], [71], [72]. These three governing 

equations describe the output voltage, current, and electromagnetic torque of the permanent magnet 

generator. Inputs to the system can either be torque or speed.

The electrical output frequency of the generator can be related to the rotor speed by Equation (21) 

where ωe is the output angular electrical frequency of the generator, ωr is the angular rotor speed, 

and p is the number of poles in the machine. The d and q axis components of the flux are given by 

(22) and (23)
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where Φsd and Φsq are the d and q axis components of the stator flux, respectively, Ld and Lq are 

the d and q axis components of the stator inductance, respectively, Φm is the permanent magnet 

flux, and isd and isq are the d and q axis currents, respectively [73]. Figure 7 shows the Simulink® 

model constructed to represent the generator, rectifier, smoothing components, and resistive load. 

The inverter block will be added to subsequent models that incorporate the conversion of power to 

supplement the grid.

Figure 7 - Simulink® model block diagram of the permanent magnet synchronous generator with rectifier, smoothing 
components, and constant resistive load.

3.7 Model Verification

In order to test the validity of the developed model, some simple simulations were performed to 

ascertain if the generator model was accurately mirroring the characteristics provided by the 

manufacturer. The manufacturer did not provide information about the loading used during the 

testing process. However, the resistive value of loading can be calculated using (24)

where R is the load resistance, V is the output voltage at a particular power output, and P is the 

power output. Thus, the resistive load is calculated and can be used in the Simulink® model. 

However, this calculation only applies at the maximum power output of the generator. If the 

generator is assumed to have a voltage output linearly proportional to speed, the load resistance 

required to achieve full-load current at different speeds can be calculated as in (25) 
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where Rrated is the resistive load at rated conditions, Rmodel@RPM is the resistive load at a particular 

speed required to have the generator operate at full load, Nact is the actual operating speed of the 

generator, and Nrated is the rated speed of the generator. Table 3 shows the generator and rectifier 

model output with varying load resistances and speeds.

Table 3 - Simulation results for permanent magnet synchronous generator with rectifier model verification for varying resistive 
loads and speeds.

Speed 
(RPM)

Speed 
(rad/s)

Pgen

(W)
Prect

(W)
VLL Gen
Out (V)

IRMS 

Gen (A)
DC

Voltage
(V)

DC
Current

(A)

Resistance
(Ω)

200 20.944 372.3 347.8 21.76 9.879 27.66 12.57 2.2

600 62.832 1830 1704 83.35 12.68 106.1 16.07 6.6

1000 104.720 3395 3174 146.1 13.42 186.8 16.99 11

1500 157.080 5412 5050 226.3 13.81 288.6 17.49 16.5

2000 209.440 7439 6931 306.7 14 390.5 17.75 22

The simulations in Table 3 were performed for one second in simulation time to minimize the 

transient behavior of the system. Notice the rated speed operating characteristics. The 

manufacturer indicated a maximum rms VLL of 310 VAC and a current of 14.5 AAC. The model is 

showing a maximum rms VLL of 306.7 VAC and a current of 14 AAC. Considering that the 

manufacturer's data is approximate, and the model development makes assumptions about the 

generator and loading scenarios, the small differences between the manufacturer's data and the 

simulation results from the model are favorable. Sources of error could include the smoothing 

components and the diode rectifier.

Figure 8 shows the speed and power curves for the manufacturer's data and model. Notice that the 

model is closely following the behavior of the manufacturer's data. The portion of the curves with 

the largest error occurs at higher operating speeds. A potential source of the discrepancy is the 

source inductance. Since the inductive impedance is proportional to frequency, it increases with 

speed (and therefore frequency). Without an exact value of the generator impedance, it is difficult 

to know the effects of the inductance on the system loss in the model. Overall, the model is still 

accurately predicting the power output characteristics of the generator.

29



Figure 8 - Speed versus power relationship of the permanent magnet synchronous generator before the rectifier for model and 
manufacturer's data.

A closer inspection of Table 3 reveals that the current out of the rectifier is 17.75 ADC at rated 

speed, which exceeds the maximum value given by the manufacturer of 17 ADC. For experimental 

testing, this would not be a safe operating condition and could lead to overheating and damage to 

the generator or rectifier. To compensate for this overcurrent in the model, a scaling factor can be 

applied to the power output of the generator. Because power output data at other operating speeds 

other than the rated speed with the rectifier installed were not available, the scaling factor was 

applied as a constant over the full range of operation. Since the relationships between speed, 

voltage, and power are linearly proportional, this assumption does not violate the algebraic 

relationships between those parameters. The installation of the rectifier limits the output power at 

rated speed to 7000 W. From this information, the relationship in (26) can be used to calculate the 

scale factor for the generator.
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Applying the scale factor to the manufacturer's ratings, the modified power output is shown in 

Table 4.

Table 4 - Scaled power ratings at different operating speeds for permanent magnet synchronous generator using an assumed 
constant scale factor.

Speed 
(RPM)

Original Power 
Rating (W)

Scaled Power 
Rating (W)

200 340 305.13
600 1700 1525.64
1000 3500 3141.03
1500 5800 5205.13
2000 7800 7000.00

With the modified power curve in Table 4, the load resistance applied to the generator is increased 

(lowering the current and power output). This modification is reflected in Table 5.

Table 5 - Simulation results for permanent magnet synchronous generator with rectifier and modified power output model 
verification for varying resistive loads and speeds.

Speed 
(RPM)

Speed 
(rad/s)

Pgen

(W)
Prect

(W)
VLL Gen
Out (V)

IRMS
Gen (A)

DC
Voltage

(V)

DC 
Current

(A)

Resistance 
(Ω)

200 20.94 679.1 628.4 30.8 12.73 39.24 16.02 2.45
600 62.83 1705 1590 84.59 11.64 108.1 14.71 7.35
1000 104.72 3140 2936 147.8 12.26 189.6 15.48 12.25
1500 157.08 4975 4648 228.2 12.58 292.2 15.9 18.375
2000 209.44 6816 6362 308.8 12.75 394.8 16.11 24.5

Table 5 shows that the DC current has now been limited to 16.11 ADC, which is below the 

requirement of 17 ADC.

Figure 9 demonstrates the power curves for the modified power output. This includes curves for 

the scaled manufacturer's data, the modeled rectifier output data, and the model generator (pre

rectifier) output. As expected, the generator power curve is always greater than the rectifier power 

curve because losses are introduced in the diode bridge as well as the smoothing components 

present on the DC link where the rectifier measurement is taken. The difference between the 

generator and rectifier power output increases with increasing speed. This shows that the rectifier 

model losses are linear in nature, with more input power equaling more losses. At low rotor speeds,
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the model overestimates the generator power output compared to the manufacturer's data. This 

could again have to do with the generator stator inductance. The model underestimates the 

performance at higher rotor speeds. Notice, however, that the overall trend is observed for all cases 

with a slight curve at around 600 RPM leading into a nearly linear increase with the speed. This 

suggests that the model is more accurate at predicting power outputs at higher rotor speeds, which 

is where the hydrokinetic harvester is predominately expected to operate.

Figure 9 - Comparison of speed versus output power curves for permanent magnet synchronous generator with the rectifier for 
manufacturer's data, model rectifier output, and model generator.

Another useful test for the generator model is a constant resistance with varying speed simulation. 

This will model the generator being connected to a constant load instead of continuously operating 

with maximum power output. The resistance used for these simulations is the full load resistance 

of 22 Ω. By using this value, the generator will be limited to the full load condition only at rated 

speed. The power outputs of the generator and rectifier are shown in Figure 10.
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Figure 10 - AC and DC power outputs of the permanent magnet synchronous generator model at various speeds up to the rated 
speed with constant full resistive load.

Figure 10 shows that the output power curves now have an exponential behavior as the speed 

increases. This means at higher speeds with a constant full resistive load, the power output of the 

generator can change drastically. Small changes in speed near the rated speed have much larger 

changes in power output compared to lower speeds. For hydrokinetic testing, this means that power 

spikes can be quite large with even small changes in generator speed due to the exponential 

character of the power curve. These spikes will be mitigated with power electronics and 

controllable power converters.
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Figure 11 shows the current output of the model with constant full-load resistance and varying 

speed. As expected, the behavior is nearly linear over the full range of speeds. Notice that the AC 

measurement is a three-phase value. Since the three phases all contribute to the output current after 

rectification, it is expected that the DC value is always greater than the AC value for all cases.

Figure 11 - AC and DC current outputs of the permanent magnet synchronous generator model with constant full-load resistance 
over a full range of input speeds.
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Figure 12 shows the voltage behavior of the model is also linear in nature. This explains the 

exponential power curve in Figure 10 since the product of voltage and current is power. Since both 

voltage and current are linear, the product of the two is exponential in shape. Similar to Figure 11, 

the three AC phases all contribute to the output DC voltage. This means that the DC voltage is 

always greater than the value of any one AC phase voltage.

Figure 12 - AC and DC voltage outputs of the permanent magnet synchronous generator model with constant full-load load 
resistance over a full range of input speeds.

Another test of the model demonstrated the behavior of the generator voltage regulation. Voltage 

regulation is defined by (27) as
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where VR is the voltage regulation percentage, Vnl is the no load voltage of the generator, and Vfl 

is the full load voltage of the generator [20]. Unlike a typical synchronous generator, voltage 

regulation control is not possible by changing the field current since the flux is fixed by the



permanent magnets of the PMSG. As a result, the only way to control the terminal voltage is by 

controlling the load on the generator directly. Since the generator power output is fixed by the 

prime mover, if too much current is drawn from the device, the voltage will be lowered by the Law 

of Conservation of Energy. The results of this testing are shown in Figure 13. As expected, the 

line-to-line voltage of the generator at the terminal is well-regulated at higher load resistances. At 
22 Ω, the rated condition is met. Further decreases in load resistance show drastic reductions in 

the terminal voltage as the generator struggles to meet the current demand of the system while 

maintaining the power balance.

Figure 13 - Line-to-line terminal voltage versus load resistance for the permanent magnet synchronous generator model at rated 
speed demonstrating the voltage regulation characteristics.

The previous simulations have involved modeling the generator and rectifier as one unit connected 

directly to a load. By adding the 2-level converter block, the performance of an inverter can be 

modeled. The complete topology of the system is shown in Figure 14
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Figure 14 - Simulink® model topology including the permanent magnet synchronous generator, rectifier, inverter, and controls for regulating the output voltage of the inverter.



The inverter is shown by the 2-level converter block connected to the balanced three-phase 

resistive load. In order to use this block, pulses must be generated to control the firing of the 

transistor internal to the inverter [74]. Pulses in Simulink® can be generated by a reference signal 

of three sinusoids using the PWM generator. The reference signals are generated in the three-phase 

inverter control block. The reference signal includes amplitude, frequency, and phase shift 

controls. For a steady 60 Hz output, the frequency and phase shift controls are set to 60 Hz and 0°, 

respectively. The amplitude of the reference signal is controlled by the modulation index and 

serves as a way to modify the output voltage. To do this, the output of the inverter is compared 

with a target signal of 120 VAC (for a single-phase output). Proportional-integral-derivative (PID) 

control is used to regulate the modulation index between 0 and 1. Due to the complexity of the 

inverter model, the controller gains had to be tuned within Simulink® until the desired performance 

was achieved. This form of voltage control has previously been mentioned in other work on 

inverter control [75], [76], [77]. As the modulation index changes, a corresponding change in 

output voltage is observed and the system continually tries to approach 120 VAC (zero error). This 

type of control scheme is known as grid-side inverter control because the active control is done on 

the grid connected inverter side as opposed to a controllable rectifier which could be used to control 

the DC output of the rectifier [78].
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Figure 15 shows the three-phase output voltages of the inverter with a fixed speed and modulation 

index. As shown, PWM is being used to emulate a 60 Hz signal, as the peaks of the sine waves 

have prolonged periods of positive voltage when compared to the portions near a zero crossing. 

Additionally, the three phases are offset by 120° as required for a grid connection.

Figure 15 - Inverter output phase voltages (A, B, and C from top to bottom) with modulation index fixed at 1, a generator input 
speed of 1600 RPM, and a full-load load resistance of 22 Ω.

39



Figure 16 shows the results of implementing a step change in generator speed on the voltage 

output of the inverter. At the step, the modulation index changes rapidly and has a lower overall 

value as expected since the voltage has increased. The overall single-phase line-to-neutral 

voltage is shown to remain constant near 120 VAC.

Figure 16 - Simulation results showing the impact of a step change in permanent magnet synchronous generator input speed 
(top) on the output voltage of the inverter (middle) and the control of the modulation index (bottom).
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Similarly, Figure 17 shows the inverter control during a ramping of the generator speed. As the 

voltage increases, the modulation index begins to decrease. There is some transient behavior at the 

onset of the simulation where the single-phase voltage collapses, which seems to be a result of the 

simulation initialization as the transient behavior quickly converges to a steady 120 VAC signal as 

in the case for a step change in the generator speed.

Figure 17 - Simulation results of a ramp change in permanent magnet synchronous generator input speed from 100-200 rad/s 
(top) on the output voltage of the inverter (middle) and control of the modulation index (bottom).
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3.8 Conclusion

Overall, this chapter discussed the differences between synchronous and induction generators, 

especially with regards to renewable resource power generation. Since the PMSG has been 

commonly implemented in other similar renewable projects and offers favorable characteristics 

for remote use, this type of generator was selected. This device will form the basis of the vertical 

oscillator power conversion system. The chapter concluded by discussing the physical construction 

and characteristics of PMSGs including the effect of poles and the basic governing equations.

This chapter also detailed the modeling process behind the creation of a functional Simulink® 

model of the PMSG, rectifier, and inverter system that was specified for use on the vertical 

oscillator based hydrokinetic device. Using manufacturer's data and specifications, a generator 

model was developed from the provided tools in Simulink®. Multiple loading conditions and 

operating speeds were simulated and compared with available information from the manufacturer. 

The overall result of this comparison showed that the simulation closely emulated the expected 

behavior. Additional components such as a rectifier, DC link smoothing devices, and a controllable 

inverter were modeled in tandem with the generator to explore power conversion strategies. The 

next chapter will further investigate the validity of this model by offering a comparison between 

the simulation results and actual measurements taken in a laboratory setting.
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Chapter 4 - TEST BENCH CONSTRUCTION AND EXPERIMENTAL RESULTS

4.1 Introduction

In order to validate the Simulink® model of the generator, rectifier, and inverter system, a test 

bench was constructed consisting of a variable frequency drive and induction motor coupled to the 

PMSG as shown in Figure 18. Additional test bench equipment included a transformer, circuit 

breakers, power analyzer, and torque sensor. The test bench was designed to give full control over 

the operating conditions of the generator and allow for accurate measurements of all aspects of the 

system. Previously in [79] and [80], electromechanical systems including dedicated prime movers 

have been used for emulating the behavior of hydrokinetic or wave energy harvesters.

Figure 18 - Photograph showing the layout of the laboratory test bench complete with (1) variable frequency drive, (2) DC 
power supply, (3) digital multimeter, (4) power analyzer, (5) generator, (6) torque sensor, and (7) motor [Photograph courtesy of 

Michael Wise, ACEP].
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4.2 Laboratory Power Supply

The laboratory is equipped with a three phase, 208 VAC power supply via a 60 AAC circuit breaker 

as shown in Figure 19.

Figure 19 - Laboratory power supply receptacle and circuit breaker [Photograph courtesy of Michael Wise, ACEP].

The receptacle is a NEMA type 15-60. For convenience, a NEMA 15-60 plug will be used so that 

the system can be easily connected to the power supply.

One important design consideration for this project is the voltage level. Since the prime mover 

used will be a three-phase induction motor, a three-phase supply is required. However, since this 

equipment will be used in laboratories with both 208 VAC and 480 VAC three-phase supplies, a dual 

voltage motor with two variable frequency drives would be required, unless a transformer was 

purchased that could step up 208 VAC to 480 VAC. Since a transformer would expand the capability 

of the laboratory by giving it a 480 VAC supply, this design approach was implemented for the test 

bench. The transformer should be useful for future projects and student learning in the laboratory.
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4.3 Prime Mover

An adequately sized prime mover was required to spin the generator at a variety of operating points 

and conditions. The maximum power rating of the vertical oscillator prime mover is approximately 

3 kW, which means that the maximum generator power output of 7.8 kW is safely oversized for 

the application. Due to the low power output, it is not necessarily required to have a motor with a 

larger power rating than the generator. This means full load operation may not be entirely possible, 

but the full spectrum of operating conditions of the vertical oscillator can be emulated. This is 

shown in Figure 20 with the power curves for both the generator and prime mover on the same 

plot.

Figure 20 - Comparison between the drive motor and generator power curves at different speeds.

The only operating points at which the motor can supply less power than the generator requires for 

full load operation occur at speeds above 1900 RPM. However, since the vertical oscillator 

mechanical power output is far less than this value, these particular data points are not of interest 

and will not affect the value of the testing results. Further, as previously discussed, the presence 

of the rectifier limits the electrical power output of the generator to 7000 W, which is below the 

motor power curve at all points.
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Figure 21 shows a comparison between the motor and generator torque curves at different 

operating points. Again, the only portion of the curves where the prime mover cannot match the 

required torque at the generator is above 1900 RPM. At all other operating conditions, the motor 

is capable of supplying more torque than the generator requires. This makes this motor acceptable 

as a prime mover for the test bench design as it can successfully emulate all the expected operating 

points of the vertical oscillator, despite not covering the full range of operating conditions for the 

generator itself.

Figure 21 - Comparison between the drive motor and generator torque curves at different speeds.

A 15 hp motor is the next highest standard motor size available from industrial suppliers, however, 

the higher power output capacity also comes with a significantly higher cost to the project. 

Considering the small range of operating conditions that the higher power capacity motor would 

enable the additional cost was deemed unnecessary.
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Table 6 shows the nameplate specifications for the Baldor EM3774T induction motor acquired for 

this project via a local vendor. The motor is capable of dual voltage operation, but the variable 

frequency drive selected for the application operates at the nominal 460 VAC setting. Full load 

current at the higher voltage level is 12.2 AAC.

Table 6 - Baldor EM3 774T induction motor nameplate parameters.

Power Rating 10 HP
Volts 230/460 Vac

Amps 24.4/12.2 Aac

RPM 1760 RPM
Frame 215T
Service Factor 1.15
Nominal Efficiency 91.7%
Power Factor 83%

Figure 22 shows the wiring configurations for the two voltage levels available for this motor. Since 

the induction machine acts as a “rotating transformer,” the number of windings on the secondary 

side determines the voltage level. At the higher voltage setting, the two sets of windings are 

connected in series, effectively doubling the voltage observed on the secondary side of the 

transformer. At the lower voltage setting, the windings are connected in parallel, so the observed 

voltage across them is equal. The parallel connection of the windings allows for twice as much 

current, which exists at the lower voltage setting.

Figure 22 - Baldor EM3774T induction motor wiring configurations for 230 or 460 V operation.
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4.4 Variable Frequency Drive and Circuit Breaker

A compatible variable frequency drive (VFD) and circuit breaker (CB) were acquired for this 

project. The variable frequency drive operates by taking in a 60 Hz AC signal, rectifying it to DC, 

and inverting the signal back to AC at a range of frequencies. In this way, the input signal 

frequency to the motor can be modified and controlled, which changes the speed of the prime 

mover. Using a local electrical supplier, the appropriately sized Allen-Bradley model of VFD was 

identified. A Powerflex 523 model 25A-D017N104 was selected because it has a three-phase AC 

line-line input voltage of 480 VAC, with an output capable of controlling a 10 hp motor. The output 

frequency of the VFD ranges from 0-500 Hz and has an efficiency rating of 97.5% [81]. There is 

also functionality for programming independent acceleration and deceleration times, which can be 

used to emulate vertical oscillator behavior determined from in-river field testing. Figure 23 shows 

the VFD and circuit breaker mounted to a DIN rail in the laboratory.

Figure 23 - (1) Protection circuit breaker and (2) variable frequency drive mounted to grounded DIN rail on test bench 
[Photograph courtesy of Michael Wise, ACEP].

The power supply side of the VFD (shown in the center of Figure 23) is connected to a protective 

circuit breaker. This ensures that the VFD does not see any fault current from the supply side. The 

circuit breaker also serves as a convenient on/off switch for the system. If the operator deems that 

the system needs to be rapidly shut off, the trip switch on the front of the breaker can be operated 

manually, which cuts power to the system. The breaker model is an Allen-Bradley 140U-D6D3- 
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25 AAC. The breaker is capable of operating with voltage up to 600 VAC and has a trip current 

rating of 25 AAC, which exceeds the full load current of the motor. On the motor (load) side of the 

variable frequency drive, there are protective electronics internal to the drive. This protects the 

motor from any fault current coming upstream from the drive.

Industrial grade terminal blocks were used to connect the wiring between components and keep 

the system organized. As an extra safety precaution, the DIN rail used for mounting the drive and 

breaker was grounded using a special grounding terminal (shown in green/yellow). This prevents 

the DIN rail from floating, potentially at a non-zero voltage, which could be a source of electrical 

shock for any operator that touches the rail. The three phase wires on the output of the VFD then 

re-enter the protective insulation and proceed to the motor.

4.5 Transformer

In order to supply 480 VAC to the VFD from the 208 VAC supply available in the laboratory, a 

properly sized transformer needed to be identified and procured. The largest load that the 

transformer will see will be the motor operating at full load, along with any additional load coming 

from the losses in the VFD, wiring, or transformer. With full load of the motor being 7460 W, a 

transformer with a 7.5 kVA power rating does not provide enough safety margin to be a good 

design choice. The next highest power rating available in a transformer with required voltage levels 

was 15 kVA, which has a high enough power rating to safely operate the motor and feed all the 

losses inherit to the system. The transformer also has a winding configuration of 208Δ∕480Y. The 

delta winding on the low voltage side of the transformer eliminates a path for zero sequence current 

to flow during a ground fault scenario [82]. The wye side of the transformer provides a neutral 

wire for the VFD and motor. The neutral is connected to the building ground for safety and to 

adhere to grounding protocols [83].

Figure 24 shows the internal wiring of the transformer. The tabs are labeled using the symbols 

consistent with the correct wiring of the device. Additionally, the grounding lug is shown in the 

lower left corner of the photograph. This lug is connected to the ground of the building and is 

carried throughout the electrical system downstream of the transformer to provide a path to ground.
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Figure 24 - Photograph of the inside of the 15 kVA transformer acquired for this project [Photograph courtesy of Michael Wise, 
ACEP].

After the installation of the transformer, the low-voltage side was connected to the power supply 

in the laboratory. The line-to-neutral and line-to-line voltages were measured on the high voltage 

side of the transformer to check for any large differences between phases as shown in Table 7. 

Very slight differences between the high side voltages in the three phases were observed due to 

differences in the supply side voltages and some degree of non-uniformity of the three phases from 

construction.

Table 7 - Results of testing the three line-to-neutral and line-to-line voltages on high-voltage side of the 15 kVA transformer with 
three-phase 208 VAC supplied to the low-voltage side.

Line-to-Neutral Voltage (V) Line-to-Line Voltage (V)
476 278.5
479 278.8
479 279.7
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4.6 Load Banks

Figure 25 shows the resistive load banks used in the test bench design. These were available as 

university owned equipment that had been used in undergraduate experiments for many years. As 

shown, the load banks operate by changing the position of the switches. The load between every 

switch is nominally 30 Ω. Switches can be manipulated into various combinations of series and 

parallel resistances. Each load bank is rated for 2 kW of power dissipation and six total banks were 

available in the laboratory. This allows a margin of safety for the operation of the test bench by 

reducing the power dissipation in each individual bank.

Figure 25 - Photograph of the top of the load banks used in the test bench design shown with 30 Ω incremental switches 
[Photograph courtesy of Ben Loeffler, ACEP].

4.7 Instrumentation

With the major test bench components now identified and procured, equipment for data acquisition 

were required that would enable accurate measurement of the test bench behavior. Figure 26 shows 

the instrumentation table used in the laboratory. The position of this table also allowed the operator 

to sit behind a desk isolated from the moving shafts of the test bench for safety. From left to right 

in Figure 26, the instrumentation devices are a Tektronix TDS2024 oscilloscope, Shimpo DT207 

handheld tachometer, BK Precision handheld multimeter, power supply, Fluke 8845A benchtop 
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multimeter, IST Ultrastab LEM, Yokogawa WT3000E power analyzer, and LEM IT200-S 

Ultrastab current transformer.

Figure 26 - Test bench instrumentation table with from left to right a (1) Tektronix TDS2024 oscilloscope, (2) Shimpo DT207 
handheld tachometer, (3) BK Precision handheld multimeter, (4) power supply, (5) Fluke desktop multimeter, (6) IST Ultrastab 

LEM module, (7) Yokogawa power analyzer, and (8) LEM IT200-S Ultrastab current transformer [Photograph courtesy of 
Michael Wise, ACEP].

4.7.1 Precision Power Analyzer

One of the most crucial and valuable pieces of equipment for this project is the Yokogawa 

WT3000E power analyzer. The WT3000E is a state-of-the-art power analyzer capable of advanced 

calculations and measurements involving power systems. The power analyzer is specially designed 

for applications involving motor drives, motors, generators, inverters, and other power conversion 

devices. This makes it a great asset for measuring several different parameters from the motor

generator test bench experiments. One attractive advantage of the WT3000E is the capability of 

simultaneously measuring several power signals with different qualities on a single platform. For 

example, the power analyzer can measure three-phase AC signals associated with the test bench 

prime mover, while also measuring the DC output of the rectifier installed on the generator. This 

conveniently eliminates the need for separate measurement equipment for different sides of the 

test bench. Additionally, the power analyzer can perform efficiency calculations, display 

waveforms similar to an oscilloscope, and give information regarding the harmonic content of a 

signal. Overall, this device is essential to the successful operation of the test bench and was an 

invaluable tool during the course of this research. The WT3000E is shown during a laboratory 

experiment as the bottom piece of equipment in Figure 27.
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Figure 27 - Yokogawa WT3000E power analyzer (bottom) and IST Ultrastab LEM module (top) in action during a laboratory 
experiment on 12/20/2019 [Photograph courtesy of Michael Wise, ACEP].

4.7.2 LEM Module

The top device shown in Figure 27 is the IST ULTRASTAB. This device converts current signals 

from measurement current transformers (CTs) into either a conditioned current or voltage output 

signal that the WT3000E can safely measure. According to the IST ULTRASTAB manual, the 

device works for applications including “multichannel AC and DC measurements on three-phase 

systems like motors and motor drivers, power converters and similar types of equipment often in 

combination with a precision power analyzer [84].” The connection diagram is shown in Figure 

28 and demonstrates the transducer port that connects the IST ULTRASTAB module to the 

measurement CTs and the banana plug output ports that connect to the WT3000E. The first three 

channels are used for measuring the current in the three-phase supply lines from the motor drive 

to the motor, while channel 4 is used for measuring the DC output of the rectifier.
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Figure 28 - Back panel of the IST ULTRASTAB LEM module showing the transducer ports that connect to measurement CTs and 
the banana plug outputs that connect to the WT3000E (Drawing taken from [84]).

4.7.3 Current Transformers (CTs)

The current transformers (CTs) used for measurement of the power system current are shown in 

Figure 29. Note that the other end of the connection port with the IST ULTRASTAB is shown at 

the top of the CT. Using a 1:1000 transformer ratio, this device is capable of measuring 200 ADC 

and 141 ARMS. Both these current ratings far exceed any normal operating currents of either the 

prime mover or generator.

Figure 29 - LEM IT 200-S Ultrastab current transformers used for the test bench instrumentation system in conjunction with the 
IST ULTRASTAB module and the WT3000E [85], [Photograph courtesy of Michael Wise, ACEP].

54



4.7.4 Torque Sensor

In order to measure the torque present in the shaft connecting the test bench drive motor as the 

prime mover and the generator, an Electro-meter TM 211/S004 torque sensor was installed at the 

coupling between the two machines as shown in Figure 30.

Figure 30 - Photograph of the connection between the Baldor EM3774T drive motor as the prime mover (left) and the Hubner 
DSG P 112.1410 generator (right) with Electro-meter TM 211/S004 torque sensor included in the middle of the shaft (center) 

[Photograph courtesy of Michael Wise, ACEP].

The torque sensor can be defined as an “inductive torque transducer operating on the basis of a 

voltage transformer having a variable coupling factor [86].” Internal to the transducer are two coils, 

separated by cylinders with slots as shown in Figure 31. The cylinders are connected to each side 

of the deformation zone of the device. As torque is applied, the angular deformation occurs in the 

deformation zone, and the slots between the two coils start to overlap. This increases the amount 

of flux connecting the two coils, which is proportional to the amount of deformation, and therefore, 

also the torque (assuming linear elastic material behavior). The device is also capable of measuring 

the shaft speed. This is done by generating 30 pulses per complete revolution of the shaft. If the 

output frequency of the speed signal is observed, the corresponding shaft speed can be calculated.
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Figure 31 - Principal elements of the torque transducer showing the operating principal of the device [86].

The specifications of the torque sensor are shown in Table 8. The rated torque of 100 N-m far 

exceeds the full load torque of the motor of around 40 N-m. The rated speed of 10000 RPM also 

exceeds the maximum speed of the generator at 2000 RPM.

Table 8 - Nameplate parameters of the torque sensor used in the test bench.

Parameter TM 211/S004 Unit:
Rated Torque 100 N-m
Sensitivity 50 mV/N-m
Max. Speed 10000 RPM
Pulse Wheel 30 Pulses/Rev

4.7.5 Power Supply

The torque sensor required a DC power supply between 20-32 VDC. A laboratory DC power supply 

manufactured by Tektronix (PS280) was used for this purpose. This model offers both voltage and 

current supply controls and dual outputs.
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4.7.6 Oscilloscope

To measure the speed output of the torque sensor, an oscilloscope was necessary to find the 

frequency of the output signals. A Tektronix TDS2024 four channel digital storage oscilloscope 

was used for this purpose.

4.7.7 Multimeter

The torque signal output from the torque sensor is a DC signal in the range of ± 10 V. To measure 

this output, a Fluke 8845A 6.5 digital precision multimeter was used. This allowed for precise 

measurements of the torque output to be taken over a variety of operating points.

4.7.8 Tachometer

As a secondary speed measurement, a Shimpo DT207 tachometer was available in the laboratory. 

To set up the tachometer, a piece of tape was wrapped almost all the way around the shaft. A small 

slit was left between the ends of the tape, leaving some metal exposed. As the shaft rotates, the 

tachometer observes the number of passes of the reflective metal during a time frame. This 

frequency is related to the shaft speed enabling an accurate representation of the shaft speed. The 

Shimpo tachometer offers a wide range of measurement from 6-99,999 RPM, which is more than 

sufficient for the testing conditions in laboratory.

4.8 Miscellaneous Supplies

Several other small pieces of equipment were required for the construction of test bench. This 

included the cabling purchased for the wiring from the power supply to the generator. A safely 

oversized #6 AWG conductor was chosen for this part of the test bench using the NEC Table for 

allowable ampacities [87]. The 65 AAC rating for this cable exceeds the maximum expected current 

of 42 AAC at the low voltage (high current) side of the transformer operating at full load (15 kVA). 

This also is oversized due to the fact that the actual load expected on the transformer is roughly 

half of the 15 kVA rating. If additional loads are added to the transformer in the future, the cabling 

will be properly sized for the higher overall load. Industrial grade terminal blocks were used for 

grounding the DIN rail and organizing the power wiring. These were selected based on the #6 

AWG conductor size.
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On the generator side, the rated current of the rectifier is 17 ADC. Using [87], a conductor size of 

#12 AWG was selected to provide a margin of safety. Various other supplies such as terminations, 

banana plugs, and breakout boxes used to construct the test bench were available in the laboratory 

and checked for appropriate safety ratings before use.

4.9 Test Bench Design Summary

The test bench design was an essential component of this project because it enabled accurate 

testing of the generator and can emulate the expected behavior of the vertical oscillator. The 

individual components and materials used in the construction of the test bench are summarized in 

Table 9.

Table 9 - Complete list of all electrical components required for the construction of the test bench.

Component Brand Part Number Rating
Motor/Prime Mover Baldor EM3774T 10 hp
Transformer Sola HD E84H15S 15 kVA
Generator Hubner DSG P 112.1410 7.8 kW
Motor Drive Allen-Bradley 25A-D017N104 10 hp
Generator Cable CORD SEOOW-12/3 600 V, #12 AWG
Motor Cable CORD SOOW-6/5 600V, #6 AWG
Terminal Block Allen-Bradley 1492-J10 #6 AWG
Ground Terminal Block Allen-Bradley 1492-JG16 #6 AWG
IEC End Anchor Allen-Bradley 1492-EAJ35 8 X 56 X 47 mm
IEC End Barrier Allen-Bradley 1492-EBJ3 1.5 X 33.35 X 60
IEC End Barrier Allen-Bradley 1492-EBJ16 1 X 49 X 60 mm
Nylon Zip Ties PAN BT3S-C0 N/A
Torque Sensor Vibro Meter TM 211/S004 100 N-m
Oscilloscope Tektronix TDS 2024
Power Supply Tektronix PS280 0-30 VDC
NEMA plug Leviton 8462-P 60 A, 250 V
Multimeter Fluke 8845A
Tachometer Shimpo DT-207 6-99,999 RPM
Power Analyzer Yokogawa WT3000E
IST ULTRASTAB LEM 200-B
Current Transformer LEM IT 200-S 200 A
VFD Circuit Breaker Allen-Bradley 140U-D6D3-C25 25 A
Ring Terminals Gardner Bender 15-096 600 V
Load Banks Unknown Unknown 250 V
Wing Nuts Ideal 30-454P 600 V
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4.10 Test Bench Experimental Results

The completed test bench is shown in Figure 32. The motor speed can be adjusted by using the 

control knob on the motor drive which is mounted to the wooden control panel. Once a speed has 

been selected, all the relevant instrumentation data is available behind the desk. The first set of 

data was gathered on June 10, 2020. The formatted data is available in Appendix A.

Figure 32 - Photograph of completed test bench showing the (1) wood-framed control panel with breaker and variable frequency 
motor drive, (2) frame with generator and motor, and (3) view of rear of instrumentation table [Photograph courtesy of Michael 

Wise, ACEP].

Figure 33 shows a complete wiring diagram for the system from the power supply to the load

banks, including the information required for wiring the instrumentation equipment
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Figure 33 - Wiring diagram for the test bench including instrumentation and a blowup of the torque sensor wiring and setup.



A comparison between the laboratory experimental results and the Simulink® model simulation 

results and is shown in Figure 34. These curves show the generator DC output voltage versus speed 

after rectification. The simulation underestimates the output voltage. This could be due to 

overestimates in the losses present in the stator windings, wires, or rectifier in the simulation. 

However, the overall trend of the generator output voltage is followed very well by the simulation 

results, particularly at lower rotational speeds. For example, at 300 RPM the voltage difference 

between model and experimental output is approximately 9 VDC, while at 1500 RPM the difference 

is about 30 VDC.

Figure 34 - Comparison of the output voltage after rectification as a function of speed between the laboratory experimental 
results and the Simulink® model simulation over the full range of operating speeds.
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Figure 35 shows a comparison between the rectifier output current of the experimental and model 

simulation results after rectification with a constant load resistance. As expected, both curves 

increase in an approximately linear fashion. Again, there is a slight discrepancy between the 

experimental and model results particularly at higher speeds. Overall though, the model accurately 

simulates the expected behavior of the generator output current with a constant resistance, with a 

difference of 0.6 ADC at 300 RPM and 2 ADC at 1500 RPM.

Figure 35 - Comparison of the output current after rectification as a function of speed between the laboratory experimental 
results and the Simulink® model simulation over the full range of operating speeds.
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Figure 36 shows a comparison of the power output as a function of speed between the experiment 

conducted using the test bench in the laboratory and the Simulink® model simulation with constant 

load resistance. Note that for safety purposes, a slightly higher resistance was used in the physical 

testing in the laboratory to ensure that the full load current of 17 ADC was not reached. Additionally, 

the maximum speed of the prime mover was reached at 1760 RPM, and the experiment was not 

continued in the field-weakening mode of drive operation, which would have enabled higher 

speeds to be reached by the motor. Overall, the model results show the same shape as the 

experimental results with a constant load resistance. This behavior is expected because the power 

output of the PMSG is exponential with fixed resistance according to the current squared. Some 

discrepancy does exist between the two curves, and the model underestimates the power output of 

the generator at various speeds. This discrepancy grows as the speed increases, which suggests 

that some losses present in the model are proportional to speed more than is actually present in the 

physical system. Both curves are from results with the rectifier installed on the generator, so 

another source of discrepancy could come from the rectifier model.

Figure 36 - Comparison of the power output as a function of speed between the laboratory experimental results and the 
Simulink® model simulation with constant load resistance.
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The generator terminal voltage as a function of load resistance for the simulation model and the 

experimental test bench are shown together in Figure 37. The plots demonstrate the voltage 

regulation characteristic of the PMSG.

Figure 37 - Comparison of the generator terminal voltage as a function of load resistance between the laboratory experimental 
results and the Simulink® model simulation results demonstrating the voltage regulation characteristics.

The voltage regulation curves show how the PMSG responds to changes in load. At low resistive 

loads, the current demand is higher and the terminal voltage decreases. Both the model and 

experimental results show a similar trend with regard to voltage regulation. The simulation results 

extend to a low resistance value because the simulated generator does not have any restrictions on 

full load current and will continue to sacrifice voltage for current. It is not safe to replicate this 

behavior with the physical generator because the output current must be limited to prevent 

overheating and damage to the machine. Experimental voltage regulation shows that the knee 

where voltage begins to drop significantly occurs at a much higher resistance than in simulation. 

There are likely simplifications made in the Simulink® model when it comes to operating the 

generator at high loads that augment the position of the knee. However, both results show the 
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behavior after the knee as being the same. Voltage rapidly drops off as the generator tries to supply 

more current with a constant power output.

To better demonstrate the effect of resistive loading on the terminal voltage of the generator in the 

laboratory, Figure 38 was created to show the voltage-speed curves with different resistive loads 

connected to the output of the rectifier.

Figure 38 - Comparison of the terminal voltage observed at the output of the generator versus speed during experimental testing 
with different resistive loads.

As shown in Figure 38, lower load resistance values demand higher current, which results in a 

voltage drop across all speeds. At lower rotational speeds, this effect is less noticeable as the input 

power into the entire system is reduced and the overall expected terminal voltage is reduced. As 

speeds increase, the differences in terminal voltages are more pronounced since the load resistance 

changes the slope of the voltage curve.
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Figure 39 shows the differences in the speed-power curves of the generator during testing with 

different resistive loads. As the load on the generator increases, the power output of the generator 

increases, and the curves become shifted vertically upward.

Figure 39 - Comparison of the power output of the generator versus speed during testing with different resistive loads.

With decreases in load resistance, the power output of the generator increases proportional with 

the current squared. This exponential increase is readily observed in all the curves in Figure 39. 

With larger values of current, the exponential growth becomes more pronounced with each 

increase in load (decrease in load resistance).
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With mechanical power defined as the product of speed and torque, the family of torque-speed 

curves in Figure 40 were generated to show the effect of resistive loading on the mechanical 

components of the test bench. Data was taken at approximately the same speeds for every loading 

case. This plot shows that as the load is increased, more power is required from the generator and 

the mechanical torque on the generator shaft is increased. At any given speed, an increase in load 

demands a corresponding increase in mechanical torque.

Figure 40 - Comparison of the shaft torque of the generator versus speed during testing with different resistive loads.

The overall performance of the final test bench design can be quantified with the curves shown in 

Figure 41. Plotted against the left vertical axis with solid lines are the input, mechanical linkage, 

and output power to the test bench. Input power is defined as the electrical power leaving the VFD 

and entering the motor. The mechanical linkage power is the product of the speed and shaft torque. 

Output power is defined as the electrical power dissipated in the resistive load banks.
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Figure 41 - Plot of the input, mechanical linkage, and output power (solid lines with round markers) as a function of speed at a 
constant resistive load condition against the left vertical axis. The secondary vertical axis is used to show generator and motor 

efficiencies (dashed lines with triangular markers) as a function of speed for the test bench.

Motor and generator efficiencies are plotted against the right vertical axis and are shown with

dashed lines and triangular markers. Motor efficiency is defined by (28) as
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where ηιnotor is the motor efficiency, Pinput is the power input to the motor, Pmech is the mechanical 

power at the motor shaft [20]. This equation makes the following assumptions:

1. The losses due to the rotational inertia of the mechanical linkage shafts, torque sensor, and 

bearings are included in the overall motor efficiency. This may skew the motor efficiency 

by adding losses that are not inherit to the operation of the motor.

2. All the electrical input power is usable by the motor. The Yokogawa WT3000E power 

analyzer that measures the electrical input power includes power contained in harmonics 

generated by the VFD that may not be usable by the motor.

The result of defining the motor efficiency in this way is that calculated efficiencies of the motor 

are very low and level out around 75%, which is poor for a motor with a full-load efficiency rating 

of 91.7%.

The generator efficiency is defined by (29) as 

where ηgen is the motor efficiency, Pmech is the power input to the generator, and Poutput is the 

electrical power dissipated in the resistor banks [20]. In Figure 41, the vertical differences between 

the input, mechanical linkage, and output power represent the losses between each stage.

Overall trends for the power curves show that as speed increases, the input, mechanical linkage, 

and output power all increase as expected. There is substantially more input power required to 

generate the output power, which agrees with the conservation of energy principle. For both the 

generator and motor, as the load and speed approach the rated condition, efficiency increases. This 

is because the machines are designed to operate optimally at or near their rated conditions and as 

the operating point drifts away from rated conditions additional loss occurs. The motor efficiency 

in particular is reduced at low speeds. This is likely due in part to the VFD supplying a higher 

proportion of harmonics at lower frequencies. Additionally, low operating speeds still have 

frictional losses associated with them.

Figure 42 compares the motor, generator, and total system losses and efficiencies at different 

speeds with a constant resistive load. Similar to the previous plot, the efficiencies of the motor 

generator, and system at low speeds are reduced leading to greater relative losses compared to the 
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input power. All three efficiencies approach a steady state value at higher speeds, with the total 

test bench efficiency nearing 70%. This is quite low and likely stems from operating the motor 

below its full-load rating.

Figure 42 - Comparison between motor, generator, and overall system losses along with respective efficiencies at various 
operating speeds with a constant resistive load in laboratory testing.

Overall, the system shows growing power loss with increases in speed, but the required input 

power increases as well, which ultimately makes the efficiency of the system increase at higher 

speeds.

4.11 Conclusion

This chapter reviewed the test bench design and construction. The test bench served as an essential 

tool in investigating the capabilities of the generator selected in Chapter 3 and modeled in Chapter 

4. Using the laboratory testing results, the field-testing results can be better understood since the 

generator has been fully characterized over a variety of operating conditions. Additionally, the 
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laboratory testing validated the generator model created in Simulink®. This is useful because the 

other power conversion components will also be modeled in Simulink® and the proper function of 

the generator in software has been confirmed by this study. Finally, the test bench is capable of 

working with other generators and rotating equipment due to the VFD and induction motor, which 

opens an opportunity for use with future projects. All the equipment used in the construction of 

the test bench will remain in the laboratory, where future students can benefit from the availability 

of industrial grade components.
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Chapter 5 - VERTICAL OSCILLATOR DESIGN, CONSTRUCTION, AND FIELD TESTING

5.1 Introduction

The vertical oscillator design and construction discussed in this chapter was performed with field 

testing during the final week of June 2020 as a target field testing week. The field-testing site is 

located near Nenana, Alaska on the Tanana River as shown in Figure 43. This field-testing location 

was thoroughly discussed, studied, and described in [7].

Figure 43 - Satellite image of the Tanana River Hydrokinetic Test Site in Nenana, AK showing the testing area in red with view 
of the town [88].

Unfortunately, during the last week of June 2020, the Tanana River reached flood stage and 

Nenana, AK was under a flood warning. Thus, the field testing was rescheduled for July 6-10, 

2020. At this point in time, the river was no longer at flood stage and testing was safe to perform.
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5.2 Vertical Oscillator Design and Construction

The vertical oscillator mechanical frame and system were designed by Ben Loeffler with the 

University of Alaska Fairbanks, Alaska Center for Energy and Power. All mechanical components 

were fabricated by a local machine shop in the Fairbanks area. The vertical oscillator frame is 

shown in Figure 44 on the testing barge just after hoisting it aboard.

Figure 44 - Vertical oscillator frame on the testing barge in preparation for summer 2020 field testing in Nenana, Alaska 
[Photograph courtesy of Ben Loeffler, ACEP].

The vertical oscillator is mounted to the stern of the barge where it has full range of motion for the 

vertical oscillations. The bluff body and vertical support beam are shown in Figure 45 with the 

vertical oscillator stored in the tilted position for transportation to the middle of the river. From 

this position, the vertical oscillator can be lowered using the winch into the stream, upon which 

the device begins to oscillate and generate power.
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Figure 45 - Vertical oscillator shown in the Tanana river stowed in the tilted position for transportation into the middle of the 
river where it will be lowered into the water column and oscillate. Small bluff body shown attached to the vertical oscillator 

frame [Photograph courtesy of Ben Loeffler, ACEP].

5.2.1 Debris Diverter

To minimize debris interactions with the vertical oscillator and barge, a debris diverter was 

installed ahead of the vertical oscillator barge. This device was part of a research project detailed 

in [89] and [8] that discussed the effects of debris on hydrokinetic sources. As shown in Figure 46, 

the debris diverter is a V-shaped device attached to the mounting anchor. The barge is anchored 

behind the debris diverter. As logs and other debris flow down the river towards the barge, the V- 

shape pushes the debris out and around the test barge. With high river levels collecting more debris 

from the riverbanks, the debris diverter was essential to minimize harmful interactions with the 

vertical oscillator.
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Figure 46 - Debris diverter anchored in front of the vertical oscillator test barge at the Nenana, Alaska hydrokinetic test site in 
summer 2020 [Photograph courtesy of Ben Loeffler, ACEP].

5.2.2 Bluff Body

Two D-shaped bluff bodies were fabricated for summer 2020 field testing. The larger bluff body 

was 24” tall and 96” wide, while the smaller bluff body was 16” tall and 72” wide. The smaller 

bluff body would be used first in field testing to safely observe if the oscillatory behavior of the 

vertical oscillator was going to function. This would also lower the stresses on the system and the 

reduced mass would heave the barge less than the large bluff body. After proving the concept with 

the small bluff body, the larger bluff body was installed to observe the effect of having a larger 

swept area in the water column on power output. The two bluff bodies are shown in Figure 47.
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Figure 47 - The two bluff bodies shown on the testing barge for size comparison [Photograph courtesy of Ben Loeffler, ACEP].

5.2.3 Power Take-off System

The vertical oscillator power take-off system includes all components from the chain connected to 

the vertical bluff body support to the generator [90]. As the oscillator travels vertically up and 

down, the chain pulls against the spring pack pictured in Figure 48. The chain wraps around the 

shaft of the pulley and spins the pulley. The cyclic mechanical power at the pulley is rectified by 

a sprag clutch after being transferred from the pulley with a belt. At this point, the shared generator 

shaft is spun in only one direction. The design objective behind the mechanical rectification was 

to prevent the generator from switching directions and coming to a complete stop. As the 

mechanical power pulses are transmitted from the vertical oscillator to the generator, the generator 

spins up rapidly and then freewheels. The time between pulses and the generator load determines 

whether the generator will come to rest between pulses.
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Figure 48 - Close-up of the power take-off system of the vertical oscillator as installed on the testing barge during summer 2020 
testing [Photograph courtesy of Ben Loeffler, ACEP].

5.2.4 Field Testing Electrical System

For testing the electrical generation capabilities of the vertical oscillator, the system shown in 

Figure 49 was designed and constructed. This includes the generator, rectifier, fuse, controllable 

load bank, transducers, and datalogger. The generator and rectifier have been discussed previously, 

but the other components were selected specifically for field testing.

5.2.4.1 Controllable Load Bank

A variable resistance controllable load bank was rented for use during the field testing in summer 

2020. This particular model was from NH Research, Inc. and was rated for a maximum voltage of 

600 VDC, which safely exceeds the open-circuit voltage rating of the generator. The maximum 

power dissipation of the load bank is 6 kW, again exceeding the mechanical power output of the 

vertical oscillator. The load bank has built-in functionality to support constant resistance or 
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constant current modes. Constant current mode will change the resistance of the load bank to 

achieve constant output current from the generator.

Figure 49 - Simple wiring diagram showing the electrical system on the testing barge.

5.2.4.2 Transducers and Datalogger

For recording electrical output characteristics of the vertical oscillator, current and voltage 

measurements were taken. A DCT-100-10B-24-S current transducer from AcuAMP was used with 

a measuring range of 0-100 ADC, far exceeding the generator output current of 17 ADC. For voltage 

measurements, a Magnelab DVT-1000-V05 was used with a range of 10-1000 VDC, which exceeds 

the maximum output voltage rating of the generator. For recording of data, a Campbell Scientific 

CR1000 datalogger was used. This datalogger runs off a 12 VDC battery supply, which is ideal for 

operation on the barge (no connection to grid power).
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5.2.4.3 Miscellaneous Components

One 10 ADC fuse was installed immediately after the generator rectifier to ensure that operating 

currents would be safely below the maximum current rating of the rectifier. All wiring for power 

transmission to the load bank was #12 AWG insulated wire. For grounding purposes, the generator 

frame, negative DC rail, and load bank were all grounded individually to the common point of the 

barge frame. The common ground ensures a reference point for all the measuring devices and 

equipment on the barge.

5.2.5 Mechanical System Instruments

Several transducers were used to quantify the behavior of the mechanical system. These are 

important to this research because of the inherent electromechanical pairing of systems in the 

vertical oscillator. For timestamping of all transducers, a Campbell Scientific GPS 16X-HVS was 

used to provide atomic clock accuracy with pulse per second (PPS) timing. To measure the position 

of the oscillator, an AMCI DC25F-B1V1MS rotary encoder was installed on one of the support 

arms of the oscillator. As the device moves up and down, the angle between the solid frame and 

the moveable arms changes. By capturing this angle, the position of the oscillator can be 

determined. Also installed on the support arms was a strain gauge to measure any deformation that 

may be present during the loading cycles. A HRS-10K load cell was installed to measure the spring 

force acting on the oscillator spring pack. Finally, several accelerometers were installed at various 

points on the vertical oscillator to measure the inter-cycle behavior of the vortex shedding and 

gallop as the device oscillates vertically up and down.

5.3 Field Testing Results

Vertical oscillator field testing was completed during July 6-10, 2020. The testing plan involved 

preliminary operation with the small bluff body, during which the behavior of the oscillator could 

be observed with less risk of damaging the equipment. The generation and instrumentation systems 

could also be checked for any potential issues or incorrect data collection. Once all testing systems 

were confirmed to be operational, the larger bluff body could be installed and tested. River velocity 

measurements were done by using an Acoustic Doppler current profiler (ADCP) and Acoustic 

Doppler velocimeter (ADV).
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Figure 50 shows the field testing results over one hour for the vertical oscillator with the large 

bluff body installed on the device.

Figure 50 - One-hour field testing results from July 8, 2020 with large bluff body installed on vertical oscillator. From top to 
bottom the plots show generator speed, A-arm angle (oscillator position), average power, instantaneous power, load resistance, 

and generator terminal voltage as a function of time.
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From top to bottom the plots show generator speed, A-arm angle (oscillator position), average 

power, instantaneous power, load resistance, and generator terminal voltage as a function of time. 

Four levels of resistance were tested from 15-30 Ω in 5 Ω increments. River flow velocity over the 

hour is assumed to be mostly constant, while the spring constant settings were not changed on the 

vertical oscillator. This means that load resistance was the only testing variable being regulated 

through this particular test. Notice that as the resistance of the load increases, it is expected that 

less current is drawn from the generator and less torque is applied on the vertical oscillator 

mechanical system. As a result, the generator speed during the test increases with increasing load 

resistance. As expected, increasing the load resistance reduces the power seen at the load as the 

current is reduced. This is reflected in the average power signal. The average power is calculated 

based on a moving 30 second window of data points which helps to filter out the spikes. Finally, 

the terminal voltage of the generator increases throughout the test, which corresponds to the 

generator speed (the waveforms are identical).

Figure 51 shows field testing results over a smaller timeframe of around 40 seconds. With this 

smaller timeframe, the individual strokes of the vertical oscillator can be visualized. By first 

examining the A-arm angle plot, the position of the oscillator in the water column can be 

ascertained. As expected, the oscillator is traveling up and down steadily reaching a maximum 

absolute angle of around 20°. As the power take-off chain crosses the horizontal plane (0° A-arm 

angle), the mechanical transmission comes to a halt and switches direction. Since the sprag clutch 

is installed on the generator shaft, only one direction spins the generator. This results in the 

behavior shown in the generator speed plot of Figure 51. The generator spins up at twice the 

frequency of the oscillator strokes, but the speed in between power impulses falls to zero. Because 

of this, the power signal of the device is inconsistent; filled with large power spikes and periods 

of no power generation. This is seen in both the instantaneous power and load voltage plots as they 

share the same frequency and pattern as the generator speed plot. At this particular loading 

condition, the average power is nearly 150 W. However, even with the filtering window spikes are 

still present in the average power signal. Finally, the load resistance should be held constant at 20 

Ω, while the data shows an average load of around 18.3 Ω with similar spikes in the resistance 

value. The reason for this is twofold. First, the load bank is a digital device and has an internal 

control system that tries to regulate the resistance to the target value [91]. Secondly, this resistance 

signal is calculated, not measured, based on the load voltage and power. As a result, spikes and
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Figure 51 - Approximately 35 cycles of field-testing data over 40 seconds demonstrating the cyclic nature of vertical oscillator 
operation using a constant load resistance of 20Ω. From top to bottom the plots show generator speed, A-arm angle (oscillator 

position), average power, instantaneous power, load resistance, and generator terminal voltage as a function of time.
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inconsistencies are present since the voltage and power signals go to zero at points in the signal. 

Since it is not possible to measure the load resistance while the system is under load because the 

measurement signal of a multimeter would be small compared to the overall power signal from 

the generator, this calculation was used to show the resistance over time. In practice it seems likely 

that the resistance was closer to 20 Ω and had fewer variations over time than what is shown in 

Figure 51.

Figure 52 shows a similar dataset from field testing with the smaller bluff body. The average power 

in this dataset is reduced from the large bluff body test. It appears that the smaller bluff body during 

this period of time had a smaller range of A-arm angles, but overall similar generator speeds and 

load voltages. The average power seems to be reduced due to shorter impulses, which can be 

attributed to the smaller range of angles since the range of angle affects the overall duration of a 

power impulse. One noticeable difference is that every other impulse is considerably smaller than 

in the large bluff body test. This would also contribute to the reduction in average power.

Figure 53 shows the results of a test with the sprag clutch removed at the generator shaft. With the 

sprag clutch removed, the mechanical power is no longer rectified, and the generator undergoes 

several more power impulses per unit time. The original design with the sprag clutch intended for 

the power impulses to have a large enough magnitude that the generator would spin continuously. 

However, during the field testing it became apparent that due to mechanical losses and the 

electrical torque of the generator, the generator would always come to rest between impulses. Since 

the generator comes to rest with the sprag clutch, removing the sprag clutch is permissible. The 

generator will still come to a stop, but more power will be captured since each stroke direction will 

be applied to the generator. This is reflected in the significantly higher average power as shown in 

Table 10.

Table 10 - Comparison between average power outputs of three field-testing configurations over a 45 second window.

Configuration Average Power 
Output (W)

Large Bluff Body 150
Small Bluff Body 115

Small Bluff Body w/o Sprag Clutch 270
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Figure 52 - Data sample from small bluff body test at constant load resistance of 20 Ω. From top to bottom plots show generator 
speed, A-arm angle (oscillator position), average power, instantaneous power, load resistance, and generator terminal voltage 

as a function of time.
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Figure 53 - Data sample from small bluff body test without sprag clutch at constant load resistance of 20 Ω. From top to bottom 
plots show generator speed, A-arm angle (oscillator position), average power, instantaneous power, load resistance, and 

generator terminal voltage as a function of time.
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5.4 Field Testing Difficulties

The plots of data samples shown in the previous section are intended to illustrate the general 

behaviors found during field testing of the vertical oscillator. This does not mean that these samples 

are definitive because several difficulties occurred during the testing process. Numerous belt 

alignment and power transmission issues arose during testing, which required resetting the 

equipment and may have produced some reduced performance data. Another issue was the failure 

of several shear pins that attach the bluff body to the vertical support. The purpose of the shear 

pins was to serve as a safety mechanism in case of extreme loading or debris contact. Whenever 

the pins were sheared, testing came to a halt while the pin was replaced and the system was being 

reset for operation. A final notable issue was flooding of the bluff bodies. In particular, the large 

bluff body began to leak water and became less buoyant as a result. This inhibited the performance 

of the system and reduced the output power and function of the vertical oscillator. However, the 

representative datasets were selected because they were recorded using similar load resistances 

and were not recorded close to a period of maintenance or failure. At a minimum these plots are 

excellent representations of the dynamic behavior of the mechanical system and generator which 

will be invaluable for further modeling.

5.5 Conclusion

Overall, this chapter detailed the field-testing setup and assembly, including most of the major 

components. Since previous testing of these vertical oscillators for power generation was almost 

non-existent, this testing was successful in gathering many lengthy datasets that detail the behavior 

of different testing parameters such as bluff body size, sprag clutch effectiveness, and load 

resistance. The field testing also showed the interactions between the vertical oscillator, 

mechanical transmission, and electrical generation system. For electrical design, this knowledge 

is particularly useful since it will inform the decisions made with regards to the power conversion 

system. Not only is this information novel and useful simply from a physics perspective, but it also 

shows generally that vortex shedding and gallop phenomena are able to be harnessed for power 

generation.
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Chapter 6 - POWER SIGNAL CONDITIONING

6.1 Introduction

After conducting the field testing, the behavior of the vertical oscillator was better quantified. 

Previous to field testing, knowledge about the power signal output of the generator was not known. 

However, several possible configurations of power signal conditioning were known from literature 

[92]. In particular, small scale wind turbines also have to mitigate the intermittent nature of the 

wind resource. Similar to the system proposed here, wind turbines use a combination of power 

electronics to satisfy the requirement for supplying grid-ready power. A few potentially applicable 

technologies for power conditioning will be examined in this chapter.

6.2 Power Conditioning Topologies

Several different topologies were considered for use with the vertical oscillator. Each approach 

offers different advantages and disadvantages, but the overall objective for each topology is to 

convert variable AC from a synchronous generator into steady grid-ready AC.

6.2.1 AC-DC-DC-AC Topology

Figure 54 is a block diagram showing the overall layout of the AC-DC-DC-AC topology. This is 

the most common power conversion technique for variable renewables such as wind and 

hydrokinetics [59]. In this layout, a PMSG is connected to an unregulated rectifier for conversion 

of “wild AC” to DC. The DC bus stage can consist of smoothing elements such as inductors or 

capacitors, batteries, or DC-DC converters such as a buck-boost converter. This objective of the 

DC bus stage is the regulation of the variable AC into a steady DC signal that is appropriate for 

conversion to AC. This final conversion stage is done with an inverter, which can either be 

controllable, such as the modeling in Chapter 3, or fixed with control implemented at the 

rectification stage with an active rectifier. The inverter is connected to an AC bus where it can 

deliver power to the grid. This topology offers many advantages since it can be customized to 

different sized systems by properly sizing the various stages [93]. Additionally, control can be 

implemented on the rectifier, inverter, or both depending on the needs of the user. The DC bus 

also offers flexibility for energy storage, smoothing components, and voltage regulation through a 
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converter. Drawbacks of this configuration include finding properly sized components and high 

cost associated with purchasing several customized components for each stage.

Figure 54 - Rectifier-DC bus-Inverter stage topology for regulating the variable output of a PMSG for the 60 Hz grid connection.

6.2.2 PMSG VFD with Regenerative Capability Topology

Figure 55 shows the usual power flow in a VFD designed for use with a permanent magnet 

synchronous motor (PMSM) [94]. In the case of a PMSG the power flow would be reversed. To 

vary the speed of the machine, a 60 Hz signal from the grid is converted through a rectifier and 

controllable inverter to change the output frequency. Since the speed of the machine is proportional 

to the electrical frequency, the machine speed increases with frequency. Some PMSM drives 

operate only in this configuration, with power flowing from the grid to the machine.

Figure 55 - Topology of a permanent magnet synchronous motor (PMSM) VFD showing typical power flow [94].

However, some drives have regenerative capability to recover energy by operating the motor as a 

generator during braking events as shown in Figure 56 [94]. One advantage of this topology is that 
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the active front end of the drive reduces the total harmonic distortion (THD) as in wind energy 

systems [95].

Figure 56 - Power flow in a PMSM VFD with regenerative mode and separate grid-connected inverter for the 60 Hz grid 
connection [94].

This topology was previously discussed in [94] where it was used to control the variable output of 

a wind turbine. Since the prime mover is spinning the PMSG, the drive can be operated 

continuously in regenerative mode. In this case, power flows from the machine to the grid. In [94], 

a separate grid-connected inverter was used between the DC bus of the VFD and the 60 Hz grid. 

This is required due to the VFD rectifier using passive diodes, which cannot be controlled to invert 

the DC signal. Advantages of this system include torque control, increased efficiency, and reduced 

cost. Primary disadvantages are complexity in setup, limited manufacturer assistance with non- 

traditional use of equipment, and the in-depth training required for field support staff to effectively 

operate the system.
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6.2.3 Battery Charge Controller Topology

Figure 57 shows a block diagram of the layout of a proposed battery charge controller topology. 

This is similar to the topology discussed in [96] with a buck converter installed after the rectifier 

to regulate the battery charging voltage. However, since [96] was written with a standalone system 

in mind, a grid connected inverter has been added after the battery stage for this project. In this 

system, the “wild ac” is rectified to “wild dc” as was demonstrated with the summer 2020 field 

testing. This variable dc signal is regulated with a battery charging buck converter that controls 

the battery charging process. Finally, the battery feeds a grid-connected inverter for supplying 

power to the 60 Hz grid.

Figure 57 - Battery charge controller topology showing rectifier, buck converter, battery, and grid-connection inverter stages on 

the output of a PMSG for the 60 Hz grid connection [45].

6.3 Power Converter Design Considerations

Field testing in summer 2020 revealed key characteristics of the vertical oscillator operation. 

Primarily, the highly variable and inconsistent power generation were important takeaways that 

helped to guide the design and selection of the power conversion topology.

6.3.1 Power Conversion

Because of the oscillator behavior shown in Figure 51-53, the power output of the PMSG is 

extremely variable on a second-by-second basis. The power spikes observed occur at least once 

per second and are frequently followed by a non-generation period which exceeds the generation 

timeframe. The design approach before field testing centered on using smoothing components and 

a controllable inverter as in the simulations presented in Section 3.6. The basis of this approach 
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was that while the power impulses from the prime mover would be expected, the generator would 

have enough momentum to continue spinning to the next impulse, thus the period of non

generation would not occur. Field testing revealed that losses in the power train and the electrical 

torque applied to the generator forced the generator to come to a rest before the pulses of 

generation. Since the timescale of the non-generation period generally ranges between 0.1-1 

seconds, conventional passive smoothing components like inductors and capacitors do not store 

enough energy to smooth the power signal. This fact rules out both the AC-DC-DC-AC and PMSG 

VFD with regenerative mode topologies. A longer scale energy storage option would be required. 

This leaves the battery charge controller topology as the best option for design around the vertical 

oscillator model.

6.3.2 Inverter Selection

The original vertical oscillator design required a three-phase inverter for connection to an AC grid. 

Field testing showed that the overall power output of the vertical oscillator was lower than 

originally projected, with average power outputs around 100-300 W depending on loading. Several 

of the three-phase inverters considered for the vertical oscillator project have losses in excess of 

this power output and may not operate at all during periods of low power output. This consideration 

led to two options for the vertical oscillator power system. The first option is switching to a low 

power single-phase inverter similar to those found in low voltage DC systems such as automobiles. 

These low power single-phase inverters convert a low-voltage DC input to a single-phase 120 VAC 

output. This would be useful for powering smaller loads such as housing units similar to residential 

solar PV systems [97]. The second option is battery charging with a three-phase inverter that is 

only deployed during periods of high load or emergencies. This gives the vertical oscillator time 

to fully charge the batteries before they are completely discharged over a short time frame. Once 

the batteries are depleted, the charging process begins again. Both options have advantages for 

different applications and the ideal approach is application dependent. However, the overall 

strategy of battery charging is required in both approaches due to the cyclic nature of the vertical 

oscillator during operation.
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6.3.3 Battery Charging Pulsations

One important challenge with implementing battery charging with a renewable system is ensuring 

the batteries have a long lifetime [98]. Lead-acid batteries are still common in stand-alone wind 

energy systems due to their reliability and cost effectiveness. Long-term use of the battery can 

have serious implications on battery health, affecting the reliability of the overall system. Previous 

research has indicated that charging with pulsating signals can improve charging efficiency and 

battery lifetime [99], [100], [101]. This knowledge is useful given the natural cyclic and pulsating 

behavior of the vertical oscillator during operation.

6.4 Battery Charging System Simulation

To better understand the behavior of the proposed charging system, a Simulink® model was 

constructed. Using field testing voltage data from the generator, realistic model performance can 

be achieved. The field data is the input signal to the power electronic conversion system 

responsible for charging the battery and supplying a resistive load.

6.4.1 Battery Charging and DC Load Modeling

Figure 58 shows the battery charging model in Simulink®. The voltage input is identical to the 

dataset plotted in Figure 51, acquired during summer 2020 field testing. Commercially available 

battery chargers commonly used in wind and solar applications frequently utilize a buck converter 

topology to regulate the charging voltage. Whenever the input voltage exceeds the battery bank 

voltage, the battery bank is charged.

This method was chosen over a buck-boost topology because it is simpler and more robust. 

Furthermore, since the oscillations of the vertical oscillator are fairly rapid, the generator 

accelerates such that it operates above expected battery bank voltage for the majority of the 

generation cycle, which means the available energy that could be captured by boosting the voltage 

is negligible.
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Figure 58 - Simplified battery charging Simulink® model using field testing data as the input voltage signal.



For the purposes of simulation, four 12 VDC car batteries are assumed to be wired in series to create 

a 48 VDC bank. These batteries were chosen because they are commonly available (several batteries 

were already available in the laboratory for testing) and simple to model. An average value of 70 

A-h was considered for the capacity of each battery, which altogether is a total capacity of 280 A

h. This number was found by examining the specifications of several commonly available 

batteries. Simulink® is a convenient tool for modeling batteries since it takes into account several 

realistic battery constraints such as aging parameters, working temperatures, and depth of cycling 

[102], [103], [104]. The discharging and charging models are given in (30) and (31), respectively, 

as 

where E0 is the constant voltage in V, Exp(s) is the exponential zone dynamics in V, Sel(s) 

represents the battery mode, K is the polarization constant in V/Ah, i* is the low frequency current 

dynamics in A, it is the extracted capacity in Ah, and Q is the maximum battery capacity in Ah. 

Some important assumptions are made in this model, including that the internal resistance is 

assumed to be constant during charging and discharging, both charging and discharging 

characteristics are assumed to be the same, the self-discharge of the battery is not included, and 

the battery has no memory effect.

To charge the batteries, the buck converter needs to regulate the output voltage to a value slightly 

higher than the battery bank voltage. As an example, the state of charge of the battery was set to 

80% initially, with a buck converter output of 50 VDC. This exceeds the battery voltage at this state 

of charge (48.8 VDC). The fully charged battery bank has a voltage of 52.3 VDC, which is higher 

than the nominal value of 48 VDC. This is typical for many batteries. Commercially available 

battery chargers typically monitor the current charge state of the battery and adjust the output of 

the buck converter accordingly. For this short timescale, setting a single output value for the buck 

converter serves to illustrate the expected behavior. Over larger timescales the target value will be 
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adjusted gradually to continuously charge the battery. A small current limiting resistance of 0.1 Ω 

was also installed at the buck converter output. This was required to make the model function 

accurately, otherwise a dead short existed between the output of the buck converter and the battery 

terminals leading to simulation errors.

Because the voltage input to the buck converter varies substantially, the duty cycle of the buck 

converter must be controlled. The output voltage of a buck converter is governed by (32) as

To maintain the output voltage while Vd changes, D must change in proportion. This can be done 

in Simulink® by dividing the target output voltage Vo by the input voltage Vd. During portions of 

the signal where the input voltage falls below the target output voltage, the duty cycle will exceed 

unity, which is not an allowable condition. At this point, the buck converter stops conducting until 

the next power spike. Further filtering of the buck output was implemented by an LC filter 

designed to limit the ripple voltage and current [31]. The maximum and minimum current out of 

the buck converter can be written as in (34) and (35) as 

where IL,min is the minimum inductor current, IL,max is the maximum inductor current, D is the duty 

cycle, R is the load resistance, Ts is the switching period, and L is the inductance value.

The ripple current is defined as the difference between the maximum and minimum inductor 

current as in (36).
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defined as the ratio of the time a switch is “on” ton to the switching period Ts as in (33).



The critical inductance to keep the converter in continuous conduction mode is given by (37).

where ΔVo is the ripple voltage, Vo is the output voltage, and C is the capacitance value. However, 

since this buck converter is constantly changing the duty cycle as the generator accelerates and 

decelerates, the worst-case duty cycle must be chosen. From the data, the peak output voltage is 

about 180 VDC. To ensure constant conduction mode, an inductor value of ten times the Lcrit will 

be used in simulations.

A summary of the battery charging topology parameters calculated for buck converter smoothing 

is given in Table 11.

Table 11- Summary of battery charging topology parameters for buck converter smoothing.

Parameter Value Unit
D 28 %
Ts 10 μs
R 100 Ω

Lcrit 0.36 mH
C 25 nF

Figure 59 shows the simulation results using approximately 45 seconds of field-testing data with 

a large bluff body.
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Figure 59 - Battery charging results over approximately 45 seconds of field-testing data (large bluff body). From top to bottom 
are the battery state of charge, battery current, battery voltage, and input voltage.

As shown, the battery state of charge (SOC) increases in steps due to the impulses in the input 

voltage. A short charging period occurs during which the battery SOC increases, followed by a 

period of discharge during which the battery supplies the load. A 100 Ω resistance was placed in 

parallel with the battery so the discharging behavior would be shown. The battery current plot 
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represents the charging (negative current) or discharging (positive current) behavior. As shown, 

the battery is either supplying the 100 Ω load with current or the buck converter supplies both the 

battery and the load during power generation. Battery voltage is also shown in Figure 59. The 

overall trend shows a slight increase in the battery voltage with larger spikes during the charging 

periods. Notice that the voltage peaks correspond to the generation spikes shown in the bottom 

plot of Figure 59.

Figure 60 shows the same system with the input voltage signal from the small bluff body test with 

the sprag clutch removed. The test results show that the removal of the sprag clutch yielded a 

higher average power, which is reflected by the final SOC value of 80.02% in the top plot of Figure 

60. This is an improvement over the previous case where the SOC reached a final value of 80.01%. 

Because the input signal spends more overall time above the battery bank voltage, more of the 

total time is spent in charging mode. This is useful information going forward since it suggests 

that the sprag clutch may not be needed with the battery charging topology.
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Figure 60 - Battery charging results over approximately 45 seconds of field-testing data (small bluff body without sprag clutch). 
From top to bottom are the battery state of charge, battery current, battery voltage, and input voltage.
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6.4.2 Battery Charging Topology with Single-Phase Inverter

Figure 61 shows the layout of the Simulink® battery charging model with an attached single-phase 

inverter. In order to produce single-phase residential level voltages, the battery voltage must be 

boosted to a higher value before inversion. This process is governed by (39) as 

where Vo is the output voltage, Vd is the input voltage, and D is the duty cycle.

To boost the output voltage to the rms value of 120 VAC (170 VAC peak), a duty cycle of 0.7176 is 

required. Since the input voltage is regulated by the battery and buck converter, the duty cycle can 

be fixed as opposed to the controlled buck converter. Similar to the buck converter, an LC filter 

was installed after the boost stage to smooth the voltage and current waveforms.

The maximum and minimum current out of the boost converter can be written as in (40) and (41) 

where IL,min is the minimum inductor current, IL,max is the maximum inductor current, D is the 

duty cycle, R is the load resistance, Ts is the switching period, and L is the inductance value.

The ripple current is defined as the difference between the maximum and minimum as in (42).

The critical inductance to keep the converter in continuous conduction mode is given by (43).
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Figure 61 - Battery charging topology with a single-phase inverter connected to the battery terminals.



To reduce the voltage ripple, (44) can be used to size the filter capacitor 

where ΔVo is the ripple voltage, Vo is the output voltage, and C is the capacitor value. The resistive 

load at the inverter was chosen to be 100 Ω because this amount of loading allows for the batteries 

to charge while also feeding the load.

Table 12- Summary of battery charging topology parameters for boost converter smoothing.

Parameter Value Unit
D 71.76 %
Ts 10 μs
R 100 Ω

Lcrit 29 μH
C 717.6 nF

The minimum resistive load that can be applied to the system without causing the battery to 

discharge is given by (45) and (46) assuming an average input power of 270 W with no losses in 

the converters.

Loads with smaller resistance values (that draw more current) will discharge the battery faster than 

the vertical oscillator is capable of charging. Higher resistances will enable the vertical oscillator 

to both charge the battery and simultaneously feed the load. Again, the primary assumption in this 

analysis is that the losses in both converters and the inverter are minimal or negligible. In a real- 

life situation this will not be the case and the resistance value with no charging or discharging will 

be increased as less power is available for the load.

Figure 62 demonstrates the outcome of a battery charging with single-phase inverter simulation 

using the dataset from the small bluff body without a sprag clutch.
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Figure 62 - Battery charging simulation with single-phase inverter installed powering a 100 Ω resistive load. From top to bottom 
are the battery state of charge, battery current, battery voltage, generator voltage, and inverter voltage.
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This dataset was selected because it yielded the highest average power signal and will likely be 

the primary option in future research. The top plot shows the battery SOC. Because the resistive 

load is lower than the critical resistive load, the battery is actively charging while supplying the 

load with current. The battery current switches between charging and discharging modes as before, 

while the voltage also increases during the simulation. The generator input voltage is shown in the 

fourth plot, while the output of the single-phase inverter is shown in the bottom plot with a smaller 

timescale than the other plots. This shows the PWM behavior used to generate a sinusoidal 120 

VAC inverter output voltage.

Figure 63 offers a comparison of the effects of different loading conditions on the battery SOC. 

With a large resistance (smaller current demand), the battery charges steadily from 70% to 70.01% 

over the length of the dataset. With the load set to the critical resistance, a slight decrease in SOC 

is observed. This is due to the negligible losses assumption, which is not realistic since the 

Simulink® model does incorporate some loss in the system components. However, the decrease in 

charge is only 0.003% over the length of the simulation window. Meanwhile, setting the load 

resistance to 10 Ω leads to a rapid decrease in battery charge. This shows the importance of having 

a load management system in place for a future installation. The management of the vertical 

oscillator power output depends on the desired output. If maximum power output is the desired 

outcome, then the input power from the generator needs to be monitored and the inverter will only 

provide that amount of power to the load. If a combination of load feed and battery charging is 

desired, the inverter will have to reduce the output power to the load.
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Figure 63- Comparison between charging rates for different resistive loadings for the single-phase inverter configuration.

6.4.3 Battery Charging Topology with Three-Phase Inverter

Given the results of field testing, a three-phase inverter was not considered feasible without 

additional power input from the vertical oscillator. Three-phase inverters are generally less 

common at low power ratings. However, one possible solution is to use the vertical oscillator as a 

battery charging device and only discharge the batteries during periods of high load or 

emergencies. In a study of Alaska village energy consumption, an average residential electric 

energy consumption was found to be between 200-400 kWh/month, with some higher 

consumption rates in the winter [105]. The addition of a parallel set of four 12 VDC batteries would 

double the energy storage of the battery bank used in modeling to 560 A-h. At 48 VDC, the total 

energy stored would be 26.9 kW-hr. Taking the highest average value of 400 kWh/month, a daily 

energy use of 13.3 kWh is found by (47)
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where Estored is the energy stored in the battery, Vbattery is the battery voltage, and AH is the amp 

hours rating of the battery.

Assuming negligible losses in the power conversion system, the battery bank could supply 

emergency power or supplementary power for about two days before fully depleting the batteries 

according to (48), 

where Preq is the power demand from either supplementary or emergency conditions and Estored is 

the energy available in the battery.

This energy storage could also be divided among several households for peak load-following on a 

daily basis. Assuming an average generator power output of 270 W, nearly 100 hours of charging 

would be required to recharge the batteries as in (49).

Figure 64 shows the battery charging model for the three-phase inverter case. This model includes 

the controlled buck converter to regulate the output voltage and the filtering components before 

the battery. This part of the model is responsible for simulating the battery charging behavior over 

time. Since no external load is connected across the battery terminals, all the output power from 

the vertical oscillator is directed to battery charging.
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Figure 64 - Battery charging model portion of the three-phase inverter topology.



Figure 65 shows the battery charging behavior when the system is not connected to an external 

load other than the battery. Similar to previous examples, the battery charges during generator 

voltage spikes. During low voltage periods, the battery charge stays constant because no load is 

connected.

Figure 65 - Battery charging model simulation results. From top to bottom are the battery state of charge, battery current, and 
generator voltage.

Figure 66 shows the Simulink model for battery discharging with a three-phase inverter connected 

to the output. This will be an unregulated inverter since the input voltage is fixed by the battery 

and boost converter.
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Figure 66 - Battery discharging model with boost converter, unregulated three-phase inverter, and three-phase resistive load.



Figure 67 shows the discharging model three-phase inverter output as a function of time. The three 

outputs are separated by 120° as expected in a balanced three-phase system. The PWM is also 

visible in the waveforms that emulates sinusoidal behavior.

Figure 67 - Three-phase inverter voltages A, B, and C shown from top to bottom.
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Figure 68 shows the battery behavior as the three-phase inverter feeds a balanced resistive load. 

The state of charge steadily decreases, while the battery current is positive (discharging) but 

variable. This is due to the switching in both the boost converter and the inverter. The battery 

voltage is shown to decrease as the battery SOC decreases.

Figure 68 - Battery discharging behavior showing from top to bottom the battery state of charge, current, and voltage.
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6.5 Conclusion

Overall, this chapter has examined several methods to harness the variable generation seen in the 

field testing results. With the large power impulses inherent to the vertical oscillator operation, a 

power smoothing system needs to be implemented. The best method to accomplish this involves 

adding an energy storage component, such as a battery, to the DC link. The battery and two DC

DC converters regulate the voltage for use with an inverter. While this methodology introduces 

more complexity and losses, it is the only method that can successfully deal with the power 

variations, especially with the time between pulses. For shorter impulses, passive components such 

as inductors and capacitors may have been able to store enough energy to smooth the output. 

However, the battery system will provide the required output characteristics even with the 

pulsations in charging current.

112



Chapter 7 - CONCLUSION, FUTURE WORK, AND LESSONS LEARNED

7.1 Conclusion

The primary objective of this work was to investigate and study the power generating potential of 

a newly proposed hydrokinetic energy harvester. At the commencement of this work, the 

mechanical system had been proposed and tested on a small scale, however, no previous data was 

available for analysis. For this reason, an electrical power generation system had to be designed 

using modeling, emulation, and experimentation techniques from the ground up. The end goal of 

the project with regards to electrical design was to generate power that could be used in a 

residential or community setting.

Due to the variable nature of hydrokinetics in general and the difficulties in harnessing inconsistent 

vertical oscillations, many design iterations and considerations were made along the project 

timeline. Key studies have previously been made regarding hydrokinetic power implementations 

with microgrids that were useful for review. Other requisite knowledge required for working on 

this project included microgrid behavior, power smoothing and conversion systems for other 

renewables, and generator designs and construction. Once a pool of good literature sources had 

been collected, the project work could commence.

7.1.1 Generator Selection & Modeling Conclusions

For successful power generation, a suitable generator needed to be selected, simulated, and tested 

for use with the vertical oscillator design. Thanks to the mechanical transmission system, vertical 

oscillations were converted to rotary motion that could be harnessed with a traditional rotary 

generator. The primary results and conclusions from this section include:

• A PMSG was selected because of previous renewable projects that had success with a 

combination of an uncontrolled permanent magnet generator and power electronic 

converters.

• Once a suitably sized commercially available generator had been found, a simulation model 

was constructed to forecast the behavior of the generator under a variety of operating 

conditions.
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• With the addition of a three-phase rectifier at the generator terminals in software, several 

studies involving the speed-power, speed-torque, and loading characteristics of the 

generator could be performed before the generator arrived at the laboratory.

7.1.2 Laboratory Testing Conclusions

Validation of the simulation model could be performed only via a thorough laboratory test of the 

machine. To fully investigate the generator under a variety of speeds and loadings, a test bench 

had to be constructed. This test bench design constituted the second major part of this work as was 

detailed in Chapter 5. A summary of the work completed for this section of the project include:

• Key components required for the test bench design were a VFD, compatible motor, 

transformer, instrumentation devices, and the generator itself.

• Once all the components had been procured and installed, generator testing under a variety 

of operating conditions was now possible.

• The conclusion of the generator testing work showed a strong agreement between the 

previously documented simulation results and the laboratory results.

• This agreement allowed for future modeling to take place including the possibility of 

adding different power electronic devices and energy storage.

7.1.3 Field Testing Conclusions

The third major facet of this work was field testing on the Tanana River near Nenana, AK, in 

summer 2020. With previous documentation of the nature of the anticipated vertical oscillation 

lacking, data collection in the field helped to better characterize the operating behavior of the 

overall system. Using a myriad of sensors on both the mechanical and electrical system, the vertical 

oscillations and their effects on power generation were observed. Major findings from the summer 

field testing include:

• Observation that the oscillations are not powerful enough to sustain generation throughout 

the operating cycle.

• Removal of the mechanical rectification (sprag clutch) generated more average power.
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• The importance of mechanical performance such as bluff body flooding or belt alignment 

on electrical power output.

• Since previous simulation work had focused on utilizing a controllable inverter to smooth 

vertical oscillations with passive energy storage devices, the field testing proved that this 

configuration would not be feasible given the length of non-generation periods.

7.1.4 Power Conditioning Design Conclusions

With the knowledge gained from field testing, the final aspect of this work could be completed. 

This entailed the design and simulation of a power electronic conversion system. Given the 

inconsistent nature of the generated power during field testing, a new power conversion system 

was designed that incorporated battery energy storage to help smooth the output power. Important 

aspects of the power conditioning design include:

• A dedicated battery charger that regulates the input voltage to the battery throughout the 

power stroke. This captures the majority of the available energy and supplies it to the 

battery system.

• To provide power to either a residential single-phase system or a three-phase system in a 

supplementary role, the battery can be connected via a boost converter and inverter.

• The boost converter regulates the DC voltage seen by the inverter at a higher value, while 

the inverter converts the DC signal to grid-ready 60 Hz AC.

7.1.5 Final Conclusions

While the vertical oscillator proved capable of generating electricity during field tests, it remains 

to be seen whether a physical system can accommodate the extremely variable and inconsistent 

nature of operation. Other renewable resources also have variations in the generation such as wind 

and solar, but these resources generally have smoother transitions between operating conditions. 

Additionally, operating conditions for other renewables tend to remain steady for longer periods. 

For example, wind turbines may undergo gust conditions, but will remain spinning above a certain 

cut-in wind speed. Clouds may affect solar output on minute or hour-long time scales, but overall 

the resource is somewhat consistent in output. Whereas the vertical oscillator delivers large and 

uncontrolled impulses in power on the order of every second. Meanwhile, the system also has 
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periods of no generation in the same timeframe. This inconsistency presents a difficult challenge 

for the design of any system that has steady power output in mind.

7.2 Future Work

The results, analysis, and failures experienced in testing during this project indicate that future 

iterations of the vertical oscillator design are required. While much progress was made over the 

duration of this project, many aspects of the project could still use improvement. In addition to 

design improvements, some aspects of the project require an initial design to further the feasibility 

of this device. For these reasons, future work will necessitate the following:

• The acquisition of hardware outlined in Chapter 7 would determine if the battery charging 

topology will operate as in simulation. In theory, it should be possible to charge a battery 

system even with the inconsistency in generation, however, limited research has been 

conducted on this issue. Some work has already been done towards identifying useful 

components for battery charging, but as of this writing a full power electronic conversion 

system has not been proposed.

• More field testing and mechanical design iterations are necessary to investigate the 

possibility of smoothing the input mechanical power to the generator. Future work will 

need to include a balanced approach; mechanical design should work to provide a steadier 

power input, while electrical design will work towards managing the power variations. 

Exploring the effect of adding more vertical oscillators, perhaps working on the same 

generator shaft, may be of some usefulness.

• Harnessing more power from the resource in general should be a goal of future designs. 

The first iteration of design showed average power outputs of a few hundred watts. To be 

a beneficial and cost-effective system for integration in communities, the vertical oscillator 

will need to generate substantially more power.

• Re-evaluate the electrical design consequences as a whole. Since the system was designed 

with little prior knowledge of operating characteristics, it is possible that a different 

combination of generator and power conditioning equipment would be better suited to the 

vertical oscillations. Possibilities include a linear generator, supercapacitors as energy 
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storage and power smoothing devices, and better matching the voltage levels between 

power conversion stages to improve system efficiency.

• The process of generating three-phase AC, rectifying to DC, bucking to lower voltage DC, 

charging a battery, boosting to higher voltage DC, and finally inverting back to AC could 

undoubtedly be improved upon in future iterations of design.

• Configure the test bench VFD and motor to accelerate and decelerate the generator so as 

to mimic field-testing results. This would expand the test bench usefulness by creating a 

platform for testing future power conversion topologies specific to vertical oscillations.

7.3 Final Thoughts

The high cost of energy in rural communities is a significant problem that will require innovative 

solutions to overcome. One advantage that many of these communities have is a wealth of natural 

resources, whether it be hydro, wind, or solar. While it may not be possible to fully remove the 

need for fossil fuel generation in remote areas, judicial installation of renewable resources may 

offset some of these costs. The purpose of this work was to investigate the possibility of a vertical 

oscillator hydrokinetic energy harvester for supplementing fossil fuel generation. While the first 

iteration of design showed limited power output, the project also showed that vortex shedding and 

gallop could be harnessed to generate electrical power. Future work on this project will continue 

to make progress towards increasing the power output from this resource and the potential for 

becoming a part of distributed energy resources for remote microgrids.
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Appendices

Appendix A - Test Bench Laboratory Data

AC Side
VFD (Hz) V1 (V) V2 (V) V3 (V) I1 (A) I2 (A) I3 (A) S (VA) P tot (W) λ θ ° fU (Hz) fI (Hz)

10.08 77.219 77.218 78.569 4.4859 4.3625 4.4474 596.22 446.37 0.74867 41.524 10.141 10.155
20.04 154.193 154.056 154.125 4.5627 4.5682 4.5946 1221.34 991.42 0.81175 35.733 20.185 20.18
30.11 231.607 231.309 231.535 4.7215 4.7406 4.7855 1904.14 1662.26 0.87297 29.194 30.324 30.326
40.07 307.794 307.526 307.671 4.9151 4.9212 4.9676 2629.61 2437.23 0.93584 22.052 40.35 40.343
50.1 384.605 384.598 384.507 5.1597 5.1612 5.1757 3440.76 3354.61 0.97409 13.071 50.468 50.467
60 453.309 452.231 453.176 5.2664 5.2867 5.4253 4178.13 4178.13 1 0 60.419 60.299

10.07 76.898 77.792 78.509 4.4353 4.3385 4.4502 593.48 452.68 0.76276 40.292 10.152 10.167
20.1 154.992 154.87 154.883 4.6037 4.5988 4.6194 1236.23 1036.77 0.83865 33.002 20.27 20.274

30.17 232.275 232.073 232.254 4.8046 4.8245 4.8605 1942.49 1757.48 0.90476 25.209 30.412 30.428
40.01 308.032 307.928 307.991 5.0772 5.0916 5.1101 2716.79 2603.88 0.95844 16.577 40.335 40.326
50.03 384.942 384.966 384.867 5.3423 5.3375 5.3665 3566.07 3566.07 1 0 50.455 50.424

60 452.736 452.192 452.155 5.6174 5.5596 5.684 4403.58 4403.58 1 0 60.498 60.481
10.02 78.434 77.07 77.25 4.48 4.5182 4.4426 602.05 482.85 0.802 36.678 10.126 10.123
20.09 155.079 154.954 155.038 4.6942 4.7069 4.7302 1264.79 1100.07 0.86976 29.569 20.262 20.248
29.94 231.224 231.027 231.149 4.9542 4.9597 5.003 1990.59 1868.39 0.93861 20.18 30.233 30.202
40.08 309.392 309.251 309.257 5.3134 5.296 5.3495 2849.84 2843.59 0.99781 3.795 40.469 40.485
50.03 386.171 386.13 385.988 5.6868 5.6618 5.7019 3800.79 3800.79 1 0 50.535 50.512

60 451.741 451.994 451.226 6.0873 5.9832 6.06 4727.88 4727.88 1 0 60.619 60.592
9.95 77.411 78.098 76.609 4.4479 4.4912 4.5181 601.14 498.08 0.82856 34.048 10.075 10.081

20.16 156.613 156.324 156.455 4.8589 4.8312 4.9134 1319.2 1208.93 0.91641 23.593 20.399 20.405
30.05 233.194 232.908 232.951 5.2701 5.2232 5.3172 2127.03 2107.45 0.99079 7.781 30.42 30.425
40.02 310.315 310.136 310.126 5.7795 5.742 5.8166 3105.08 3105.08 1 0 405.1 40.52
50.15 388.669 388.736 388.541 6.3244 6.2681 6.336 4247.29 4247.29 1 0 50.778 50.779

60 449.477 450.55 449.379 6.9065 6.7603 6.7972 5314.34 5314.34 1 0 60.783 60.746
10.01 78.245 77.963 79.413 4.6798 4.5203 4.6373 627.49 544.77 0.86817 29.753 10.178 10.198
20.1 157.543 157.45 157.348 5.2185 5.1636 5.221 1418.35 1407.29 0.99221 7.158 20.459 20.468

30.05 234.712 234.519 234.476 5.9572 5.8882 5.9862 2415.04 2415.04 1 0 30.52 30.527
39.95 312.101 312.085 312.003 6.7236 6.67 6.743 3627.99 3627.99 1 0 40.637 40.655
50.09 391.083 391.237 390.954 7.5793 7.4769 7.5802 5111.22 5111.22 1 0 50.953 50.949

60 447.807 448.29 448.159 8.4873 8.4063 8.5177 6573.95 6573.95 1 0 61.072 61.045
10.02 81.415 80.567 79.758 5.1235 5.1039 5.0536 710.95 716.22 1 0 10.351 10.358
20.04 160.517 160.517 160.375 6.5328 6.4529 6.5289 1807.97 1807.97 1 0 20.671 20.678
30.11 240.382 240.416 240.227 8.14 8.0071 8.1385 3369.88 3369.88 1 0 31.028 31.1
40.13 319.611 319.802 319.475 9.6478 9.4756 9.6419 5308.28 5308.28 1 0 41.326 41.29
50.09 397.611 397.891 397.572 11.0562 10.8693 11.0676 7575.42 7575.42 1 0 51.547 51.481
54.48 431.468 432.484 431.78 11.6468 11.4267 11.5757 8640.2 8640.2 1 0 56.085 56.046
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Mechanical Link DC Side
Torque Sensor (mV) Torque Sensor - Offset (mV) Speed (RPM) Torque (N-m) Mech Pow (W) V Gen (V) I Gen (A) R Load (Ω) P out (W)

167 98.3 303.4 1.966 62.46 76.857 0.62183 128.5 47.892
254 185.3 603.2 3.706 234.10 153.498 1.2501 128.5 192.26
339 270.3 906.2 5.406 513.01 230.598 1.88151 128.5 434.53
421 352.3 1206 7.046 889.85 306.119 2.50098 128.5 766.3
504 435.3 1508 8.706 1374.83 381.501 3.11914 128.5 1190.56
583 514.3 1806 10.286 1945.33 455.123 3.72199 128.5 1694.44
182 113.3 303.2 2.266 71.95 76.502 0.74683 107.6 57.258
284 215.3 605.2 4.306 272.90 153.206 1.50264 107.6 230.7
385 316.3 908.4 6.326 601.78 229.582 2.25587 107.6 518.72
481 412.3 1204 8.246 1039.68 303.658 2.98513 107.6 907.32
575 506.3 1506 10.126 1596.95 378.167 3.72084 107.6 1407.83
668 599.3 1807 11.986 2268.09 451.471 4.44489 107.6 2007.31
205 136.3 301.9 2.726 86.18 75.711 0.9231 84.2 70.046
328 259.3 605.3 5.186 328.72 151.945 1.86186 84.2 283.51
448 379.3 902 7.586 716.55 226.223 2.77593 84.2 629.01
566 497.3 1207 9.946 1257.14 301.512 3.70589 84.2 1118.47
680 611.3 1508 12.226 1930.70 374.486 4.60478 84.2 1725.35
789 720.3 1808 14.406 2727.54 446.465 5.49083 84.2 2452.17
240 171.3 300.1 3.426 107.67 74.547 1.21443 63.7 90.742
402 333.3 607.9 6.666 424.35 151.179 2.47124 63.7 374.43
555 486.3 906.3 9.726 923.07 224.461 3.67211 63.7 825.63
702 633.3 1207 12.666 1600.94 297.061 4.86027 63.7 1445.23
845 776.3 1513 15.526 2459.95 369.473 6.0448 63.7 2234.55
982 913.3 1810 18.266 3462.19 438.41 7.1762 63.7 3146.96
311 242.3 302.5 4.846 153.51 73.94 1.79327 42.7 132.918
540 471.3 607.5 9.426 599.66 148.219 3.61853 42.7 537.56
753 684.3 906.6 13.686 1299.33 219.221 5.35898 42.7 1176.73
954 885.3 1207 17.706 2237.98 288.738 7.0605 42.7 2040.49

1147 1078.3 1514 21.566 3419.20 357.475 8.7491 42.7 3128.96
1325 1256.3 1814 25.126 4772.98 422.656 10.3424 42.7 4372.21
510 441.3 304.7 8.826 281.62 71.297 3.44318 22.9 246.091
914 845.3 609.2 16.906 1078.52 140.696 6.8292 22.9 962.73

1275 1206.3 914.8 24.126 2311.21 206.559 10.0553 22.9 2079.36
1591 1522.3 1219 30.446 3886.53 268.313 13.0342 22.9 3499.05
1862 1793.3 1521 35.866 5712.69 326.236 15.8057 22.9 5157.56
1966 1897.3 1656 37.946 6580.44 350.855 16.9384 22.9 5943.9
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Appendix B.1: Generator Performance Table (112.14-10)
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Appendix B.2: Motor Specifications

BALDOR ∙ RELIANCES Product Information Packet: EM3774T - 10HP,1760RPM,3PHl60HZ,215T,0748M,TEFC,F1

Part Detail
Revlston: AC Status: PRD/A Change ft Proprietary: No

Type: AC E)ec. Spec: 07WGY179 CD Diagram: CD0005 Mfg Plant:

Mech. Spec: 07H002 Layout: 07LYH002 Poles: 04 Created Date: 05-07-2010

Base: RG Eff. Date: 07-11-2019 Leads: 9#14

Specs
Catalog Number EM3774T Heater Indicator: No Heater

Enclosure: TEFC Insulation Class: F

Frame: 215T Inverter Code: Inverter Ready

Frame Material: Iron KVACode: H

Output @ Frequency: 10.000 HP @ 60 HZ Lifting Lugs: Standard Lifting Lugs

Synchronous Speed @ Frequency: 1000 RPM @ 60 HZ Locked Bearing Indicator No Locked Bearing

Voltage @ Frequency: 460.0 V @ 60 HZ Motor Lead Quantlty/Wire Size: 9 @ 14 AWG

230.0 V @ 60 HZ Motor Lead Exit Ko Box

XP Class and Group: None Motor Lead Termination: Flying Leads

XP Division: Not Applicable Motor Type: 0748M

Agency Approvals: UR Mounting Arrangement F1

CSA EEV Power Factor: 83

CSA Product Family: General Purpose

Auxiliary Box: No Auxiliary Box Pulley End Bearing Type: Ball

Auxiliary Box Lead Termination: None Pulley Face Code: Standard

Base Indicator: Rigid Pulley Shaft Indicator Standard

Bearing Grease Type: Polyrex EM (-20F +300F) Rodent Screen: None

Blower: None Shaft Extension Location: Pulley End

Product Information Packet: EM3774T- 10HPJ760RPM,3PH,60HZ,215T,0748M JEFC,F1

Current @ Voltage: 12.200 A @ 460.0 V Shaft Ground Indicator No Shaft Grounding

24.400 A @230.0 V Shaft Rotation: Reversible

26.500 A @208.0 V Shaft Slinger Indicator: No Slinger

Design Code: B Speed Code: Single Speed

Drip Cover No Drip Cover Motor Standards NEMA

Duty Rating: CONT Starting Method: Direct on line

Qectrically Isolated Bearing: Not Electrically Isolated Thermal Device - Bearing: None

Feedback Device: NO FEEDBACK Thermal Device - Winding: None

Front Face Code: Standard Vibration Sensor Indicator No Vibration Sensor

Front Shaft Indicator: None Winding Thermal 1: None

Winding Thermal 2: None
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Appendix B.3: Transformer Specifications

Dry Type Distribution Transformers SolaHD

General Purpose

Energy efficient dry-type SoIaHD General Purpose 
Transformers 600 Volt Class, isolation type, single and three 
phase, 15 kVA through 500 kVA. Indoor and outdoor models 
available. For catalog numbers outside of the standard 
Selection Tables, fill out the Custom Transformer Quotation 
Request at the end of this section.
Accessories and Optional Design Styles

• Electrostatic shield for quality power
• Wall mounting brackets (500 Ibs maximum) (Item WB1C)
• Weather Shields (UL Listed/NEMA Type 3R)
• Stainless Steel Enclosures
• Totally enclosed non-ventilated designs ’
• Open core and ∞il designs (UL Recognized)
• Copper Wound designs
• Low temperature designs

Features

• Energy Efficient Compliant to DOE 2016/NRCan 2019 as 
applicable 

• UL Listed/NEMA Type 3R ventilated outdoor enclosures 
when used with optional weather shields
(order separately)

• UL Class 220°C insulation system, 150°C 
temperature rise under full load

• Quiet operation with sound levels 3-6 dB below the 
NEMA ST-20 requirements

• Terminal board connections and spacious wiring 
compartment

• Panel enclosure design reduces labor time. Wiring 
diagram on inside front cover.

• High efficiency for low ∞st operation
• Single and three phase availability
• Fast delivery
• Meets transit test requirements for ISTA 

(International Safe Transit Association) - Test Procedure 
1E for packaged-product

• 10 year Iimited warranty

Certifications and Compliances
 Listed: E25872

- UL 1561/CSA C22.2 No. 47

• CSA No. 802.2-18

Group D: 208 Volt ∆ Primary, 480Y/277 Secondary, 60 Hz

MHk Catalog 
Number

Type 3R 
Weather 
Shield1

Height 
in (mm)

Width 
in (mm)

Depth 
in (mm)

Approx. Ship 
Weight 
Ibs (kg)

Design 
Style2

Elec
Conn2

Primary 
Amps

Secondary 
Amps

15 E84H15S WS-02 23 (584) 18 (457) 14 (350) 220(100) 1 10 41.7 18.1

30 E84H30S WS-14 2B(711) 23 (584) 16(406) 320 (145) 1 10 83.4 30.1

45 E84H45S WS-14 2B(711) 23 (584) 16(406) 390 (177) 1 10 125 54.2
75 E84H75S WS-30 34 (864) 28 (711) 22 (559) 680 (308) 1 10 208 90.3

112.5 E84H112S WS-30 34 (804) 28 (711) 22 (559) 799 (362) 1 10 313 135
150 E84H150S WS-10 44(1118) 33 (838) 21 (533) 1000 (454) 1 10 417 181
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Appendix B.4: Yokogawa Power Analyzer
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YOKOGAWA
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Specifications WΓ3000E
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YOKOGAWA
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Specifications WΓ3000E

138



YOKOGAWA
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Specifications WT3000E
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Appendix C.1: Generator Simulink Model
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Appendix C.2: Generator and Controlled Inverter Model
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Appendix C.3: Battery Charging Model
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Appendix C.4: Battery Charging with Single-Phase Inverter
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Appendix C.5 Battery Charging with Three-Phase Inverter
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