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ABSTRACT 

 

Grid integration of renewable energy sources has proven to be a challenging problem 

that has been widely studied and currently continues to be of interest. Most modern wind 

energy conversion systems utilize power electronics converters/inverters to maintain 

voltage phase, frequency, and magnitude at the grid-required values.  

While power electronics is still an expanding area of interest, currently the available 

solutions report high failure rates and elevated maintenance costs. In this work we design 

and compare the performance of a continuously variable transmission (CVT) wind turbine 

against the most popular variable speed wind turbine systems in the market. 

Using real data sets of wind conditions in the South plains region of Texas, and 

performing simulations combined with a Simulink model of our experimental drivetrain 

based on the dynamics published by Yves Rothenbuller of EPFL, we incorporate a CVT 

model into a wind turbine model coupled to an induction generator. By controlling the 

driver axial forces of the CVT we control low- and high- speed shaft speeds to obtain 

maximum wind energy capture during Region 2 operation.  

The results for the overall integrated powertrain are presented and discussed 

integrating the CVT and the induction generator. The simulations were all performed 

utilizing real wind data captured by a meteorological tower located at Reese Tech Center, 

in Lubbock County. 

In agreement with previous research claims, the correct control of a gearless wind 

turbine yields encouraging results such as improved energy capture for lower wind speeds, 

with the potential to reduce the complexity of the electrical system needed for feeding 

power into the grid.  
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CHAPTER I  

INTRODUCTION 

1.1. Current State of Wind Energy  

The world’s population will rise by an estimated 25 percent from 2014 to 

2040, reaching nearly 9 billion. Economic growth, along with the projected increase of 

per capita energy consumption, will require an increased and more effective power 

production. Recent U.S. government energy outlook reports from the Energy 

information administration (EIA) predict that “total electricity use grows by an 

average of 0.8%/year, which projects a growth from 3,836 billion kilowatt-hours 

(kWh) in 2013 to 4,797 billion kWh in 2040”. It is believed also that the amount of 

renewable energy on the electric grid will more than double by 2040 to close to 900 

billion kWh (which accounts for nearly 20% of the total generation). In this 

encouraging context, wind energy particularly positions itself as the largest and fastest 

growing source of renewable energy (ahead of Solar, Geothermal and Biomass) with a 

projected potential to inject 320 billion kilowatt-hours to the US electrical grid by 

2040. 
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The State of Texas leads the nation in installed wind capacity at approximately 

25% of the total US wind energy production. The Electric Reliability council of Texas 

(ERCOT) serves approximately 90% of the state’s electrical load.  

The most important concept of operation is that the electrical generation has to 

match the load at all times while maintaining a constant frequency of 60 Hz. Recent 

data reported by ERCOT suggests that currently on a yearly average 12 % of the total 

energy it serves comes from Wind turbines. This number has been recorded to go as 

high as almost 48 % of the load as recorded on March 23, 2016, an impressive record 

that suggests the importance of wind energy penetration on Texas energy 

consumption. ERCOT also reports that the majority of wind is in West Texas, which 

provides almost 60 % of the generated wind power with top production in moderate 

weather months and overnight hours. 

There are more than 10,000 wind turbines in Texas and over 50,000 in the U.S, 

and according to most projections this number is almost guaranteed to steadily 

increase in the near future. There is substantial evidence to support the idea that the 

number of wind farm projects across the nation are only going to increase in the 

immediate future.  
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 Technology in wind energy conversion systems has undergone a significant 

change over the last century. The current wind turbine is a complex machine that 

integrates diverse elements from mechanical, electrical and civil engineering.  

The biggest challenges that historically wind turbine designers encounter in 

converting the highly fluctuating rotational speeds of the rotor, is the large moments 

and forces that wind turbine drive trains absorb, which can impact on the gearbox, 

shafts and ultimately the electric generator of the wind turbine since mechanical 

isolation between the system is hard to achieve in current commercial configurations. 

 

 

Figure 1. Renewables growth Projection for 2040, Source:  U.S Energy Information Agency. 

 

 Regardless of the favorable development on the design of fixed gearboxes and 

the increased torques and ratios they handle, it is still reported that the gearbox is the 

most vulnerable part of a wind turbine followed by damages in the generator (59% and 
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25% failure rates respectively). These failures also constitute the highest cost repairs 

because they create long down times which translate directly into economic losses. As 

a consequence wind farm operators schedule frequent inspections and maintenance 

operations to preserve the state of this critical components.  

Wind turbine maintenance is labor and time consuming. The U.S Department 

of Labor has reported wind turbine technicians as the fastest growing profession in the 

nation. Growth in the field is expected to increase by 108 percent over the next ten 

years. That’s more than twice as much as the second fastest growing occupation. 

1.2. Motivation 

The motivation behind this work comes from two main sources. First, the US 

department of Energy through NREL has determined in studies (J. Cotrell) that the 

“savings of integrating a continuously variable transmission into various wind could 

potentially lead to a cost reduction of between 4% and 7.3%” with respect to 

conventional variable speed wind machines with PE. These values are calculated 

taking into account the economic short and long term costs such as the capital cost, 

operation and maintenance and of course the annual energy capture of the system.  It 

is important to note that while our work does not include a new financial analysis on 

the economics side of the CVT wind machine, the primary objective of studying 

innovative drivetrain techniques and control of such system is to effectively maximize 

annual energy capture and minimize maintenance and replacement costs which are 

factors directly related to the cost of energy variable. 
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Secondly, we are attempting to update and expand the available knowledge of 

continuously variable transmissions in wind turbines. The findings presented on this 

thesis focus on incorporating the sophisticated CVT models developed in the last 

couple years, in order to elaborate a performance analysis of the CVT wind turbine 

system that allow us to analyze the system at a level of detail previously impossible, 

for the very concrete purpose of minimizing the cost of energy variable.  

1.3. Literature Review 

The subject of continuously variable transmissions has been extensively 

studied over time. A great deal of resources have been devoted to the development of 

new technologies because they are potentially capable of improving the efficiency of 

widely popular combustion motors. The aim of this thesis is to take advantage of the 

advanced understanding that is available on CVT dynamics and to bridge the gap 

between CVT modelling and its adequate application in the wind energy field. A more 

comprehensive view of this useful drivetrain technology allows us in turn to design 

more efficient controls that yield an increase in the power production of the wind 

turbine. 

The first published studies on the subject that enable CVT modelling and 

computer simulation can be traced back to the year 1994 when Ide, Udagawa, and 

Kataoka, presented a dynamic response analysis of a vehicle with a metal v-belt CVT, 

and later to 1995 when Shafai et al presented “Model of a continuously variable 

transmission”. 
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In 1998 Kobayashi and Mabuchi studied the torque capacity of a Metal 

pushing V-Belt for CVTs in a detailed approach that hadn’t been attempted before. 

In the year 2005 Carbone- Mangialardi- Mantriota (CMM) proposed a very 

promising model to describe CVT dynamics in “The influence of pulley deformations 

on the shifting mechanism of metal belt CVT”. The theoretical predictions of this 

model were validated showing a good agreement between theoretical predictions of 

the CMM model and experimental results in a collaboration between the authors and 

the Eindhoven University of Technology on the 2006 publication “CVT dynamics: 

Theory and Experiments”. Finally in 2010 a revised version “An enhanced CMM 

model for the accurate prediction of steady state performance of CVT drives” was 

published with a simple formulation that allows “a complete evaluation of the variator 

in a large range of clamping forces, speed ratios and torque loads”. 

In the last 10 years there has been significant advance on CVT modelling and 

control. Srivastava and Haque have performed and compiled the most extensive 

review available for the subject in “A review on belt and chain continuously variable 

Transmissions (CVT): Dynamics and control”.  

Of vital importance to this thesis is Yves Rothenbuller’ s “New Slip Synthesis 

and Theoretical Approach of CVT Slip Control” which combines the CMM model 

with a new slip synthesis as the summation of the slip of each pulley. 
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1.4. Theoretical Background 

A wind turbine converts the kinetic energy available in the swept area of the 

rotor blades into electrical power by means of an electrical machine operating as a 

generator. 

For any given rotor area the amount of power available in the wind is widely defined 

among literature as: 

 

𝑃𝑊𝑖𝑛𝑑 =  
1

2
𝜌𝐴𝑣3  (1) 

Where 

𝑃𝑊: 𝑃𝑜𝑤𝑒𝑟 𝑖𝑛 𝑡ℎ𝑒 𝑤𝑖𝑛𝑑 

𝐴: Swept a𝑟𝑒𝑎 Of rotor 

𝜌: 𝐴𝑖𝑟 𝐷𝑒𝑛𝑠𝑖𝑡𝑦  

𝑣: 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 

 

Wind turbines have a theoretical maximum power of energy that they can 

extract from the wind. “According to Betz's law, no turbine can capture more than 

16/27 (59.3%) of the kinetic energy in wind, this factor is known as Betz's coefficient. 

Practical utility-scale wind turbines achieve at peak 75% to 80% of the Betz limit.  
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In order to quantify the relationship between the available power in the wind 

and the instantaneous generated power, the Coefficient of Power is defined as: 

𝐶𝑝 =
𝑃𝑂𝑢𝑡

𝑃𝑤𝑖𝑛𝑑
  (2) 

Where 

𝐶𝑝: 𝑃𝑜𝑤𝑒𝑟 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 

𝑃𝑂𝑢𝑡: Power output of wind turbine 

 

The coefficient of power is a non-dimensional relation that denotes how much 

of the available power in the wind a turbine can extract. 

In turn, we can write the power output of the wind turbine based on what we already 

know about power available and the newly defined power coefficient as: 

 

𝑃𝑜𝑢𝑡 = 𝑃𝑤𝑖𝑛𝑑 . 𝐶𝑝  (3) 

 

The power coefficient (𝐶𝑝) is arguably the most important factor to describe the 

instantaneous operating point of a wind turbine, and in consequence its efficiency. 

Manufacturers would usually present a power curve to characterize the power output 

of the wind turbine for the designed wind speed range. However, it is customarily that 

this data is expressed as a function of another important parameter known as the tip 

speed ratio λ.  
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The tip speed ratio is a non-dimensional parameter that is used to express a 

numeric relationship between the rotational velocity at the tip of the rotor blades and 

the horizontal wind speed across the wind turbine rotor. 

 

Tip speed ratio (λ) can be expressed as  

𝜆 =
𝜔𝑅

𝑣
   (4) 

 

Where: 

𝜔: 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟 

R: Radius of the Rotor 

𝑣: 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 

The typical curves displaying the power extraction capacity versus the tip 

speed ratio of a generic wind energy conversion system are shown in figure 2. There is 

a unique curve dependent on the angle of attack of the blades with respect to the 

horizontal wind speed. As it is evident from figure 2 the maximum power coefficient 

is only achieved at a single tip speed ratio, and therefore for every wind speed there is 

only one rotational speed of the rotor that yields maximum power.  
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Figure 2 Power coefficient 𝐶𝑝 with respect to tip speed ratio and pitch angle. Figure by Cao et al. 

 

In this context the importance of a variable speed wind turbine is apparent; it is 

important to design a control strategy such that the turbine can track the optimal rotor 

speed for variations in wind speed.  

The power output of a wind turbine is usually best described by its power 

curve. A power curve provides the steady state electrical power output as a function of 

the wind speed at the hub height.  
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An Example of the power curve is given in Figure 3: 

 

Figure 3: Regions of operation in a Variable speed wind turbine 

 

In the Power curve it is possible to clearly differentiate the four regions of 

operation 1 through 4, with respect to the wind speed scale. This regions are denoted 

by: The cut-in wind speed which is the minimum speed at which the machine delivers 

electrical power and separates Region 1 from Region 2; The Rated wind speed at 

which the power available in the wind is enough for the turbine to produce rated 

power and separates Region 2 from Region 3; and finally the cut-out wind speed 

which is the maximum speed at which the turbine can produce power before it has to 

be disconnected for safety reasons, and separates Region 3 from Region 4. 
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Regions of operation: 

In Region 1, the wind speed is not yet strong enough for the turbine to generate power. 

Region 2 is the region where the rated wind power has not yet been achieved, in which 

case we want to optimize the available power. This is the area we will be mostly 

concerned with. 

In Region 3, the power output must be limited by the turbine, this occurs when the 

wind is sufficient for the turbine to reach its rated output power. 

Region 4 is the period of stronger winds where the power in the wind is potentially 

dangerous to operate the turbine safely. 

As most appropriate wind energy industry research shows there are currently 

two popular configurations that allow variable speed wind turbines to operate within 

Grid Code requirements for the integration of wind generation. In the first case, the 

typical configuration of a fully rated connected wind turbine based on a synchronous 

or induction generator. The power converter completely isolates the power grid from 

the electrical generator thus allowing the variable speed operation. 

 

 

Figure 4. Fully rated converter-connected wind turbine 
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Second is the typical configuration of the doubly fed induction generator 

(DFIG) system that enables variable speed operation; The advantage of this concept is 

the partial rating of the power converter compared to the generator, since only slip 

power flows through the rotor side of the induction generator. 

 

 

Figure 5. DFIG wind turbine with Partial rating of the power converter 

 

As a key part in the wind turbine system, the power electronic converter is 

proven to have high failure rates. Over time failures of the wind power converter 

become more unacceptable in the industry because of a higher need of reliability, wind 

turbines remote locations, and their growing impact on the power grid. 

Our concept introduces the novelty that frequency conversion is performed on 

the mechanical side of the generator allowing the rotor and the generator to operate 

with a higher degree of freedom. Continuously variable transmissions are an attractive 

alternative to power electronic technologies. 
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Figure 6. CVT wind turbine with minimum power converter
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CHAPTER II 

IMPLEMENTATION 

2.1. Design 

In this study we are choosing to model the aerodynamic behavior of the NREL 

(National Renewable Energy Laboratory) offshore 1.5-MW baseline wind turbine as a 

reference model.  The model has been used as a reference by various research teams to 

standardize offshore wind turbine specifications. 

 The turbine is designed to operate at its maximum coefficient (Cp Max) of 0.50 at an 

optimal tip-speed ratio (TSR) of 7.0. 

Table 1, Baseline 1,5MW Parameters 

Rating, kW 1500 

Rotor Diameter, m 70 

Design tip speed ratio 7.0 

Max Cp @(λ= 7.0) 0.5 

Cut Out Wind speed (m/s) 27.6 

 

The main objective of this work will be primarily to develop a drivetrain 

system based on a Continuosly variable tranmsission that allows the electrical 

generator to operate at what effectively is “fixed speed” while being driven by a 

variable speed rotor that is subject to the stochastic nature of wind speed. This enables 

our wind turbine generator to operate as close as possible to maximum efficiency.  
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The first step for our design is to establish the power curve of our wind energy 

conversion system. From (4) we can calculate the ideal ω for the wind speed range 

desired (0 – 27.6 m/s). If we assume our wind turbine to operate at the ideal ω, then 

we can estimate the power output simply by 𝑃𝐴𝑒𝑟𝑜 =  𝜏𝐴𝑒𝑟𝑜𝜔𝑖𝑑𝑒𝑎𝑙 

Performing this calculations yields a design rated speed of 11.5 m/s, the wind speed at 

which rated power is achieved. 

 

Figure 7. Power production curve of CVT wind turbine, Rated Speed: 11.5 m/s. 

 

CVT Dimensioning (Based on the guidelines provided by Gear Chain 

Industrial B.V) 

The dimensions of a CVT in the MW range are dependent on: 

The Desired Range  

The Output speed of CVT (𝜔2)  

The Maximum Rotor torque (𝜏𝐴𝑒𝑟𝑜,𝑀𝐴𝑋) 

The Ratio of Gearbox in front of the CVT (𝐼𝑇𝑜𝑡𝑎𝑙) 
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For our 3 phase generator, connected to the constant frequency US grid (f= 60 

HZ) 

𝑓 =
𝑛𝑝

120
  (5) 

Therefore n= 1800 RPM 

Also, from the wind samples obtained it is possible to calculate the dynamic range of 

the rotor aerodynamic torque that the transmission system will need to be able to 

handle. We know that for horizontal wind speeds in the order of the rated speed ~ 11.5 

m/s 

 𝜏𝐴𝑒𝑟𝑜,𝑀𝐴𝑋 = 600 KN/m 

Therefore; 

𝜏𝐶𝑉𝑇,𝑀𝐴𝑋 = 𝑆𝑓(𝜏𝐴𝑒𝑟𝑜,𝑀𝐴𝑋/𝐼𝑇𝑜𝑡𝑎𝑙)  (6) 

Where the Safety factor,  𝑆𝑓 = 2.5 

𝐼𝑇𝑜𝑡𝑎𝑙= 169 (13 x 13) 

𝝉𝑪𝑽𝑻,𝑴𝑨𝑿 = 𝟗𝟎𝟎𝟎 N/m 

𝑃𝑐𝑣𝑡,𝑛𝑜𝑚 =  𝜔2√𝑟𝑎𝑛𝑔𝑒(𝜏𝐴𝑒𝑟𝑜,𝑀𝐴𝑋/𝐼𝑇𝑜𝑡𝑎𝑙)  (7) 

Our desired range is 6 

In order to obtain the required dimensions of the GCI continuously variable 

transmission based on our desired specifications we calculate scaling factors that are 

compared to the known values of a reference chain; once this dimensional 

relationships are established it is easy to calculate the required dimensions. 
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Scaling factor: 

𝑓 = (𝜏𝐶𝑉𝑇,𝑀𝐴𝑋/𝜏𝑟𝑒𝑓)1/3  (8) 

= (9000 N/M / 160 N/M) ^ (1/3) =~ 4 

Estimated Dimensions: 

Chain width = f. widthref = 𝑓 . 24 𝑚𝑚 = 96 mm 

Minimum Radius = 𝑅. 𝑚𝑖𝑛𝑟𝑒𝑓 = 𝑓 . 30 𝑚𝑚 = 120 mm 

Maximum Radius = 𝑅𝑚𝑖𝑛. √𝑅𝑎𝑛𝑔𝑒  = 294 mm 

 Pulley distance = 2 . 𝑅𝑀𝐴𝑋 = 588 𝑚𝑚 

  𝛿 =  sin−1 𝑅2−𝑅1

𝑑
 

Length of Chain =  2 . 𝛿 (𝑅2 − 𝑅1) +  𝜋 (𝑅2 + 𝑅1) + 2 . 𝑑. cos 𝛿 = 2530 𝑚𝑚  

We know the design tip speed ratio is 𝜆 = 7.0 

Rotor Diameter= 70 m 

Cut-in wind speed: 4.5 m/s (4.3 RPM) 

Rated Wind speed: 11.5 m/s (21.96 RPM) 

Cut-out wind speed: 27.6 m/s 

We know that, given our CVT + fixed gearbox: 

𝜔𝐶𝑉𝑇−𝑀𝐴𝑋 =
1800 𝑅𝑃𝑀 . √𝑟𝑎𝑛𝑔𝑒

169
= 30.6 𝑅𝑃𝑀  

𝜔𝐶𝑉𝑇−𝑚𝑖𝑛 =
1800 𝑅𝑃𝑀 

169. √𝑟𝑎𝑛𝑔𝑒
= 4.3 𝑅𝑃𝑀  
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2.2. Modeling 

 

The Major Components of the system that were modeled: 

 Wind Model 

 Turbine’s Aerodynamics (Rotor) 

 Drivetrain (Fixed Gears + CVT) 

 Induction Generator 

 

 

 

 

 

 

 

 

Wind Model: 

The wind sample encompasses a time lapse of a total of 10 minutes of 

horizontal wind speed captured by the Met towers near Reese center in Lubbock Co. 

TX at a height of 74.7 meters. The meteorological tower is equipped with a series of 

state of the art sensors specially chosen for wind climatology. The horizontal wind 

speed is measured with Gill R3-50 sonic anemometers. 

Figure 8. Block Diagram of Main components of CVT wind turbine and parameter 

interaction 
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The data is originally sampled at 50 HZ and down sampled by Decimation to a lower 

rate. Decimate low pass filters the input to guard against aliasing and down samples 

the result by a factor of 5. 

Constants: None 

Inputs: None 

Outputs: 𝑉𝑊: Horizontal wind speed 

 

 

Figure 9. Wind Rose for West Texas Mesonet MET tower, Lubbock County. mesonet.ttu.edu 

 

Rotor Model: 

The rotor model comprises the aerodynamic response of the turbine rotor to 

variations in the horizontal wind speed over time.  
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In the wind turbine industry, energy conversion systems have a power 

coefficient curve that determines the percentage of power extracted as a function of 

the Tip speed ratio. In order to operate a wind turbine at maximum efficiency the TSR 

(𝜆 =
𝜔𝑅

𝑉𝜔
) must be maintained at the maximum power production point. 

What the rotor model simulates is how wind speed translates into Aerodynamic torque  

𝑃𝐴𝑒𝑟𝑜 =  𝐶𝑝(𝜆, 𝛽)𝜌𝐴
𝑉𝑊

3

2
 = 𝜏𝐴𝑒𝑟𝑜𝜔1  (9) 

𝜏𝐴𝑒𝑟𝑜 =  
𝐶𝑝(𝜆,𝛽)𝜌𝐴𝑅

𝑉𝑊
2

2

𝜆
    (10) 

 

Constants: 𝐴: 𝐴𝑟𝑒𝑎,  𝜌: 𝐴𝑖𝑟 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝑅: 𝑅𝑜𝑡𝑜𝑟 𝑅𝑎𝑑𝑖𝑢𝑠,  𝐶𝑝 −  𝜆 𝐶𝑢𝑟𝑣𝑒  

Inputs:  𝜔1: 𝑅𝑜𝑡𝑜𝑟 𝑎𝑛𝑔𝑢𝑙𝑎𝑟 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 

𝑉𝑊: Horizontal wind speed 

Output:  𝜏𝐴𝑒𝑟𝑜: 𝐴𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑇𝑜𝑟𝑞𝑢𝑒 

Drivetrain Model: 

In the context of a wind energy conversion system, the inclusion of a continuously 

variable transmission allows the system to mechanically decouple the disturbances 

between the low speed shaft that is connected to the turbine rotor, and the high speed 

shaft that is connected to the generator allowing for optimal fixed speed operation 

while being driven by a variable speed rotor.  
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Figure 10. Illustrative Metal V-Belt CVT drive. Figure by Srivastava and Haque 

 

Given that the Cp-λ curve of the analyzed turbine has already been presented, in 

order to extract the maximum amount of power at all times the rotor has to operate at 

the selected TSR (λ= 7.0). Recalling (4), the definition of  𝜆 =
𝜔𝑅

𝑉𝜔
 , it is apparent that 

to maintain a fixed tip speed ratio when horizontal wind speed is naturally and 

unpredictably fluctuating, the only variable we can control is the angular velocity of 

the rotor (given that the radius of the rotor is constant). 

The CVT transmission model explains the dynamic behavior of the system, 

particularly the relation between the hydraulic input clamping forces than allow the 

variator to ‘shift between an infinite number of ratios between the upper and lower 

ratios’.  
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Figure 11. Dynamics of Primary and Secondary Shaft interacting with the CVT 

 

�̇�1(𝐽𝑅 + 𝐽𝐷𝑅) = 𝜏𝐴𝑒𝑟𝑜 −  𝜏𝐹1  (11) 

�̇�2(𝐽𝐺 + 𝐽𝐷𝑁) = 𝜏𝐹2 −  𝜏𝐸𝑚  (12) 

 

𝜔1: 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝐿𝑜𝑤 𝑠𝑝𝑒𝑒𝑑 𝑠ℎ𝑎𝑓𝑡  

𝜔2: 𝑅𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝐻𝑖𝑔ℎ 𝑠𝑝𝑒𝑒𝑑 𝑠ℎ𝑎𝑓𝑡  

𝜏𝐴𝑒𝑟𝑜: 𝑅𝑜𝑡𝑜𝑟 𝐴𝑒𝑟𝑜𝑑𝑦𝑛𝑎𝑚𝑖𝑐 𝑇𝑜𝑟𝑞𝑢𝑒  

𝜏𝐸𝑚: 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑚𝑎𝑔𝑛𝑒𝑡𝑖𝑐 𝑇𝑜𝑟𝑞𝑢𝑒  

𝜏𝐹1: 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑃𝑢𝑙𝑙𝑒𝑦 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑇𝑜𝑟𝑞𝑢𝑒  

𝜏𝐹2: 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑃𝑢𝑙𝑙𝑒𝑦 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝑇𝑜𝑟𝑞𝑢𝑒  

𝐽𝑅: 𝑇𝑢𝑟𝑏𝑖𝑛𝑒 𝑅𝑜𝑡𝑜𝑟 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑒𝑟𝑡𝑖𝑎  

𝐽𝑀: 𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑜𝑟 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑒𝑟𝑡𝑖𝑎  

𝐽𝐷𝑅: 𝐷𝑟𝑖𝑣𝑒𝑟 𝑃𝑢𝑙𝑙𝑒𝑦 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑒𝑟𝑡𝑖𝑎  

𝐽𝐷𝑁: 𝐷𝑟𝑖𝑣𝑒𝑛 𝑃𝑢𝑙𝑙𝑒𝑦 𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑖𝑛𝑒𝑟𝑡𝑖𝑎  
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𝑟�̇� = 𝐾𝐶𝑀𝑀. 𝜔1. [𝑙𝑛 (
𝐹𝑍1

𝐹𝑍2
) − 𝑙𝑛(𝜓)]  (13) 

𝐾𝐶𝑀𝑀: 𝐶𝑀𝑀 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

𝐹𝑧1: 𝑃𝑟𝑖𝑚𝑎𝑟𝑦 𝑐𝑙𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒  

𝐹𝑧2: 𝑆𝑒𝑐𝑜𝑛𝑑𝑎𝑟𝑦 𝑐𝑙𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 

𝜓: 𝐶𝑙𝑎𝑚𝑝𝑖𝑛𝑔 𝑓𝑜𝑟𝑐𝑒 𝑟𝑎𝑡𝑖𝑜 𝑤𝑖𝑡ℎ 𝑣𝑎𝑟𝑖𝑎𝑡𝑜𝑟 𝑎𝑡 𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚  

𝜏𝐹1 And 𝜏𝐹1 are primary and secondary friction torques. The value they take 

during operation is not trivial and depends of other factors (Belt-pulley contact normal 

force, belt running radius, direction of the relative velocity between the belt and 

pulley). 

Defining Friction Torques:  

𝜏𝐹𝑥 =
2

cos(𝛽)
𝜇𝑥 (𝜈𝑥, 𝑟𝑔) 𝐹𝑍𝑥 𝑅𝑥  (𝑟𝑔)  (14) 

𝜇(𝜈): 𝑠𝑙𝑖𝑝 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡 𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  

𝛽: ℎ𝑎𝑙𝑓 − 𝑠ℎ𝑒𝑎𝑣𝑒 (𝑝𝑢𝑙𝑙𝑒𝑦) 𝑎𝑛𝑔𝑙𝑒 

 

In consideration of the slip definitions it is important to define 2 important parameters  

Speed Ratio:  𝑟𝑠= 
𝜔2

𝜔1
  (15) 

Geometric Ratio: 𝑟𝑔= 
𝑟2

𝑟1
  (16) 

Finally  

𝜈1 = 1 −
𝑆𝑐ℎ

𝜔1𝑅1
  (17) 

𝜈2 =
𝑆𝑐ℎ

𝜔2𝑅2
− 1  (18) 

𝜈𝑡𝑜𝑡 = 𝜈1 + 𝜈2  (19) 
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𝜈1: 𝑆𝑙𝑖𝑝 𝑖𝑛 𝑝𝑢𝑙𝑙𝑒𝑦 1  

𝜈2: 𝑆𝑙𝑖𝑝 𝑖𝑛 𝑝𝑢𝑙𝑙𝑒𝑦 2  

𝑆𝑐ℎ: 𝐶ℎ𝑎𝑖𝑛 𝑆𝑝𝑒𝑒𝑑 

Constants:        Traction curves (μ - ν), the traction coefficient μ is a function of the 

percentage of slip present in the CVT 

  Ln (ψ), where ψ is the clamping force ratio at equilibrium. 

Inputs:  Clamping forces Fz1, and Fz2 

Outputs:  (Of CMM) Primary pulley radius (R1) and geometric ratio (rg), Chain 

speed, slip. 

Generator Model: 

The subject of mathematical modelling of electrical machines has been widely 

covered in bibliography and it is far beyond the scope of this work. Induction 

machines are typically capable of operating both as a motor when rotating below 

synchronous speed, and as a generator when rotating above synchronous speed. They 

are ideal for wind power applications because they operate in synchrony with the 

electrical grid at the same frequency and voltage, they require very little power 

electronics to operate. While the induction generator may provide reactive power 

directly to the grid, it needs reactive power to its supply that which is fed by the utility 

grid. 

 The Asynchronous Machine block used for the wind energy conversion 

system discussed in this thesis is available in Matlab, and it implements a three-phase 
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asynchronous machine (single squirrel-cage), based on the dynamics presented by 

Krause et al. 

 

The original stator and rotor frames are transformed into a dq or space-vector 

frame modeling for convenience. The electrical part of the machine is represented by a 

fourth-order state-space model, and the mechanical part by a second-order system. 

Constants: Characteristic machine parameters: N of Poles - Stator’s Resistance and 

leakage inductance - Rotor’s Resistance and leakage inductance – Magnetizing 

inductance. 

Inputs: Excitation Voltage – Electromagnetic Torque 

Outputs: Power – Reactive Power – Generator Speed 
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CHAPTER III 

CONTROL STRATEGY AND RESULTS 

3.1. Control Objectives: 

Once again, at this point it is vital to mention that the subject of variator 

control for the use of continuously variable transmissions in vehicles, has been 

thoroughly researched and documented for the last 25 years. Both academia and 

industry researchers have focused on CVT’s for its practical use in automotive 

powertrains where optimizing engine operation to obtain better fuel efficiency and 

lower carbon emissions is an immediate priority. One of the motivations for this work 

was therefore, to capitalize the advances in CVT control research and adapt its use to 

the wind energy industry.  It is clear however, that in order to design an effective 

control strategy, the most important step is to determine optimal objectives for the 

CVT that are unique and different in a wind turbine operation context.   

In the CVT controlled variable speed wind turbine, the input speed of the 

generator is kept constant within the desired margins while the rotor speed is adjusted. 

To design an effective control strategy it is important to specify clear objectives. 

Maximize power extraction by effective aerodynamic efficiency 

Operating at the optimal tip speed ratio for variable wind speeds. 

Minimize operation and maintenance costs 

Loads on the CVT will increase at a high shifting speed 
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3.2 Standard Control 

The classical Generator torque control, performed using the power electronics, 

is reviewed briefly precisely as described by Johnson et al in “Control of variable 

speed wind turbines”. 

We know from Chapter 2 that for the CVT wind turbine: 

�̇�1(𝐽𝑅 + 𝐽𝐷𝑅) = 𝜏𝐴𝑒𝑟𝑜 −  𝜏𝐹1    

The CVT acts as dynamic torque converter, however, in a conventional 

variable speed wind turbine there is no mechanical isolation between the low speed 

shaft from the rotor and the high speed shaft of the generator. Therefore, in the case of 

a fixed gearbox the primary friction torque becomes simply the generator torque: 𝜏𝑐, 

that is the control torque given by: 

 

𝜏𝑐 = 𝐾𝜔1
2  (20) 

 

Where,  

𝐾 =  
1

2
𝜌𝐴𝑅3 𝐶𝑝∗

𝜆∗3  (21) 

 

Rewriting 

�̇�1(𝐽𝑅+𝐷𝑅) = 𝜏𝐴𝑒𝑟𝑜 −  𝜏𝐶     =>  �̇�1 =
1

𝐽𝑅+𝐷𝑅
𝜏𝐴𝑒𝑟𝑜 −  𝜏𝐶 

 

Substituting with 𝜏𝐴𝑒𝑟𝑜 and 𝜏𝐶 

 



Texas Tech University, Santiago Novoa, August 2017 

29 

 

�̇�1 =
1

2(𝐽𝑅+𝐷𝑅)
𝜌𝐴𝑅3𝜔1

2(
𝐶𝑝

𝜆3
−  

𝐶𝑝
∗

𝜆∗3)  (22) 

 

Given that all terms outside the bracket are positive, the rotor will accelerate or 

decelerate until 𝜆 =  𝜆∗  as follow: 

�̇�1< 0, when 𝜆 > 𝜆∗ 

�̇�1> 0, when 𝜆 ≤ 𝜆∗ AND 𝐶𝑝 ≥
𝐶𝑝

∗

𝜆∗3 𝜆3 

 

3.3 CVT control 

In conventional CVT control, the control of the variator consists of controlling 

the speed ratio and setting the correct secondary clamping force to avoid slip of the 

intermediate element.  

To set the ratio set point for the controller we know from (4): 

𝜔1
∗ =

𝜆∗𝑅

𝑉𝑊𝑖𝑛𝑑
 

 

Where 

𝜔1
∗: 𝑅𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑡ℎ𝑒 𝑟𝑜𝑡𝑜𝑟 

𝜆∗: 𝑂𝑝𝑡𝑖𝑚𝑎𝑙 𝑇𝑖𝑝 𝑠𝑝𝑒𝑒𝑑 𝑅𝑎𝑡𝑖𝑜 

𝑅: 𝑅𝑎𝑑𝑖𝑢𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑅𝑜𝑡𝑜𝑟 

𝑣: 𝐻𝑜𝑟𝑖𝑧𝑜𝑛𝑡𝑎𝑙 𝑤𝑖𝑛𝑑 𝑠𝑝𝑒𝑒𝑑 
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Figure 12. Calculated optimal rotor rotational speed for range of wind speed before cut off 

 

We also know that 𝜔2 = 1800 𝑅𝑃𝑀 which is dictated by stator of the electrical 

machine being connected to the grid. 

By establishing the reference value for the rotor speed, we are able to transpose 

that value through our dynamic understanding of the CVT to a geometric ratio 𝑟𝑔= 
𝑟2

𝑟1
 

Proposed CVT control scheme:

 

We know that 𝜈 =  1 −
𝑟𝑔

𝑟𝑠
 

Therefore our new   𝑟𝑔
∗ =  

𝜔2𝑉𝑊𝑖𝑛𝑑

(1−𝜈∗)𝜆∗𝑅
  (24) 
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Speed ratio controller aims to control the 

speed ratio of the variator with the 

primary clamping force 

Setting the correct secondary clamping 

force to maintain slip of the chain within 

acceptable range 

 

 

 

Following the optimal tip speed ratio at all times Increases power capture but wear 

and tear. The control signal has to be slower than the wind speed sampling velocity. 

At the same time the turbine rotor acts like a flywheel that absorbs abrupt changes 

in wind speed. 

 

While the main analysis is focused on proving the instantaneous power 

production of the wind turbine, as it is the case with nearly every application, optimal 

wind turbine operation control consists of a finding a good tradeoff between several 

design goals. In other words, if we focus only in attempting to follow the ideal tip 

speed ratio Slip and dynamic loads that have the potential to damage our turbine’s 

operation life cycle. 

 

Figure 13, Complete Wind turbine model in Simulink. 
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3.4 Results 

To perform our simulations we are utilizing the wind samples Gill R3-50 sonic 

anemometers. To test our control algorithms we want to collect real-time 

measurements of the power and speed (RPM) performed under circumstances similar 

to those in a real scenario. 

Similar simulations were also performed with several different data samples 

than shown here to investigate the system’s performance and stability of the electrical 

system in a larger wind speed range.     

 
 

Figure 14. Instantaneous Wind speed Samples. F = 5 HZ. Sample 1 (Left), Sample 2 (Right) 

 
 

Figure 15. Calculated axial forces Fz1 and Fz2 for Wind Sample 1 
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Instantaneous power production is analyzed for both wind samples. It can be 

observed from the figures that the power output in the case of CVT compared to a 

standard squirrel cage induction generator machine with traditional torque control 

presents some improvements for both Wind sample 1 and 2.  If we compare point by 

point with the wind samples, the CVT wind turbine outperforms particularly in lower 

wind speeds. Also the power signal has a significantly lower variation and pikes. The 

parameters chosen for the controller deliver a fine balance between optimal speed 

tracking while at the same time filtering abrupt variations that can be detrimental for 

the transmission, gearbox and the turbine in general. 

 
 

Figure 16. Instantaneous power production for Wind sample 1. Traditional speed control (Top) vs. CVT 

wind turbine (Bottom). 
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Figure 17. Instantaneous power production for Wind sample 2. Traditional speed control (Top) vs. CVT 

wind turbine (Bottom). 

 

Instantaneous power production figures reveal critical behavior of the wind 

turbine. In a wind farm when air passes through a turbine, air vortices are generated 

that affect the performance of the turbine located behind it. To create the optimal 

arrangement of the turbines in the field is necessary to know the instantaneous 

performance of each. Therefore, to obtain the performance of a wind turbine it is 

necessary to carefully observe and analyze real-time power, velocity of turbine and 

wind speed.  
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Total Energy yielded from Wind, Sample 1: 

 

 
 

Figure 18. Energy captured over Wind Sample 1. . Traditional speed control (Top) vs. CVT wind 

turbine (Bottom). 

Traditional Torque Method: 

E = 15.07 GJ  

CVT Control Method: 

E = 17.57 GJ  

Total Energy increase %: 

17.57 -  15.07 GJ  

15.07 GJ  
. 100   = 16.58% 
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Total Energy yielded from Wind, Sample 2: 

 

 
Figure 19. Energy captured over Wind Sample 2.  Traditional speed control (Top) vs. CVT wind turbine 

(Bottom). 

 

Traditional Torque Method: 

E = 39.61 GJ  

CVT Control Method: 

E = 42.4 GJ  

Total Energy increase %: 

42.4 GJ -  39.61 GJ  

39.61 GJ  
. 100 = 7.04% 
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CHAPTER IV 

CONCLUSION 

We developed a control system that can accurately track the set point for the 

ratio of the variator. The energy that is captured from the wind will increase in the low 

wind speed regime because a wider speed range of the rotor is available when a CVT 

is used. Therefore, the optimal operating line can be followed starting from a lower 

wind speed. 

The energy capture is increased by 16.58% for lower wind speed case and 

approximately 7.04% for wind speeds closer to region 3 operation, while keeping 

dynamic loads under control. 

This results are support the idea that continuously variable transmissions could 

have a significant positive impact in the wind energy industry. 

Given the foundations of the CVT model analyzed in this work, it is safe to say 

that there is enormous potential to develop more advanced control techniques, 

particularly to develop a better slip control strategy that improves the operation 

efficiency for all the potential operating conditions 

In the future it would be interesting to analyze the performance of CVT wind 

turbines at a wind farm level, to see how related performance issues, particularly 

turbulence and wake interactions could be mitigated with appropriate control 

techniques.     
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APPENDIX A 

Simulation Parameters and Initial conditions  

% % INITIALIZE WIND CONDITIONS 
%  
Wind = xlsread('WindProfile.xlsx',1,'AC2:AC30001'); 
x=(0:length(Wind)-1); 
wind1=double([x', Wind]); 
downsampled=decimate(Wind,5); 
y=(0:length(downsampled)-1); 
wind2=double([y', downsampled]); 

   
% INITIALIZE TRACTION COEFFICIENT  

  
X1 = [-6 -5 -4 -3 -2 -1.8 -1.6 -1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2 
    0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 3 4 5 6]; 
m1 = [-0.095 -0.095 -0.095 -0.095 -0.095 -0.092 -0.09 -0.088  
    -0.082 -0.076 -0.065 -0.054 -0.037 -0.018 0 0.018 0.037 0.054 
    0.065 0.076 0.082 0.088 0.09 0.092 0.095 0.095 0.095 0.095 0.095 

]; 
xi=-10:0.01:10; 
yi=interp1(X1,m1,xi,'linear','extrap'); 
plot(X1,m1,'o',xi,yi); 

  
r1_init = 18/100; 
r2_init = 18/100; 

  
w2_init = 25/60; 
w1_init = w2_init*(r2_init/r1_init)*3/4; 

  
r1_max = 29.4/100; 
r1_min = 12/100; 

  
r2_max = r1_max; 
r2_min = r1_min; 

  
% for generating log(psi) look-up table data 
X2 = [0.5 .66 .8 1 1.25 1.5]; 
m2=[825/262 1075/287 470/127 53/15 690/203 3325/927]; 
xi2=0.01:0.01:6; 
yi2=interp1(X2,m2,xi2,'linear','extrap'); 

  
b1=[-873/5240 -3177/28700 -63/1016 19/1250 1737/20300 22789/185400]; 
yi3=interp1(X2,b1,xi2,'linear','extrap'); 
 plot(xi2,yi3,X2,b1,'o'); 
slope= yi2; 
Yorigin= yi3; 
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APPENDIX B 

Turbine Parameters 

Number of blades: 3 

Blade inertia about shaft: 1.4 x 106 kg 𝑚2 

Hub inertia about shaft: 12 x 103 kg 𝑚2  

Total rotor inertia: 4.3 x 106 kg 𝑚2 

 Generator Inertia: 350 kg 𝑚2 

 

Generator Parameters 

 𝑅𝑠= 0.004843 

𝑋𝑙𝑠= 0.093 

𝑅𝑟= 0.00549 

𝑋𝑙𝑟= 0.1 

𝑋𝑙𝑚= 3.95 

 

 

 

 


