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Abstract

Mid-size wind turbines are an under-recognized means to help prevent irreversible cli-

mate damage caused by unprecedented human-made carbon emissions. A high-power

hydraulic energy storage system can be added to turbine transmissions to capture en-

ergy in high wind speeds, and release energy in low wind speeds. The hybrid system

stabilizes the output power of the transmission, and increases reliability while o�ering

ancillary bene�ts such as fault-ride through and pitch and yaw control in severe weather.

The hybrid system was constructed. Experimental characterization of hybrid parame-

ters determined that a modi�ed heat transfer model of the accumulator is realistic, and

that the thermal time constant of the accumulator is around 80 seconds. A high �delity

simulation is produced which is experimentally validated. The simulation is then used

to �nd the additional annual energy production compared to the non-hybrid system is

3.5%. This value can only be attained with the addition of a clutch and directional

valve.
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Chapter 1

Introduction

1.1 Global Climate Crisis

The Earth is undergoing unprecedented climate change. The e�ects of atmospheric

greenhouse gasses such as C02 and water vapor on the temperature of the planet has

been documented as early as 1896, and coal burning has been shown to produce these

greenhouse gasses since the late 1890s [1]. A warning about the negative e�ects of fossil

fuel burning on the climate were not published until 1965 [2]. Since then, fossil fuel use

has increased over time, and C02 emissions are at an all time high. Figure 1.1 shows

the global carbon emissions over the last century [3].
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Figure 1.1: Annual Global Carbon Emissions

This increasing trend is concerning. Scientists predict the e�ects of climate change

will include higher temperatures, an increase in droughts and heat waves, more severe

weather, shrinking of the arctic, and the rising of sea levels [4].

In recent years, more access to emissions data has enabled people to take notice and

push for climate activism. In 2018 the Intergovernmental Panel on Climate Change

(IPCC) presented a special report which sets a goal to limit increasing global temper-

atures to a maximum of 1:5� C, and discusses the repercussions on the global climate

[5]. Currently, the earth is on track to exceed this limit. Figure 1.2 shows the likelihood

that the temperature limit will be exceeded with di�erent levels of human intervention
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[5].

Figure 1.2: Global Temperature Increase with Di�erent Human Intervention Levels

E�orts to reduce greenhouse gas emissions are required to reach the 1.5% goal.

Renewable energy solutions are needed.

1.2 Renewable Energy Path

Renewable energies, such as wind turbines, solar panels, and wave-power generators

are leading the way towards removing human dependency on carbon emitting sources

of energy generation. The Paris Agreement in 2015 is a global goal to reduce carbon

emissions by implementing more renewable energy sources [6]. The Paris agreement

and other renewable energy incentive programs has caused the popularity of renewable

energy sources to increase with time, and these sources are projected to continue to
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grow, as shown in Figure 1.3 [7].

Figure 1.3: Renewable Energy Trend

Wind energy is the fastest growing source of new energy generation, and is expected

to increase due to government policies, such as the United States Department Of En-

ergy's goal to produce 20% of US energy by 2030 [8]. Most of the new wind energy

research is targeted at large-scale, utility wind turbines and o�shore wind farms.

1.3 Utility Wind

The majority of research and development on wind technology is occurring at the utility

scale, with turbines larger than 1 MW. Large wind turbines are often investigated

because they o�er a high amount of power generation. Large turbines are less a�ected by
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the earth's atmospheric boundary layer, and o�-shore turbines are exposed to generally

higher wind speeds [9].

Although utility scale wind is a promising revolution in renewable energies, large

turbines alone cannot meet wind energy goals. Wind farms and large turbines provide

large amounts of power in a single area of the electric grid. Power must be transmitted in

long distance and often wasteful transmission lines, and require signi�cant infrastructure

costs [10].

A necessary part of the transition to renewable energies is utilizing all of the available

resources. An important step that can be implemented quickly is the use of distributed

wind.

1.4 Distributed Wind

Distributed wind refers to the vast array of individual small-scale wind turbines that

supply the distributed power grid. The distributed power grid is the part of the electric

grid that connects local and rural areas. Smaller sources of power generation and

consumption such as rural energy cooperatives, large factories, casinos, and other local

niches are connected to the distributed part of the grid. These niches can be powered

with small to mid-size wind turbines.

Having more power generating sources in a distributed grid bene�ts the stability

of the grid and creates higher quality electricity for rural areas [11]. Mid-sized wind

turbines can satisfy the local power requirements while maintaining a stable grid, and
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require minimal to zero infrastructure upgrades, which can cost millions [10]. These mid-

sized turbines can be implemented in the short term to reach wind power goals with a

lower start-up cost than utility scale turbines. Mid-sized turbines are an underrecognized

market and have potential for improvement.

1.5 Conventional and Hydrostatic Mid-size Turbines

Conventional mid-size wind turbines use a large planetary gearbox to transmit power

from the rotor shaft to the generator shaft.These gearboxes are �xed-ratio and require

costly power electronics to convert the electricity produced to the grid frequency. The

�xed-ratio gearbox transmission has poor reliability due to shock loading from the wind

[12].

Meanwhile, a HydroStatic Transmission (HST) is a hydraulic-based transmission

that uses a hydraulic pump and hydraulic motor, connected with a 
uid coupling. This

is a continuously variable transmission that allows the high-speed shaft and low-speed

shaft to run at independent speeds. The low-speed shaft is connected to the rotor, and

the high-speed shaft is connected to the generator. The generator shaft can be controlled

to run at the grid frequency without the need for power electronics. A schematic of the

HST turbine transmission is shown in Figure 1.4
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Figure 1.4: HST Wind Turbine Schematic

HST's have many practical applications outside of wind turbines. A speed-down

HST is commonly used in o�-road agricultural vehicles to convert a high-speed engine

shaft to a high-torque drive shaft. Speed-down HST's are commonly used in agriculture

and construction machines and vehicles, such as combines, tractors, and wheel loaders

because of their high power density and compact and 
exible housing.

In a wind turbine, a high torque rotor shaft is used to rotate a high speed generator.

A speed-up HST is an ideal candidate for wind turbine transmissions because of the low

weight, high reliability, resistance to shock loading, and low cost [13] [14].

HST based wind turbines are a start to improve the quality of mid-size wind turbines,

but more improvements can be made. By understanding the standard operation of a

turbine, potential areas for improvement are discovered.
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1.6 Conventional Wind Turbine Operation

Wind turbines have four distinct regions of operation, as shown in �gure 1.5. In region

1, the wind speed is too low for the turbine to generate any energy. In region 2, the

wind speeds are higher than the cut-in speed, but lower than the rated wind speed. The

turbine is controlled to maximize the amount of power captured. In region 3, the wind

speed is above the rated wind speed and below the cut-out speed. Turbine blades are

pitched to intentionally limit the amount of power taken on by the turbine [15]. This is

done to prevent damage to the turbine transmission. In region 4, the wind speed is too

high and can potentially cause catastrophic failure. The turbine is intentionally braked

to prevent damage.

Figure 1.5: Wind Turbine Regions of Operation

The blade pitch control strategy in region 3 is slow. The average blade can pitch at

a speed of 1 degree per 10 seconds [16]. Meanwhile, the wind speed changes at a faster

pace.
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Figure 1.6 is a popularized wind distribution that shows the common frequencies of

wind variation [17].

Figure 1.6: Wind Spectrum

The wind has four principal frequencies of variation. The quickest variation happens

at intervals of 20-60 seconds. In the quicker intervals, the blade pitch control is too slow

to dissipate all additional energy, and the transmission is suspect to damage. If the

energy from short bursts of wind was stored temporarily instead of mitigated by blade

pitch, and later re-added to the system, the system would become more reliable. This

is accomplished with hybridization of the transmission.

1.7 Hybrid System

A hybrid system is any system that contains more than one form of power, typically

including at least one form of energy storage. The goal of energy storage is to take
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the additional power that would be intentionally dissipated in region 3, and store it

temporarily. When the wind speed decreases back into region 2, the stored energy is

released to increase the power captured. A successful Energy Storage System (ESS)

will remove additional energy quickly from the transmission without using blade pitch

control to limit power. This increases the total power produced. This is illustrated in

Figure 1.7.

Figure 1.7: Hybrid System Storage Goal

Energy is stored for a short period of high wind speeds, and then released back into

the transmission when the wind speeds are lower than rated. If su�cient at removing

energy, the system can operate the turbine transmission at its constant rated power for

extended periods of time. This increases the total amount of energy produced, increases

transmission reliability, and o�ers a quick response time for brief gusts of wind. If sized
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properly, an ESS can keep the transmission running smoothly near the constant power

for extended periods of time when wind speeds are varying around the rated speed.

Wind turbines operate at high power and have a high inertia. During high wind

speeds, power has to be removed quickly, and during low wind speeds, power has to be

added quickly. Hydraulic accumulators are one of the most power-dense energy storage

components. They can store energy quickly at high power and quickly add energy with

high power, even with a high inertia system.

Hydraulic ESS's have been previously researched by many groups and found useful in

high power applications. Successful applications typically have a dependable duty cycle

and are high power, such as hydraulic hybrid vehicles, forklifts, and garbage trucks [18].

Hydraulic hybrid systems are also a blossoming prospect in the o�-road and agriculture

industry, where high power is a necessity [19].

Although they are high power, wind turbines have a less dependable duty cycle. This

has led to alternate forms of ESS's being investigated for wind turbines. These include

pumped hydro-storage, 
ywheel energy storage, and compressed air energy storage sys-

tems [20]. These systems have their bene�ts, but none can match the amount of power

provided by the hydraulic system. Some projects also focus on long-term energy storage

systems in order to store energy for hours or days to create a smoother long-term period

of operation [21]. This research instead focuses on short periods of energy storage to

create a smooth power output. A hydraulic ESS has been previously investigated for

short-term energy storage [22]. The previous project placed an ESS on the high-speed
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shaft of the transmission. The current research instead places the ESS on the low speed

shaft of the transmission to increase system reliability.

The high power of the accumulator is essential for providing ancillary bene�ts of the

hybrid system. When there is a fault in the power grid, energy from the accumulator

can be rapidly released at high power to maintain proper grid operation for short faults.

The high power in the accumulator can also be used to pitch turbine blades and yaw

during severe weather.

1.8 Research Objective

The goal of this research project is to improve the quality of mid-size wind turbine

transmissions. This is done by creating a high-power ESS that can add or remove power

from the turbine transmission to create a smooth output power that hovers at the rated

power for longer periods of time. The resulting system can increase the annual energy

produced while maintaining and potentially improving the reliability of the turbine

transmission. More continuous operation near the rated power during turbulent wind

can lead to a higher quality of produced electricity [23] .
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1.8.1 Key Contributions

� Design, modeling, and control of a novel hybrid hydraulic energy storage system

for mid-size HST wind turbine transmissions.

� Large-scale hardware upgrade of a power regenerative test platform.

� Experimental characterization of system losses and accumulator behavior.

� Experimental validation of high-�delity dynamic model of the hybrid system.

� Prediction of e�ectiveness of the hybrid system, including additional annual energy

production.

1.9 Chapter Overview

This thesis is divided into four chapters. In chapter 2, the design and modeling, con-

trol, and preliminary simulation of the hybrid system are discussed. In chapter 3, the

design of an upgrade to the power regenerative HST test platform at the University of

Minnesota is discussed [24]. In chapter 4, the simulation is experimentally validated,

and characterization experiments are used to improve �delity. In chapter 5, the results

and implications of the system are discussed and conclusions are drawn.



Chapter 2

Hybrid System Design,

Modelling, Control, and

Preliminary Simulation

2.1 Hybrid System Architecture

The designed hybrid system architecture is shown in Figure 2.1.

Outside of the red dashed box is a standard HST turbine as described in the intro-

duction and shown in Figure 1.4. Inside the box is an ESS designed to hybridize the

transmission. The ESS is an independent add-on to an HST and can be added to any

type of wind turbine transmission. In this thesis, the ESS will be added to a HST due

to previous evidence of the bene�ts of the HST, and the ability to perform experiments

14
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Figure 2.1: Hybrid System Architecture

on the power regenerative HST test platform at the University of Minnesota [24] [25] .

The ESS uses a gearbox, a variable-displacement pump called the secondary pump,

and an accumulator to store energy. When active, the turbine rotor drives the secondary

pump, which charges and discharges the accumulator. When wind speeds are above the

rated speed, the rotor shaft takes on additional power from the windProt = Pr + � P.

The rated power, Pr is transmitted to the grid through the HST, and the additional

power, � P, is transmitted to the accumulator by the secondary pump. When wind

speeds are below rated, �P is negative. The stored energy in the accumulator is used

to supply power to the HST through the secondary pump and rotor. The secondary

pump is designed to charge and discharge the accumulator with unidirectional rotation.

The gearbox is used to make the secondary pump run at a more e�cient speed, and

allows the secondary pump to be smaller.

The ESS is placed on the low speed shaft to improve the system reliability. Wind
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power increases with the cube of wind speed, so a small increase in wind speed above

rated creates a large increase of power in the system. By placing the energy storage

system on the low speed shaft, additional power is stored immediately at the input,

and not transmitted throughout the transmission. This increases the overall system

reliability. The resulting architecture is modeled.

2.2 Dynamic Modeling

To predict the performance of the hybrid transmission during di�erent wind inputs, a

high-�delity dynamical model of the transmission was produced. The transmission is

governed by rotor dynamics, HST pressure dynamics, and accumulator dynamics, as

described in [26].

2.2.1 Rotor Dynamics

Dynamics for the rotor are found from the sum of applied torques on the shaft:

Jr _! r = � rot (! r ; u;  ) � br ! r � Dp1phst � 
D p2Gr pacc (2.1)

where Jr is the inertia, and br is the damping of the rotor shaft and main pump. � rot

is the aerodynamic torque, which is a function of the rotor speed! r , the wind speed

u, and the blade pitch angle  . Dp1 is the displacement of the main pump, andDp2

is the displacement of the secondary pump.
 is the normalized swash plate angle of

the secondary pump. phst is the pressure drop across the main pump, andpacc is the
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pressure in the accumulator.

2.2.2 Pressure Dynamics

Dynamics of the HST pressure are found from the sum of 
ows into the control volume

of the high pressure line of the HST:

_phst =
� e

V
[Dp1! r � L m phst � �D m ! g] (2.2)

where V is the 
uid line volume. L m is the combined losses of the motor and the

main pump, assuming no losses in the line.Dm is the displacement of the motor. � is

the normalized swash plate angle of the motor.� e is the e�ective bulk modulus of the


uid and line, linearized at operating line pressure phst .

2.2.3 Accumulator Dynamics

Dynamics of the accumulator are found from the sum of 
ows into the control volume

of the accumulator:

K acc _pacc = 
D p2Gr ! r � L p2pacc (2.3)

where L p2 is the 
ow loss term of the secondary pump. K acc is not a constant,

but rather a non-linear, time-changing variable that represents the instantaneous re-

lationship between the 
ow rate of 
uid into the accumulator and the pressure of the

accumulator. This value depends on the modeling method of the accumulator.
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2.3 Accumulator Modeling

Accumulator modeling presents challenges depending on the rate at which the accumu-

lator charges [27]. Every accumulator has a thermal time constant dependent on the

size and material. When an accumulator charges signi�cantly faster than its thermal

time constant, the process is considered to be adiabatic. When an accumulator charges

signi�cantly slower than its thermal time constant, the process is considered isothermal.

Both are lossless processes. When an accumulator charges in a time close to the thermal

time constant, it is important to include a model that includes losses. In many hydraulic

systems, accumulators charge and discharge in times typically less than 10 seconds, and

an adiabatic model is used. However, in this system the duty cycle is unpredictable.

All three models are investigated.

2.3.1 Adiabatic and Isothermal

Adiabatic and isothermal models are lossless models. An adiabatic model assumes that

there is no heat loss during the compression and expansion of a gas, or the charging

and discharging of a gas bladder accumulator. This assumption is valid when an accu-

mulator charges signi�cantly faster than its thermal time constant. From the �rst law

of thermodynamics, the adiabatic gas equation is derived as:

pVn = p0V n
0 = Cadi (2.4)

Where p and V are the pressure and volume of the accumulator gas at any given
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time, p0 and V0 are the precharge gas pressure and volume, andn is the polytropic

index, typically 1.4 for N2 gas, used in the adiabatic model, andCadi is the adiabatic

process constant. By taking the �rst-order derivative of the adiabatic equation, the

resulting relation between accumulator pressure and the 
ow rate into the accumulator

is produced:

dpacc

dt
=

np
1+ 1

n
acc

C
1
n dVa cc

dt

(2.5)

Where pacc and Vacc are the accumulator 
uid pressure and volume. Note that this

equation relates the 
ow into the accumulator to the rate change in pressure of the

accumulator, similar to equation 2.3. The value of the accumulator constantK acc for

an adiabatic process is found as:

K acc =
C

1
n
adi

np
1+ 1

n
acc

(2.6)

An isothermal process is one in which the temperature stays constant during the

charging and discharging process. This assumption is valid when an accumulator charges

signi�cantly slower than its thermal time constant. It can be shown by the �rst law

of thermodynamics that this is equivalent to the adiabatic gas equation with a value

of n = 1. By using the same method of taking the �rst-order derivative of the gas

equation, the value ofK acc can be found to be:

K acc =
Ciso

p2
acc

(2.7)



20

Noting that the value of Ciso is p0V0 = C

2.3.2 Heat Transfer Method

The heat transfer model lies between the isothermal and adiabatic models. The model

does not assume a lossless process. Instead, the relationship between the pressure of the

accumulator and the 
ow rate of 
uid is determined by a second-order transfer function.

Otis developed this model by performing an energy balance on the accumulator gas [27].

Through simpli�cation and the assumption of small perturbations in pressure as detailed

by Otis, the resulting transfer function is [27]:

pacc =
p0

V0

1 + n�s
V0s(1 + �s )

dVacc

dt
(2.8)

Where n is the ratio of speci�c heats of the gas, also used in the polytropic equation,

s is the frequency domain operator, and� is the thermal time constant, speci�c to each

accumulator. The estimate provided by Otis [28] is used:

� =
mgcv

hAw
(2.9)

Where mg is the mass of the gas in the accumulator,cv is the constant volume speci�c

heat, Aw is the area of the accumulator walls, andh is the heat transfer coe�cient.

Using the estimate value of � assumes the accumulator is charged with an ideal gas.

Alternatively, the Benedict{Webb{Rubin (BWR) real gas equation can be used [29]. To

�nd an appropriate value of the heat transfer coe�cient, h , a basic heat transfer model
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of forced convection on the interior of a cylinder was used [30]. To more accurately get

this value, experimentation of the accumulator is needed.

This approach is only valid for small perturbations in pressure and volume near

the precharge values. Since the accumulator for the hybrid system will have larger

perturbations, the transfer function is actively linearized near the volume and pressure

at the previous step in time, giving the �nal equation, �rst used in [31]:

� pacc =
pacc;t� � t

Vacc;t� � t

1 + 
�s
s(1 + �s )

dVacc

dt
(2.10)

Where � t is the sampling frequency of the simulation. The change in pressure calculated

is then added to the pressure at stept � � t to get the new pressure.

With an understanding of the system dynamics, control of the system is discussed.

2.4 Control

The goal of the energy storage system is to maintain the HST near a constant rated

operation when wind speeds are varying near the rated speed. This works by removing

and supplying power to the HST. It is necessary to ensure that control of the ESS does

not interfere with the control of the HST or HST test platform. The hybrid system

from equations 2.1, 2.2, and 2.3 is a non-linear MIMO system with three inputs and

three outputs. When dynamics of the test platform are included, it becomes more

complicated. To ensure the ESS is independent, measurements and references for the

controller must not threaten the stability of the HST or test platform.
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2.4.1 HST Turbine Standard Control

In conventional HST turbines, the control scheme is straight-forward. In regions 1 and

4, the system is disabled. In regions 2 and 3, the power captured is maximized. In region

3, blade pitch control is used to limit the power, but the same control strategy for the

HST motor can be used. The control strategy is the K! 2 law, which is a commonly

used turbine control strategy [32]. The rotor speed is measured and an optimal reference

torque is generated based o� of the turbines ideal tip speed ratio,� � .

� ideal = K! 2
r ; K =

��R 5Cpmax

2� � (2.11)

Where � is the density of air, R is the blade radius, andCpmax is the maximum power

coe�cient for the speci�c turbine.

The HST motor swash plate angle is changed to adjust the system pressure to ensure

the optimal rotor torque is achieved, maximizing power capture. This strategy is simple

and e�cient, and only requires measurement of the rotor speed and knowledge about

the turbine's physical characteristics.

2.4.2 Hybrid System Control

The inputs for the hybrid system are the variable motor displacement, the secondary

pump displacement, and the wind torque. The wind torque depends on the wind speed,

the rotor speed, and the blade pitch angle of the turbine. Since the wind speed is not

controllable, and the rotor speed is a state, the third control input is the blade pitch

angle. The outputs of interest are the three states,! r , phst , and pacc.
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The hybrid system's desired operation is described in four distinct modes. These

modes depend on the wind speed and the amount of stored energy in the accumulator.

When the wind speed is lower than rated speed and there is no energy stored in the

accumulator, the system is in mode I. The wind speed is in region 2, and standard power

maximization control is implemented with a constant blade pitch and an inactive ESS.

When the wind speed is lower than the rated speed and there is energy stored in the

accumulator, the system is in mode II. The wind speed is in region 2, but power stored

in the accumulator can be used to keep the turbine operating near its rated power for an

extended period of time. The ESS becomes active and replenishes the HST with stored

power while blade pitch is kept constant and the HST uses standard power-maximization

control. When the wind speed is above the rated speed and the accumulator is not full,

the system is in mode III. The wind speed is in region 3, but the accumulator can

be used to store power to keep the turbine operating near its rated power. The ESS

becomes active and removes energy from the HST by storing power while blade pitch is

kept constant and the HST uses standard power-maximization control. When the wind

speed is above the rated speed and the accumulator is full, the system is in mode IV.

The wind speed is in region 3, but the accumulator is fully charged. Excess energy is

dissipated with the blade pitch control strategy, while the ESS control becomes inactive

and the HST uses standard power-maximization control.

The power level of the HST is based on HST control, which is always using K! 2

power-maximization control. This control measures the rotor speed as a reference. To
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change the power of the HST without changing the HST controller, the rotor speed can

be changed. The ESS controls the rotor speed to a desired value. The HST motor then

delivers the maximum power at that rotor speed. The rotor speed is set to the rated

speed, and the rated power is produced by HST motor control when needed.

By using the ESS control to adjust the reference for the HST control, the controllers

will not interfere. The system has four distinct operating regions and three independent

control inputs. To determine which of the four operating regions the hybrid system is

in, the system must measure the wind speed and accumulator State Of Charge (SOC).

The system must also measure the rotor speed. Measuring wind speed and accumulator

volume are not easy nor reliable measurements. More reliable with a HST is measuring

the HST and accumulator pressure. The HST pressure increases with wind speed, and

the accumulator pressure correlates to the SOC via adiabatic or isothermal models.

These measurements are cheaper, more accurate, and can be quickly measured. A

summary of the control strategy for the hybrid system is shown in table 2.1.
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Table 2.1: Rule Based Control

Mode Line Pressure Accumulator Charge 
 Control Strategy Blade Pitch Control

I phst < p rated SOC = 0
Center Swash Plate
(
 = 0)

Maintain constant pitch

II phst < p rated 0 < SOC � 1
Discharge Accumulator
(! ref = ! rated )

Maintain constant pitch

III phst � prated 0 � SOC < 1
Charge Accumulator
(! ref = ! rated )

Maintain constant pitch

IV phst � prated SOC = 1
Center Swash Plate
(
 = 0)

Pitch to remove energy

The rules are de�ned by single point values, but there are sometimes errors in

measurement. This can lead to the system rapidly switching between rules. To combat

this, a �fth mode was created.

2.4.3 Controller Mode V

When the system control was initially tested, it was found that the swash plate angle

would encounter a rapid switching phenomenon. This happens because of noise caused

by vibrations of the real system and instrumentation noise. When the wind speed is

right near rated, this noise can cause the system to rapidly switch between regions of

control.

A �fth mode was added to the rule based control. This mode is referred to as mode

V. In mode V, the wind speed is close to rated speed. The swash plate angle is set to

zero, regardless of the accumulator pressure. In this small zone, the large inertia of the
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rotor keeps the HST operating near rated with minimal shock loading while the ESS is

inactive. When additional power is introduced, the system leaves the mode V zone and

returns to normal operation. This �xes the fast switching between operation modes.

The additional rule is summarized in Table 2.2.

Table 2.2: Mode V

Mode Line Pressure 
 Control Strategy Blade Pitch Control

V prated + � p � phst � prated � � p
Center Swash Plate
(
 = 0)

P Maintain constant pitch

Where � p is half of the Mode V zone width, found experimentally to work well at

4 bar. HST control for the HST has been established in previous work to be stable

with a PI control [33]. Blade pitch control is arti�cially added to the simulation and

the experiments via �rst-order transfer function, which is stable. The secondary swash

plate controller measures the error between rotor speed and the rated rotor speed and

uses a negative proportional gain. This is found to be stable for a limited range of

proportional gains. The stability of the ESS controller is veri�ed in Appendix A. A

preliminary simulation of the system is run to verify the controller works properly in a

nonlinear situation.
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Table 2.3: Turbine and Simulation Parameters

Parameter Value Unit

Rated Power 60 kW
Rated Wind Speed 10 m

s
Blade Radius 10:6 m
Optimum Power Coe�cient 0 :41 |
Optimum Tip Speed Ratio 6:5 |
DP 1 2512 cc

rev
Dm 135 cc

rev
DP 2 55 cc

rev
Gr 30 -
Vacc 50 liters
pacc;max 350 bar
Vacc;max 50 liters
pacc;0 125 bar

2.5 Preliminary Simulation

The system modeling and controller design were implemented in a preliminary simula-

tion to better understand the system. The dynamic model described in equation 2.1,

2.2, and 2.3 with the aforementioned controller are simulated with Simulink for a 60 kW

Polaris turbine. Turbine characteristics and simulation parameters are shown in Table

2.3.
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The hybrid simulation is compared to a conventional HST transmission turbine with

instantaneous blade pitch. A series of wind input steps is simulated and shown in Figure

2.2.

Figure 2.2: Preliminary Simulation Results
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From 0 to 100 seconds, the wind speed is in region 2, and the system is in mode

I. The energy storage system is inactive and the hybrid and non-hybrid systems have

identical rotor torque, speed, and HST pressure. The input and output power match.

From 100-120 seconds, the wind speed is in region 3, and the system is in mode III.

The wind is higher than the rated wind speed, and the accumulator begins to charge,

removing energy from the HST. The secondary swash plate controls the rotor speed

to the rated rotor speed, and HST power maximization control maintains the system

at the rated pressure. The non-hybrid system pitches its blades to maintain the input

power at rated. Meanwhile, the hybrid system does not pitch its blades. Instead, the

input power is allowed to increase. Due to the ESS, the output power remains at the

rated power. From 120-200 seconds, the wind speeds are in region 3, and the system

is in mode IV. The wind is higher than the rated wind speed and the accumulator is

full. Both hybrid and non-hybrid systems use blade pitch control to mitigate damage to

the transmission. Once again, the hybrid and non-hybrid systems have identical rotor

torque, speed and HST pressure, and the input and output power match. From 200-250

seconds, the wind speeds are in region 2 and the system is in mode II. The wind speeds

are below rated and the accumulator is not empty. The ESS adds power to the HST to

maintain operation at the rated power for an additional 40 seconds.

This illustrative example shows the hybrid system in action. By allowing additional

power to be captured and stored in the accumulator, more energy can be produced by

the hybrid system over a given period than the non-hybrid system. With a greater
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understanding of how the hybrid transmission will work in simulation, experiments

were performed to validate and expand upon the simulation results. To perform the

experiment, an upgraded test platform was built. In the next section, the design and

instrumentation of the upgraded hybrid HST test platform is detailed.



Chapter 3

Hardware Modi�cation

To perform the experiments, the hybrid system was built. The ESS can be added to

any wind turbine transmission to make the system hybrid. The power regenerative HST

test platform at the University of Minnesota is an elaborate HST testing platform used

for HST wind turbine testing [25]. The HST platform was modi�ed to include the ESS

for hybrid testing.

3.1 HST Test Stand

The HST power regenerative test platform at the University of Minnesota is shown in

Figure 3.1. This platform consists of a speed-up and speed-down HST that runs in a

loop with a 55 kW electric motor to start up and replenish losses in the system. This

allows the test platform to run as a 100 kW transmission.

This bed has been previously developed to perform a multitude of tests [25]. The

31



32

Figure 3.1: Power Regenerative HST Test Platform

speed-down HST on the right hand side is integrated with hardware-in-the-loop simula-

tion to create realistic wind loading conditions on the rotor shaft. The speed-up HST on

the left hand side is used to collect data. In this thesis, the speed-down HST is referred

to as a HydroStatic Drive (HSD) because it acts as the power source for hybrid system

testing. The speed-up HST is referred to as the HST, as it is the HST that is used in

the wind turbine transmission. With the advanced control strategy of the test bed, the

system can be used in multiple ways. The HSD pressure, high speed shaft speed, and

rotor speed are controllable. Alternatively, a wind speed input can be provided. The

three control inputs are the VFD power, the HST motor swash plate angle, and the
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