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Wind statistics

« Fastest growing new energy source

« 540 GW by 2017, 5% of the global
electricity demand

« 90 GW by 2018, 6% of the U.S.
electricity demand

« DOE set goal of 20% of U.S. energy
from wind by 2030

« Distributed wind turbines (<1 Mw) are
an attraCtive bUt under reCOgnized 0to 100 MW ¥ >100 MW to 1,000 MW Il >1,000 MW to 5,000 MW W >5,000 MW to 10,000 MW Il >10,000 MW
means to meet this goal s Wind G osocaion | LS. WYy Second et 2910 et Rpert | Pub i

GLOBAL CUMULATIVE INSTALLED WIND CAPACITY 2001-2017

600,000 MW
539,581

500,000 487,657
432,680
400,000 369,862
318697
300,000 282,850
197,956 el
200,000 0696 159,052 z
93,924 ‘
o 23900 31700 39431 4620 = . . I I
e wm em m W

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017

- Source: GWEC ﬂ




Conventional wind turbine
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« Two or three stages of planetary or parallel shaft gear train
« Three actuators: yaw motor, pitch motor & generator
* Synchronous or asynchronous generator




Conventional wind turbine

Electrical System
Electronic Control
Sensors
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Failure frequency and downtimes of components

o Studies show the major components contributing to low reliability and increased
downtime of turbines are found to be the gearbox, generator and the drive train.”




Turbine Cost (Onshore Turbine)
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Turbine Cost (Offshore Turbine)

How a wind turbine co

A typical wind turbine will contain up to 8000 different components.
This guide shows the main parts and their contribution in percentage
terms to the overall cost. Figures are based on a REpower MM32
turbine with 45.3 metre length blades and a 100 metre tower.

together

Tower 26.3%

Range in height from 40 metres up to more
than 100 m. Usually manufactured in sec-
tions from rolled steel; a lattice structure or
concrete are cheaper options.

Rotor blades 22.2%

Gearbox 12.91%

Gears increase the low rotational speed of
the rotor shaft in several stages to the high
speed needed to drive the generator

3.44%

Converts mechanical energy into electrical
energy. Both synchronous and asynchronous
generators are used.

Yaw system 1.25%

Mechanism that rotates the nacede to face
the changing wind direction.

Pitch system 2.66%

Adjusts the angle of the blades to make best
use of the prevailing wind.

Varying in length up to more than 60 me-
tres, blades are manufactured in specially
designed moulds from composite materi-
als, usually a combination of glass fibre
and epoxy resin. Options include polyester
instead of epoxy and the addition of carbon

P ——
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fibre to add strength and stiffness.
Rotor hub 1.37%
Made from cast ion, the hub holds the pr—
blades in position as they turn. %-
Rotor bearings  1.22% L
Some of the many different bearings in a

\ turbine, these have to withstand the varying

——r forces and loads generated by the wind. —

= Main shaft 1.91%
E I|I-.|- Transfers the rotational force of the rotor to
. the gearbox.

Main frame 2.80%

Cables 0.96%

Link individual turbines in a wind farm to an
electricity sub-station.

Made from steel, must be strong enough to
support the entire turbine drive train, but not
too heavy.

Power converter 5.01%

Converts direct current from the generator
into alternating current to be exported to the
gnid network.

ranstormer 3.59%

Converts the electricity from the turbine to
higher vokage required by the grid.

Brake system 1.32%

Disc brakes bring the turbine to a halt when
required.

Nacelle housing  1.35%

Lightweight glass fibre box covers the tur-
bine’s drive train.

Screws 1.04%

Hold the main components in place, must be
designed for extreme loads.




Potential of HST wind turbine

Doubly-fed
induction generator

Gear box

AC T DC

T
Fiter DC AC Filter
1/3 scale power converter

Conventional gearbox turbine

Performance Objective

0 Maximize power capture
O Minimize loads

1 Reduce downtime

d Reduce maintenance cost

Transformer

Grid

. Synchronous
generator

Rotor

Hydrostatic wind turbine

Hydrostatic transmission (HST)

O Simple system structure

0 Continuous variable transmission ratio

O No need of power converter

O All power transmitted through a fluid link;
hence less stiff

U Improves reliability and reduce cost



HST wind turbines

Inside the nacelle

: : f SeaAngel”
1. Windera Power System (Florida) ~

. Digital Displacement” pum
2. WindSmart (Canada) dow-3peec g cam pump)

. . . . Digital Displacement® motors
3. Mitsubishi Heavy Industries (high specd)

Synchronous generators

Aachen University IFAS 1 MW
HST wind power test stand

™ | .-
e

Mitsubishi 7MW Sea Angel offshore turbine

Core technology: Digital displacement technology by Artemis

93.5% peak efficiency from shaft-to-shaft
compared to 92% peak efficiency for conventional
wind turbine gearbox.




Distributed wind opportunity

Distributed wind (<1 MW):

» Community wind - cost-effective for farms,
communities, factories and rural electric
cooperatives.

» Relatively easy permitting process

»Mid-size turbines can operated in local
niches, eliminating the need for costly
electric power transmission upgrades.

» Distributed wind makes the power grid
more stable and reliable.

» Few midsize turbines in the market today

» Commercially hydrostatic units are
available in required size.

Community wind




Our Goals

 Develop a controller for the HST wind turbine
o Dynamic Modeling
o Controller Design

 Demonstrate and validate the performance of the
HST wind turbine

o Power regenerative HST wind turbine
o New components and fluid performance

J Model interaction of the HST wind turbine with the
grid

1 Understand the effect of unsteady wind over pitching
blade



Turbine Control

Turbine power ! 2 Four control regions:

| Region 1: Standby mode

| Region 2: Control to maximize power
: Region 3: Control to rated power

| Region 4: Turbine shut down
I
|
|

Rated power

Rated speed Cut-out speed

> Wind speed

< »la »la

Region 1 Region 2 Region 3

Region 4
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» Rotor power coefficient (Cp) is the fraction of wind
power captured by the rotor:

er Coefficient Cp

P
Cp =—=Cp(A,B)

- 0.1
By [ ook
- 0.4
> Rotor tip speed ratio: - o5
wR Z
}\' — Tip-Speed Ratio 4 Pitch 8 (deg)

u

» According to Betz Law, the maximum energy that can be captured by the rotor is 59.3% of the
kinetic energy of the wind

* Johnson, K. E. , Pao, L. Y., Balas, M. J. , Fingersh, L. J. Control of variable-speed wind turbines: standard and adaptive techniques for M

maximizing energy capture. IEEE Control Systems Magazine, Vol. 26(3), pp.70-81, 2006.




Region 2 Control (Existing)

« Objective: Maximize power captured
« Strategy: Constant pitch angle 3 and use 1, to operate turbine at optimum point

. E,” 1 Cpmax . . C
» Torque control law - control rotor reaction & o5} Optimum point ﬂ_gz_;;ax
torque: s |7/ —
g 04 | K
Tg =T, = K (1)7% o Acceleration : Deceleration
§ 0.3 B & S Cpmax I & < Cpmax
. . . 3 3
where the gain K is given by blade parameters. = PP | VA R
o
1 C 2 |
pmax 0.1 |
K = —pAR? —— c
2" A3 " N RCI
. 2 4 6 8 10 12 14
» Dynamics of the rotor Tip speed ratio A
. 1 3 2,.Cp Cpmax
wr = AR OF (5 — =3 ) By U
»>The beauty of the kw? law: bring the turbine to ()2 I—» .. Drreas
optimal point only with rotor speed and it does not [ "° — urbine ’

4

require wind speed information.




HST turbine control in region 2

Hydrostatic transmission

e ——— 3 > The relationship between the

| i pump torque command and the
1% ! .
P ‘ :
i< ;eerslzglrre - — Generator line pressure command:
pc g ’Z'C -n_p
o L ; ‘ motor D,
******* disp. cmd . _
Retor | R 3 where Ny is the pump mechanical
: | efficiency.
torque pressure -¢
| S emd, | O emd Pl > To give accurate control, the pum
g O Pressure 4>®—> controller g ) U . ) T pump
conversion mechanical efficiency is estimated by

HST turbine control scheme in region 2 previewing the. pqmp efficiency
_ map from the historical rotor speed
Rotor reaction torque generated by the pump and line pressure data

Control strategy

1. Use rotor speed to generate rotor reaction torque (pump torque) command (kw? law)
2. Convert pump torque command to line pressure command
3. Track the line pressure by adjusting motor displacement through PI controller



Power regenerative test platform

Hydrostatic Transmission
(HST) (HSD)

— Hydrostatic Drive

> To Investigate the performance of hydrostatic transmission
»To test the advanced control algorithm

1. Capable of simulating a turbine output power of 100 kW

2. Small electric motor (55kW) to compensate for losses in the components



Power regenerative test platform

Torque Pump(HSD)

T = Electric Motor Sensor
G “
' - -—‘

Electronics

=

Charge | z ™ Pump(HST) Motor(HSD)
Circuit (HST) &




Controller Design

» High Level: Grid frequency is
simulated by an electric motor and a
variable frequency drive

» Mid Level: HIL simulator is used
to simulate rotor torque from wind
data and rotor speed. The rotor
torque is then emulated by
controlling swash angle of HSD

pump.

» Low Level: Swash plate of the
HST motor is controlled to optimize
the power capture.

» The power from drivetrain is fed to
the test platform to drive HSD pump
along with electric motor.
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Controller Design: Start up

» Particular attention is required to
avoid cavitation and pressure spikes
during start and stop cycle for smooth
operation and safety of the testbed.

______________________

» Start cycle: HS shaft speed is brought 7
to synchronous speed el | Sctinmal
vg=5; v=0
> Test cycle: Mid and low level v
controllers are design to regulate the ot e Je—
HSD pressure to emulate the rotor T
torque from wind input and HST
pressure to optimize the power capture. = @ [ et

» Stop cycle: High speed shaft speed is
brought to rest from synchronous 50,7500
speed.

Update v |

Update v




Modeling of the test platform

High Speed Shaft Dynamics:

1
W5 = —|—bsws + aDyP + 1, — xDpaPy]

S

HSD Pressure Dynamics:

, ,Bed
Py = W[XDpdws — D@, — Q4
, | 1 _1.1 s
Hydrostatic Transmission — Hydrostatic Drive .Bed B le ﬁh 14‘Pd

(HST) (HSD)

Low Speed Shaft Dynamics:

1
» Control Input: Swashplate angle: «, y, 7, W, = — [_brwr + DpqPy — Dpp]
> States: w,, P, P, w. Jr
» Unknown parameters:

HST Pressure Dynamics:
Leakage: (4, O . Do

Viscous damping: b, P = I [Dpw, — aDmws — Que



Parameter Identification : Leakage Loss

> Leakage loss of the radial piston p :@ ¥Dy 10, — w, — Q
HSD motor and HST pump are ¢ Vd[ s = Dmar = Qua]
negligible. Qia = X¥Dpaws — Qout = LaPa

» Internal  flow losses through
cylinder-piston gap and port plate gap. 22

=03 .
> Leakage flow increases with T/ o );:0.85 //
pressure and decreases with swash : - /
plate angle. i /
» Flow losses are modeled as a linear ?12— |
proportional to the pressure. 2 10 -

o g-
> Loss coefficient for the HSD pump  *
is 0.049 Ipm/bar. "
» Loss coefficient for the HST motor o8
IS 0010 Ipm/bar ° 0 5l0 1(l)O 1%0 200 2é0 300

Pressure (bar)



Parameter ldentification : Viscous Loss

» Viscous friction is directly

roportional to rotor speed. . 1
Prop P @y = —[~byw, + DpgPy — DyP]
T

> At steady state (constant w,),

viscous loss is computed from
rotor speed, HST and HSD

pressure measurement. =il =T
450 ¥ 5 bar P
»Viscous damping coefficient is p— A 115bar /ﬁ/¢'
computed from the slope, whichis | L~ 2% ,/i//_///'
38.9324 Nm-sec. £ gt A
‘5300 & /0/
(2]
8 250 = /A; o2
7)) 4
=)
§200—. T =/'/
> 150
100
50—-
0 +——1— , . . . : . :
0 1 2 3 4 5 6 74 8 9

Rotor Speed (rad/sec)




Experimental Validation

» Experimental set up: 60
« HS Shaft Speed (w,):=1000 rpm
« HST Pressure (P) = 100 bar

« HSD Swash angle (a): Step of 4-
6-7-6-4 volts

Simulation
Experiment

50

S
o

Rotor Speed (rpm)
w
o

» At steady state, experimental
results matches with simulation with
maximum steady state error is 2

N
o

RPM. |
> In transient case, the "
experimental data has slower 0 2 0

response than the simulation.

» Because, swash plate dynamics is
not included in simulation.



Model interaction of the HST with the grid

* Frequency and current of the

DFIG rotor of the generator are

Transformer controlled to maximize the power
) / Grd |« Slip ring with compromised
arbox reliability
o AcDC DcAc  Power electr(_)nics interfaces in
such topologies are around 30%

Power converter

of the turbine power

» Elimination of slip ring, even gear box
* More stressed and expensive power

electronics AC DC Grid
« Power-electronics interface has to be ¢ AC
Synchronous Power converter Transformer
rated at the same power level of the gencrator

turbine power




Model interaction of the HST with the grid
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Model interaction of the HST with the grid

» The electrical power increases
with increase in the wind speed.

» The compressibility of the fluid

Electrical Power [p.u.]
o N

2
attenuates the effect of the wind » | | | | |
gust transients and allows the 0 10 2 20 40 50
generator speed to operate at g 390 ¢
= 385
synchronous speed. o m m
» The AVR controls the field voltage 7 375 -W’“ </ 4
of the generator to produce a £ 370 1
. F 365 1 1 | L )
constant terminal voltage. S
. . iy 0 10 20 30 10 50
» The frequency deviation is well & 2 E—
. P — Without
under the regulation. ?1s ——With AVR
Input Generator Freq (Hz) | Terminal Voltage (pu) E :
Step Up 0.047 0.09 8 0 | | | | |
Step Down 0.095 0.18 =70 10 20 730 40 50
Wind Gust 0 0.11 T'ime [sec]




Effect of Unsteady Wind over Pitching Blade

» Fluid mechanics of unsteady flow with variable pitch is not well understood

» Combined effect will be studied to design an improved controller to capture
more energy from the wind.

» A multivariable controller with combined pitch and torque control will be
investigated.

Shoulder of airfoil - s
maximum speed outside |

of the boundary layer i / /
I __T_——- »r-d— _f Turbulent houndary layer

s~ Note: Flow outside houndary
layer isinviscid flow

5€‘.]
G&‘&

P&
—
——
Pooamm il S hecomes
Voo g pressure = Total pressure Pt turbulent) Wake
== Separation

point
(Stalled flow)



Dynamic Model for the Unsteady Wind

Initial Experiment Design
P 9 DESIGNING THE EXPERIMENTS
»  Static airfoil with steady flow ( S frorot oize ~

cylinders Dynamic change

of B
» Dynamic pitching of the airfoil O (

with steady flow \ Steady wind Unsteady wind _J

»  Static airfoil with unsteady flow

CFD SIMULATIONS

> Dynamic pitching of the airfoil WIND TUNNEL EXPERIMENTS

with unsteady flow

CFD + Experimental
Verification

Analyzing both numerical and real
data for obtaining reliable results.

& >

GATHERING ALL TOGETHER AND FINDING THE MODEL

|_ ______________ = Angle of Lift

Using the gathered data and system

identification tools for defining a Wind Tunnel | LTtForce, — pack ]
dynamic model of the wind based on — ) EPetent & Voment o] matical e s
lift, drag and moments. s L L 3

System Identification

Moment




CFD Simulation Results (Dynamic
Pitching of an Airfoil under Steady Wind)

= =
= 2
= )
g S
> on
= -
= =
-20 40
-1 -20 -10 0 10 20 30 40
Angle of attack [degrees] Angle of Attack [degrees]

—Clatk=0.0129 -=Cl-Steady State —CDatk=00129  ==CD-Steady State

wc m . |rad

ke = U [dimentionless] ¢ = Chord length[meters(m)] U = Wind Velocity [?] w = Angular velocity —~

»> 50% lift coefficient improvement at 19 degrees under specific conditions. Higher
improvements should be possible to achieve.
» Drag coefficient barely changes.



Conclusions

» A unique power regenerative test platform has been built at the
University of Minnesota to demonstrate and validate the performance of
the HST. It also allows us to test different components and fluids.

» The high fidelity dynamic model closely matches the experiment data.

» The dynamic model will help us develop more efficient and robust
controllers.

» Midsize wind is a great opportunity to increase wind resources while
preserving stability and reliability of the grid.

» Wind tunnel studies are underway to develop a model of combined
unsteady wind and pitch.

» An HST transmission is a variable ratio, reliable, and cost effective
alternative to a fixed ratio mechanical gearbox.
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