m ‘ Electrical Energy Systems Grolip

MEMOR|A
UNIVERSITY

Wewfoundland & Labrador, Canada

Performance and Reliability Comparison

of Grid Connected
Small Wind Turbine Systems

By
Md. Arifujjaman, B.Sc., M.Eng.

Supervisory Committee

Dr. Tariq Igbal, Dr. John Quaicoe, Dr. Glyn George

Faculty of Engineering and Applied Science

Memorial University, St. John’s, NL, Canada 1
July 09, 2010



Why renewable energy??

» Gain energy independence
* Reduce liability on unstable grid price

» Reduce air pollution and better life for future



A Major Point of Concern

2006-2015

" Hydro

I Wind onshore

B Wind offshore

B Biomass

~ Geothermal

. Solar PV

. Concertrating solar
B Tide and wave

2015-2030

World increase in renewables [Source: International Energy Agency (IEA)]

» The expectation on hydro energy is the highest

« Wind energy is expected to

* Solar and biomass energy h

be the second largest source of renewable energy

as good potential 3
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How Small Wind Turbines (SWTs) Work

e To reduce the use of diesel
generators

Energy Meter

G Load

Power Conditioning System

P

T r

L ) ALV VANV

Typical arrangement of a small wind turbine



Battery Charging
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Overview of Canadian Market Demand and International SWT Manufacturing Capacity [Source:
Canadian Wind Energy Association (CanWEA)]

Grid connected option has a prominent market potential in Cdnada



Barriers to Small Wind Turbine Systems

Solutions to Small Wind Turbine Systems

e Advanced airfoils

e Low cost manufacturing

o System level investigation

e Smart power electronics

* Increase in funding and research activities



Research Objectives

subsystems

e Determine an optimum alternative system



Selected SWT Systems

(> enerator Power conditioning GRID

_ system
Wind

turbme

System 2
WRIG-based system

» Uses Wound Rotor Induction Generator (WRIG)
» Power Conditioning System (PCS) consists of rectifier, switch and a resistor 10



 Influence of Low Wind Speed

» Influence of Reliability
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Problem 1: Influence of Electrical Subsystem

Electrical

O WMEP,Ger.

1 | W Elsfork, Swe. * Inverter, converter, fuses,
O LWK, Ger. : .
0 DOWEC, Neth, Switches, circuit breakers,

cables, and others.

Mechanical

Dristribution of no. of failures (%)

'ﬁ I¢ S Drive train, yaw mechanism,
p g‘*ﬂ*‘”ﬁ & & 5§ ‘*ﬂ‘“’fﬁ&af S F cﬁa&"* hydraulic, rotor blade,
o7 RS ﬁﬁﬁa SE ,ﬁé § mechanical brake,
& ¢§ v rotor hub, and others

Typical arrangement of a small wind turbine

Small Wind Turbine: Electrical subsystems failures are more than mechanical subsystems

Large Wind Turbine: Mechanical subsystems failures are more than electrical subsystems



Problem 2: Influence of Low Wind Speed
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» Low wind speed is more frequent than high wind speed

* Low wind speed carry 20% of total wind energy on a yearly basis based on a typical
Eastern Canada wind pattern [Huang et. al. (2000)]

» A small wind turbine mostly operates at low wind speed [Erickson et. al. (2004)] 13



Problem 3: Influence of Reliability

IC CMOS - Temperature Dependence
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Variation of IC reliability with various handbooks (EPSMA et. al. (2005) )

* Reliability should be a major concern before installment of a system

 Electronics reliability calculations are dependent on standard reliability handboollzs



roplems

15



Approach for Problem 1: Analysis of power loss in power electronics

PMG-based system

<>

WERIG-based svstem

<~

Developed analvtical relation betw een wind speed and power loss

<5

Power loss of the
PMG-based system

<5

~=

Power loss of the
WERIG-based system

<>

Simulation comparison

<5

Experimental comparison

<5

Conclusion
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Approach for Problem 2: Analysis of energy capture, energy loss and efficiency

PMIG-hased svstem

~= ==

Ieveloped analvtical relation to calculate energy capture and loss

~= ==

Ener ov capture and eneroyv loss of Ener ov capture and enercyv loss of
the PIHIG-based syvstem the WRIG-hased svstem

< = <=

Ileveloped analvical relatton to calculate efficiency

== ==

Efficiency of the Efficiency of the

PLIG-b ased svstemn WEIG-based system

<= < =

Simulation comparison

=

Experimental comp arison

==

Conclusion 17

WEIG-based system




Approach for Problem 3: Analysis of power electronics reliability

PMG-based system WRIG-based system

<5 <5

Dieveloped analytical relation to caleulate power electronics reliability

<> <5

Reliability of the Rehability of the
PMG-based system WRIG-based system

<> <5

Simul ation comp arison

<L

Conclusion

18
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Small Wind Turbine system

Power (watt)

i ] ! ] ! ! !
2 4 6 8 10 12 14 16 18
Wind speed, wm/s
A typical 1.5 kW small wind turbine Power curve of the small wind turbine

» Wind turbine operates at optimum tip-speed-ratio
 Furling control activates after rated wind/rotor speed

* Wind turbine produce optimum power at each wind speed 20



Grid Connected PMG-based system

3 phase bridge

rectifier Boost comverter Inverter
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» Conduction and switching losses of each semiconductor device

21

» Total loss = rectifier loss + boost converter loss + inverter loss



Grid Connected WRIG-based system

@E‘?ﬂ _: !’P S phase bridgze
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! sring

» Conduction and switching losses of rectifier, electrical and frictional loss of slipring and
resistive loss of resistor

22
 Total loss = slipring loss + rectifier loss + resistance loss
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(c) Wind speed (m/s)

(¢) Wind speed (m/s)

X 100%

Energy loss

Energy loss

Energy capture

Energy capture

Efficiency
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Energy capture
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Power loss of the WRIG-based system

Conduction loss
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Wind speed distribution for selected sites of Newfoundland, Canada
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(LB), d) Mary’s Harbour (MH)



Wind speed distribution for selected sites of Newfoundland, Canada
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Energy capture and loss for selected sites of Newfoundland, Canada
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Energy capture and loss for selected sites of Newfoundland, Canada

T T T T T T T 1 : : T T T T
i i i I -2y capture-hoth system H H H BN -nerey capture-bath system
1 1 1
| | : |:| energy loss-PMG-based syvstem ! ! ! :I energy loss-PMG-based system
2 [ ] energy loss-WRIG-based system 2 __E ______ _i _____ ] I energy loss-WRIG-based system | |
i ittt Bkl el i T T T T H T T T T
| | | H H ! I I |
: ! !
1 1 1
— 1 1 1 1 1 1 1 1 — !
= 1 1 1 1 1 1 1 1 = !
i I [ el o B e e =3 |
? I I I I i i I 1 ?
= i i =
o S J NEN [N NN ION DEGEY (NN U O R
] ]
1 1
1 1
I I I I : : I 1
i i i i i i i i
st b trhbtb Ve
1
i

1
2 4 [ 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18

{a2) Wind speed, w m's () Wind speed, w m's
x 10 x 10
2.5 : T T : T 3.5 T | T T T T
! ! B ccrsy capture-both system H H | B <:-rgy capture-both system
i I i

| |:| energy loss-PMG-hased syvstem
- energy loss-WRIG-based svstem
1 i 1 i

:I energy loss-PAMG-based system
_ energy loss-WRIG-based system | |
T T : T

1
2 4 6 8 10 12 14 16 18 2 4 6 8 10 12 14 16 18
(C) Wind speed, w m's (d) Wind speed, w m's

Energy capture and energy loss from cut-in to cut-out wind speed for a) Nain (N§), b)
Ramea (RA), ¢) St. Brendan’s (SB), d) St. John’s (SJ)



Annual energy capture (Wh)

Efficiency, 7%
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3 phase bridge
P reciifier g Boost comverier Inverter
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System variab ke as necessery
for the controller MPFPT Controller
° P

onirol circuitry
Small Wind Turbine Generator Power
Emulator (WTE) PMG/WRIG Conditioning

System (PCS)

» Applied wind speed profile to the emulator

* Developed formulation to calculate the power losses

33
» Determined energy capture, loss and efficiency of the systems for the selected sites



Test bench structure

Perm anent

1 1
MMagnet Generator, i Conditioning
=~ =7 System (PCS)

[ [

Small Wind

Turbime Emulator

- —
[ ]
[ ]

Wound Rotor
Induction
Generator

1
[ : Power : ‘

i Conditioning
_________ T System (PCS) : '
[ |

WERIG-hased Small Wind Turbine Svstem

« Same wind turbine emulator coupled with two different generators

» PCS was integrated to ensure variable speed operation

34
» PCS also carried out the task of maximum power production



v

Wind speed

Small Wind Turbine Emulator

PC hased wind Power
iturh ine model elecironics
and controller circuibry

Armature current feedhack

neperatly excited
DC motor

Rotational speed feedb ack
Developed wind turbine emulator
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PC based wimd
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PMG-based system

BCT unmt

Perm anent
Small Wind ) ) 3-phase Bridge
Magnet Generator Rectifier
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Turbme Emulator
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(MFFPT) Control

I I ——
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G
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Rectified I} voltage, I, _volt

Maximum power point tracking control strategy
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Shaft speed, & rpm
Maximum power point tracking control strategy
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Sm all Wind Imnduction Generator
Turbine Emulator (WRIG)

Circuit

T
|

D
: Mot or
|

Wind Speed

Circuit
Brealer

Power Harmonics Power Harmonics
Analyvzer Analyvzer

——» i -
Eae Power Harmonics

Q Analyzer Data Collection PO
L2

+ e —Ines
v Variable
9 . resistance

P Reetition Test bench photograph

mr -

Test bench structure




42



Small Wind Turbine Emulator Performance
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Variation of wind speed with time was applied to the emulator
Basic Criteria of the emulator
» Representation of the furling control and resulting dynamics

Expected furling control and resulting dynamics with the wind variation was
achieved 43



Small Wind Turbine Emulator Performance
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Basic Criteria of the emulator

 Limit the initial armature current of the DC motor
 Track the optimum shaft speed of the rotor by the DC motor

sArmature current variation was within an acceptable level and optimum shaft
speed was tracked by the DC motor



Power (W)

Power (watt)

500 [---

-500
0

1600

1400 -

1200

1000

800

600

400

200

0.02

(b) 0.025

|
_____________________________________

[} |

1 1
___________ B . [

1

1 |

s 5 0.03 0.035
(©) Time (s)

PMG output

0.04

T T
i optimum

__________

____________

____________

1
1 1 1
. 1 1 1 1
—— experimental | - o __a__________
1 1 1 1 1 1
1

——————————————————————————————————————————

————————————————————————————————————————————

8 9 10 11 12 13 14
Wind speed, wm/s

Power

500 T T T T T F T

Voltage (V)

-500

Current (A)

Power (W)

(<) Time (s)

Grid output
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performance

» Wind speed is 6 m/s

* One cycle of voltage and current of
PMG and Grid output

» Experimental power follows the
optimum power

* Ensured maximum power point control

strategy 45
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Performance evaluation at NREL lab

Specifications

Power Factor.

9 [T Lo =T T

WeIghE .o assrsies

o Far T T B e O NP

220 VAC.,

rEnic Distortion ..............

emperature Range .........

50 Hz. 1 Ph.
. 098 - 1.0
resrreais e 1O

DSP Digital
IGBT @ 15+ kH>
wenaraeens UL 171
IEEE 2% B 519
O - 40 Deg.
115 lbs {53 kgs)
Indoors, 14"

Stud Spacing

DiSpPloY «cccirisniziasis ceeee 4 Line LCD

GridTek inverter Specification

Power conditioning system
efficiency

» Experimental efficiency is lower than
the commercial efficiency

» Expected efficiency might not be
achieved

» Expected outcome from a PMG-based
system will vary
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Rotor
power (W)

voltage (V)

current (A)
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()

WRIG rotor output

» Wind speed is 6 m/s
* One cycle of voltage and current of
WRIG stator and rotor output

» Power flowing into the grid from the
WRIG stator

* Ensured maximum power point control
strategy

WRIG-based system
performance
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c) Slip ring, d) Total power loss



Wind speed distribution for selected sites
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o Sites are selected from the province of Newfoundland, Canada



Annual energy capture (Wh)

Efficiency, 7%
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Energy capture
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—————:r—————':r :expel‘ilnenral—ml(}

H H - experimental-WRIG

Annual energy loss (Wh)
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Energy loss

________________________________

® Energy capture is about the same for
both systems

» Energy loss of the PMG-based system
is higher

« Efficiency of the PMG based system is
lower

WRIG-based system provides a
better characteristics than the PMG-
based system and considered to be

an optimum alternative 51
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3phase hridge
rectifier

Boost converter

Lp

Inverter

1
lja4/3
ACvoliage A
from the

PMG ¢

1D, % Dok Dz:

Gate drive circuit

Gate drive circuit

System variah ke as necessery
for the controller

Burn-in
Failures

Failure Rate

Normal Life

MPPT Coniroller

Wearout
Failures

3 phase bridge
rectifier

Slip frequency
power

Gate drive cireuit




PMG-based system WERIG-hased system

rectifier, hoost converter, inverter rectifier, switch, resistor

= =

Power loss

=~

Junction temperature

< =

Life expectency

=5

Fallurerate

=~

Total fallur e rate of the power conditioning svstem

=

MMean Tin e Between Fallure (MTEF) of the power conditiomng system

=5

Eehabihty of the power conditfioning svstem

Calculation of the reliability for the systems

54




55



Quantity | Rectifier Boost Converter Inverter Quantity | Rectifier Chopper External resistor
Diode Diode IGBT Diode IGBT Diode IGRT
Power loss 0028 2.0602 31.5280
Powerloss |  .5387 42581 223313 | 2.05450 7.0621 W)
[W] " . .
t 290300 302.3264
Junction | 2088101 | 3041742 | 3214478 | 3035238 | 3147205 unction | 299.3091 023264
i temperature
temperature b
'] K] _ _
Life 0.805:10° | 924x10° | 7.5273x10° | 0.3158x10° | 8.1311x10° Life | 0.8311x10° 0.458x10° 7.2464x10°
expectancy expectancy
[hr] [lr]
Failurelrm 1.0106x107 | 1.0823x107 | 1.3285x107° | 1.0734x10| 1.2208x10° Failm'elrate 1.0172x107 10573107 138107
[hr] [l

PMG-based system reliability

WRIG-based system reliability

Grid connected system Failure rate MTBF
[hr] [hrs]
PMG-based system 1.7688x107 5.6537 x10*(~6.5 years)
WRIG-based system 7.2984x107° 1.3702x10° (~15 years)

» A small wind turbine usually designed for 10~20 years

* The WRIG-based system is more reliable than the PMG-based system
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o Identification of the least reliable component of the PMG and WRIG-based system has
been presented

e The comparison presented in the proposed research validates that the WRIG-based
system could be an optimum alternative compared to the PMG-based system
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Thesis Contribution

 Impact of different modulation techniques on power loss
« Comparison can be extended by using other PCS

* Reliability data can be collected for several years and compare with the theoretical values
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