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Wind Power

Size of Wind Power System Vs. Time
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Wind Power Issues

*Wind Energy is one of World Wind Energy Capacity
the Promising RE for .

Future 500

*Five fold increase in 400
2001-2007 and
Expected to increased
threefold in 2008-2015
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*The technology is in .
advanced stage and ISR B |
Slze also getting Iarger 1956 1998 2000 2002 2004 2006 2008 2010 2012 2014

Source: U.S. DOE

e Cost

1980 40 cents/kWh

\2009: 7- 9 cents/kWh



Wind Power ( in Japan)

Capacity of WEC and PV in Japan
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Recent Declaration of Japanese Government 2026 reduction of
CO, 2025 will remarkable change this graph



Wind Power Issues

Until Now (Low Penetration Level)
Negative Load

From Now on (High penetration Level)
= Dispatchable
= Ride through capability

= Regulates Plant Voltage and Power

)

tand-Alone &= Grid Connected




Wind Power

Wind Power Characteristics

v" A variable output source embedded in a variable electricity
system : seconds, minutes, hours, days, months, seasons and years

4000.0 —Wind Lead (MW} 50

Maximum values
1990-2003
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Hourly variation (Source: www.energinet.dk) Yearly variation (Source: ISET (2004) )
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Wind Power and Energy Storage

Short term storage
instantaneous power
balance; Buffer
storage (ms-s)
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Midterm

Spin reserve, Load
Shaving etc.
(minutes-hours)
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Long term storage
for energy
management
(day-month)
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Energy Storage

d Conventional Technology:

Lead Acid Battery, Pump Storage, Flywheel
d Emerging Technology:

Ultracapacitor, SMES, H2/Fuel Cell etc.

Proposed System:

@H2/ Fuel Cell as Mid term and Long term Storage
@Ultracapacitor as Short term Storage
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WTG Standard Models

Type A- Fixed speed

(Conventional squirrel caged IG)

Plant
Feeders

generator

O PF control
—_ capacitors

Type-B: Fixed speed
(Wound rotor 1G)

Plant
Feeders
generator
L ac PF control
to ~\ capacitors
Slip power ac

as heat loss —

Type C- Variable speed
(doubly-fed induction generator 1G)

Plant
Feeders

genermtor

_

dc
to
ac

+—>

patial power
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Type-D: Variable speed
(IG, PDSM, SM)

Plant
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- ac — dc
generator to | to
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WTG Model (Contd..)

Aerodynamic characteristics

« Mechanical power (P,,)
o = %2 x (air density) x (swept area)
x C, x (wind speed)?
 Rated Power —
Maximum power generator can produce.

« C, (Power Coefficient)

Function of blade pitch and tip-speed ratio
(< Betz Limit - 59% Max )

e During a typical dynamic
simulation, blade pitch and tip
speed ratio vary, thus C, and P,
will also vary

e Cut-in wind speed where energy
production begins

e Cut-out wind speed where energy
production ends.

Powrer

Fy
Power in
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Rated Power
. Power
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Wind Speed
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[t 14 L4
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Typical Power Curve



WTG Model (Contd..)

Typical Power vs. Turbine speed Characteristics

Power - Turbine speed

characteristics
eLocus of Max. Power
shifts with the turbine
speed

Variable WTG system
*Capturing Max. Power
available

* Absorption of turbulent
power

Wind turbine characteristics

Power (pu)

0% | '
500 1000 1500 2000 2500 3000
Turbine speed referred to generator side (rpm)




WTG Model (Contd..)

Power coefficient as function of pitch angle and the tip and ratio

» Typical Cp curve (left)

The dashed magenta line shows operating points that correspond to the steady-state
power curve (right)

» During a typical dynamic simulation, blade pitch and tip speed ratio vary,
thus C, and P, will also vary
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WTG Model (Contd..)

Mathematical model of WTG (Summarized)

P, = O,5Cp(/1,,B)PAV\?vind

C
Cp(2,f)=c| == —c3B—cy |e
A
1 _ 1 ~ 0.035
Ai A+0.088 pB3+1
V .
Dyen = w:pnd
T, = P
@gen

where

P., Mechanical output power of the turbine
(W)

C, Performance coefficient of the turbine

A Tip speed ratio (r @ . /Vyng)
Air density (kg/m3)

A Turbine swept area (m2)

V ,ing Wind speed (m/s)

A Tip speed ratio of the rotor blade tip speed
to wind speed

B Blade pitch angle (deg)

] Moment of inertia

D frictional constant

T, Electrical torque

r Radius of turbine

C, constant coefficient



WTG Model (Simulink Model)

wind_speed_pu Puind_pu
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WTG Model (Contd..)

Electrical Model of IG (Fifth order model)
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Fuel Cell Model

Solid Oxide Fuelcell (SOFC)
eCapable to resist High thermal
Stress

*Suitable for high Power
application

*High Efficiency

*Allows the internal reforming of
gases ( Pure H2 is not needed)
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Electron Flow —> —>
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Fuel cell Model

Mass Flow/Partial Pressure
Dynamics
d .
VMY M-
dt 2F

d | '
V poz _ M In M out I

cdt %2 % oF

dp . i
H,0 in out
Va : :MHZO_MHZO_'_

dt 2F
Here,
P; Partial pressure of jth species

Vi Volume of 'ith'channel

Mi Mass flow rate of 'ith'species

F Faraday const.

Electrochemical Model

-V, -V -V

V — ENernst

Vstack = |\IceIIVceII

E \org =1.229 — 85x10°(T .-298 15)
RT .. 0.5
= In|pe, (o, / Pro )]

V., =-Aln(i/i,)

V.. =BIn1-ili)

V. =IR

ohm in

cell act ohmic act

+

Here,
Vv

act

\Y

ohm

Activation loss
Ohmic loss

V., Concentration loss
AB Constants

I,  Limiting current
I, Exchange current



Voltage [V]

Fuel Cell Model (Contd..)

Static V-l Characteristics of Equivalent Electrical
SOFC Model
Static VoItage vs. Current Respone of the SOFC Array
350 ‘ ‘ ‘ ‘ N0
! | | R Yos
300 & | | | i i | coduie, ced)
250 g -
-c.'-LI cell ——
200 % CT e Ve
I'.I'.l'u'-'L I'.'I"."IIIIII
150
100 +
_—TI-E celt= Lot Viero cen
50 -
-l

O ; ; ; ; ; | J
50 100 150 200 250 300 350 20
time [s]



Power Interface Model

Simplified Model of single
Ultracapacitor

—AM——

ESR
EPR —t
o |
TABLE 1
MAXWELL BoosTcaP PC2500 UC CHARACTERISTICS [24]
UC Parameters Value
Capacitance 2700 + 20% [F]
Internal Resistance (dc) 0001+ 253% (2]
|.eakage current 0.006 [A]. 72 hours, 25°C
Operating Temperature -40°C to 65°C
Rated Current 100 [A]
Voltage 251V]
Yolume 0.6 [1]
Weight 0.725 [kg]

Source: BOOTCAP Double layer UC
Available: http://www.maxwell.com/pdf/uc/datasheets/PC2500.pdf

UC in series-parallel

UC bank current

. —
| I 1 A
'
UC unit UC unit UC unit
UC unit UC unit UC unit

UC bank voltage

UC unit UC unit UC unit
Y
. | [ Y
- Ny -
ESR
Ryc_total = ng——
ﬂ-p



Power Interface Model

DC-DC Boost converter o e by |
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Power Interface Model (contd..)

State Space models :

Ve = E"\/EVLL cos(a)
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Proposed System

System Components

e Wind Turbine Generator (WTG) System

— Wind Turbine and Generator

— Power electronics interfaces (ac/dc to dc/ac)
e Electrolyzer/Fuel cell/ Ultracapacitor system

— Hydrogen Storage and regulation

— Oxygen flow regulation

— DC/DC interfaces

— DC/Ac interfaces

24



Proposed System

Power Signa
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Proposed Scheme

Power Signal il Vae Eabe lane

Wind

WPG System 1 Cq (
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Modeling and Design of Controller

1. WTG Controller
— Pitch angle control
— Rotor speed control (MPPT)
— DC voltage control
— AC voltgae/Reactive power control

2. ELZ/FC/UC Controller
— DC voltage control
— AC bus voltage control
— Frequency regulation
— ELZ/FC current control
— UC charge control

27



WTG Controller

Generator Side PCC Side
DC link
L —™ & | DC/AC ;
g L]
wWT G Va ——| Converter _~ N
l'l Vg e
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Firin v PLL Clark Clark
= : w11 Va.p fa,ﬁl
Pl Pl J“ Inv. Clark
v * vols 4 4 ._T_’ Park Park
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i»?’ Pee .
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control P
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FC/UC Controller

V_d2* Pl " der Pl Duty cycle (D2) » To
DC2

V_d2
2 P LPF L»
p L ,t = “—» P 5 » To
| _uc S uty cycle (D1)
DC1
| fc
vd_ref Pl E_d
v > To VSC#2
Vq_ref=0 @—> Pl E_q : dg-to-abc | DutyCy gate signal >
|
Vq
377 » % theta




Voltage [V]

Speed [rad/s]

500

al
o

Simulation

|G Voltage and Current Built-up Process

Terminal AC Voltage

0 0.1 0.2 0.3 0.4

0.5
time [s]
Rotor Speed Dynamics
0 0.1 0.2 0.3 0.4 0.5




Simulation (Power Flow Dynamics)

Active Power

50— —
Sequence of i : 3 3

disturbance

Power [kW]

e t=5s, load of 30
kW is introduced
ot=10s, wind velocity
increased from 7m/s

to 10m/s.
ot=15s, 15 kW load
IS released

Power [kW]

time [s]
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Vditage [V] Vditage [V]

Vditage [V]

Simulation (Voltage Dynamics)

480
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Magnitude of PCC Bus Voltage




Simulation (Partial Pressure Dynamics )

Pressure [atm]

Molar Flow [Mol/sec]

H2 Pressure in Tank

0 5 10 15 20 25
Molar production/Consumption Rate

time [s]
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Conclusion

Wind power being non-dispatchable in nature, long-term, medium-term
and short-term energy storage system are necessary for power and
energy management.

In a hybrid /stand-alone system, fuel-cell/hydrogen storage/electrolyzer
can be used as mid-term and long-term energy storage and UC as
Transient Load Mitigation.

Simulation Results show that effective voltage and frequency
regulation is achieved while fulfilling the operational requirements. Thus
they validates the applicability of the proposed scheme in the real
system

Further simulation on worst case scenario and model Validation with
real/experimental system is suggested to get further insight of the
scheme

The constraints for utilization of UC and FC/H, /ELZ with wind power
system is the cost conversion effiecieny. The research on these
technologies are going on, and in future, the cost effective and efficient
solution is expected to achieve.



Lighting the World




