US007432611B2

a2 United States Patent (0) Patent No..  US 7,432,611 B2
Stahlkopf 45) Date of Patent: Oct. 7, 2008
(54) POWER CONTROL INTERFACE BETWEEN A 6,605,880 B1* 82003 Jaunich ......ccooeerieerunee 307/80
WIND FARM AND A POWER TRANSMISSION 7,276,807 B2* 10/2007 Luetze etal. 290/44
SYSTEM 20050156432 A1*  7/2005 Hennessy ... . 290/44
(75) Tnventor: Karl E. Stahlkopf, Honolulu, HI (US) 2007/0108771 Al* 5/2007 Jonesetal. ... 290/44
2007/0216163 Al* 9/2007 Guangetal. .................. 290/44
(73) Assignee: Hawaiian Electric Company, Inc.,
Honolulu, HI (US)
(*) Notice:  Subject to any disclaimer, the term of this OTHER PUBLICATIONS
patent is extended or adjusted under 35 o ) )
U.S.C. 154(b) by 262 days “Research of Possibilities of Introduction of Joint Battery Storage
o ’ and Wind Power”, New Energy & Ind Technology Dev Org, Feb.
(21) Appl. No.: 11/302,054 2002.
(22) Filed:  Dec. 12,2005 (Continued)
. L. Primary Examiner—Matthew V Nguyen
(65) Prior Publication Data (74) Attorney, Agent, or Firm—ILeighton K. Chong
US 2006/0087124 A1l Apr. 27, 2006
57 ABSTRACT
Related U.S. Application Data
(62) Division of application No. 10/965,478, filed on Oct. .
12. 2004. now Pat. No. 7.002.260. which is a division A power control interface between an unstable power source
of,applic,ation No. 10/687.795. filed on Oct. 17. 2003 such as a wind farm and a power transmission line employs an
now Pat. No. 6 858 953, o 7 ’ electrical energy storage, control system, and electronic com-
B ’ ) ’. pensation module which act together like an “electronic
(60) Provisional application No. 60/435,643, filed on Dec. shock absorber” for storing excess power during periods of
20, 2002. increased power generation and releasing stored energy dur-
51y Int.Cl ing periods of decreased power generation due to wind fluc-
GD PI,I 0; D 9 V00 (2006.01) tuations. The control system is provided with a “look ahead”
H02J 3/00 (2006.01) capability for predicting power output (wind speed condi-
(52) us. . 290/44: 290/55: 363/34 tions) and maintaining energy storage or release over a “nar-
(58) F'- l‘d f Cl """ . ﬁt """ S """ b ’ ’ 263/34 row-band” range despite short duration fluctuations. The con-
teldo 35513 g; /;(;n 59e a6r 8 29 0/43445 5 545 5’ trol system uses data derived from monitoring the wind farm
See application file fo; coinpljete searcil hi;tor;/. ’ power output and the power transmission line, and employs
system-modeling algorithms to predict narrow-band wind
(56) References Cited speed conditions. The power control interface can also use its

U.S. PATENT DOCUMENTS

energy storage capacity to provide voltage support at the
point of injection into the power transmission system, as well

5384480 A * 1/1995 Bellac ..ooovivviiiriiinnn, 290/44 as fault clearance capability for “riding out” transient fault
5,592,028 A * 1/1997 Prltc.hafd ..................... 290/55 conditions occurring on the power transmission line.
5,798,632 A *  8/1998 Muljadi .....c.coeeeeeennnnnn. 322/29
5,907,192 A * 5/1999 Lyonsetal. . .. 290/44
6,420,796 B1* 7/2002 Lagerwey 290/44 12 Claims, 4 Drawing Sheets
Wind Mil
AC
Transmission
Line
Electronic Shock Absorber
Generator Generator Wind Farm “Transmission
Data Signal i
. { Dab'::‘g?gnal
Control
System
50 Cycls(i:)c Power (Algv;m;rc ) Control Signal
l Feagback Signal I
ags | | 1AGOrDE) | | Discharge Flectronie . Lac
L] c?:'r‘m?ner Ll SE;::;%); Lol cm?u ] c°",:f:2:|:ﬂ P(mr
AC or DC Power J l
a 1gnal




US 7,432,611 B2
Page 2

OTHER PUBLICATIONS “Wind Energy”, Japan Wind Energy Assoc., vol. 25, No. 2, Aug.
2001.
“Wind Power—Battery Hybrid Systems”, IEEE, Power and Energy
Society, vol. 121-B, No. 6, Jun. 2001. * cited by examiner



US 7,432,611 B2

Sheet 1 of 4

Oct. 7, 2008

U.S. Patent

I 2In31]

(un)

19mod OV 91PAD 09

jeubis yoeqpas4 L
HL 19M0d D 40 oY
(1no) M abeio)g
lamod cozw_.%%%n__\,,_too | Jojonuod M ABisug [¢] 4eN0au0D ]
v : ab.eyosiq abieyn
o1u008|3 (0g o ov)
— leubig ¥oeqpaa4 a prTTTTommiTomIey
i (0o ov)
[eudb|s |oauo) " 1BJBAU| L
wajshg
[01}uo?)
leubis ejeq t 1
aun |eubis ejeq
uolssiwsuel | wieq puip

19q10SqYy }20YS 21U04)09|T

\/

r

._me._mcwo - ._Oum._mcwo

e—  8un

UOISSIWSUBL ]
ov

A PUIM



US 7,432,611 B2

Sheet 2 of 4

Oct. 7, 2008

U.S. Patent

— SHVA

—] aung

[~ +vY Y+
|| abejon ln.ﬂ
b

lojluopy
jine4

+

< aur

uoissiwsuel |
ov

Jojejnojen
leubis

aun
uolssiwsuel |

Z aanbi4
eleq
9]1J0id PUIM
Indino [EO1I0}SIH
wajshs N
0A}U07 leuBiS josuoD u
t uonoIpald PUIM ./
J0}IUOW
paadg puip
Joje|nojen
ywr .
ajey dwey
loje|nojen [Indino
jonuon wJe
ul
loje|nojen PUim
ywipeoy  [*
s)nuIW-gng

wajsAg jon3uo)



US 7,432,611 B2

Sheet 3 of 4

Oct. 7, 2008

U.S. Patent

sxojtToededoealIn Ny L J
S
ﬂ @ T T ¥ mv!mw W Lw_w @Tn__nlwu_ L
=N . o/
Tm Y v ¥ ﬂm_ IT@ T@
as ao i
(Teubrs a9 ! . (Teubts
-T1013u0D °baeysdsIQ) ISTT0I3U0) ¥baey))

3TNOaT) =bexolzs Abasuqg

¢ 9M3T]



US 7,432,611 B2

Sheet 4 of 4

Oct. 7, 2008

U.S. Patent

SPU023s - Bwl |

0ooovL ooozl 00001 0008 0009 ocovy

0002

£00Z-81-Z0 ‘00:9} 0} 00:Z} Wied puIp eoewey

ue] puip [esrdA 7, yo indinp
pamaig

ol

MR



US 7,432,611 B2

1

POWER CONTROL INTERFACE BETWEEN A
WIND FARM AND A POWER TRANSMISSION
SYSTEM

This divisional U.S. patent application claims the priority
benefit of copending U.S. patent application 10/965,478 filed
on Oct. 12, 2004, issued as U.S. Pat. No. 7,002,260 on Feb.
21/2006, which was a divisional application from U.S. patent
application 10/687,795, filed on Oct. 17, 2003, by the same
inventor, of the same title, issued as U.S. Pat. No. 6,858,953
on Feb. 22, 2005.

TECHNICAL FIELD

This invention generally relates to a power control inter-
face between a power source and a power transmission sys-
tem, and more particularly, to an interface between the power
output of an unstable power source such as a wind farm and a
power transmission grid.

BACKGROUND OF INVENTION

Power generation using wind-driven windmills (turbines)
is usable in areas that have good wind resources and that can
benefit from the addition of wind-generated power into a local
power transmission system (often referred to as “the grid”).
However, wind turbines are relatively unstable power sources
that fluctuate with wind conditions and must be properly
interfaced to avoid carrying over instabilities into the grid. A
wind farm connected to either a weakly supported transmis-
sion line or to a relatively small transmission system (such as
for an isolated region or island) can inject instabilities in both
voltage and frequency of the backbone transmission system
because of the gusty and turbulent nature of the wind source.
Even on a more robust, interconnected transmission system,
such instabilities can create disturbances that propagate
through the system.

As wind changes velocity over the area of the wind farm
and interacts with individual windmills over varying time
periods, and/or turbulent wind flow is created by passing
weather systems, the energy output of the wind farm can
change very rapidly—over a period of one second or less.
This change in energy output of the wind farm is reflected by
changes in both frequency and voltage in the transmission
grid to which the wind farm is connected. In extreme cases,
these fluctuations may become large enough that it is neces-
sary to disconnect the wind farm from the transmission sys-
tem and simply waste the wind energy. Such conditions have
a strong economic impact on a wind farm, which recovers
costs only when electricity is being generated.

Under less extreme conditions, the shifting winds create
energy surges that are reflected in lower-level voltage and
frequency disturbances on the transmission system—over a
period of 1-2 minutes.

To maintain transmission system stability under these cir-
cumstances, compensation is conventionally provided by
load-following of the unstable power source with larger
capacities of more stable generation units, such as fuel-fired
or “thermal” generators. However, such load-following can
subject these other units to excessive internal mechanical and
thermal fatigue as they absorb fluctuations into their systems
over long periods of time. This fatigue adds to both higher
operations and maintenance costs, and shortens the overall
unit lifetime.

It is also desirable to have a power source provide voltage
support to the power transmission grid at the point of its
interconnection. Such voltage support enables the power
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source to contribute to dampening voltage or frequency fluc-
tuations on the transmission line at the point of power injec-
tion. In recent years, power flow controllers have been devel-
oped to compensate for transmission fluctuations by injecting
a power offset varying in voltage and/or phase angle into the
transmission system. An example of one type of power flow
controlleris described in U.S. Pat. No. 5,808,452 to Gyugyi et
al. which employs a dc-to-dc converter using the dc voltage
produced by a first static inverter connected in shunt with a
transmission line to provide parallel reactive compensation to
establish the magnitude of a series compensation voltage
injected into the transmission line by a second static inverter.
However, the various techniques for continuous compensa-
tion control are usually associated with the following practi-
cal disadvantages: increased circuit complexity and cost,
increased losses, and increased harmonic content.

Fluctuations in the power transmission grid can also affect
the interconnection of a power source with the grid. Transient
conditions such as temporary power outages or flashovers on
a transmission line can cause a power sources connected to
the grid to become automatically disconnected by its safety
circuitry, and would thus require a recloser or other relay type
device to reconnect the power source back to the grid once the
transient condition has passed. For small-contributor power
sources, such as a wind farm, the addition of a recloser or
relay device adds an undesirable additional cost to the system.
For small power systems, such as an island grid, or a weakly
supported interconnected grid where the wind farm repre-
sents a major generation source (above 5% of total power), if
the wind farm is unable to immediately reconnect to the grid
after the fault is cleared (referred to as fault ride through),
there may be enough generation/load imbalance to cause the
entire grid to shut down due to underfrequency.

SUMMARY OF INVENTION

It is therefore a principal object of the present invention to
provide a power control interface between the power output
of an unstable power source such as a wind farm and a power
transmission line which isolates power fluctuations of the
wind farm and prevents the injection of voltage or frequency
instabilities into the grid during changing wind conditions. It
is particularly desirable that this be accomplished with rela-
tive simplicity and at low cost while being highly effective in
controlling the effects of both short- and long-term power
fluctuations of the wind farm on the power transmission sys-
tem. It is another object of the present invention to have the
power control interface provide effective voltage support to
the power transmission line at the point of injection of power
output from the power source. It is still a further object of the
invention that the power control interface provide a fault
clearance capability to “ride through” a transient fault condi-
tion on the power transmission line, i.e., allow the power
output to remain connected to the grid during transient fault
conditions without the need to add a recloser or relay circuitry
to the system.

In accordance with the present invention, a power control
interface between a power output of an unstable power source
such as a wind farm and a power transmission line comprises:

(a) an electrical energy storage coupled between the
unstable power source and the power transmission line to
store excess power output when it is above a normal output
level of the unstable power source and to release stored elec-
trical energy to add to the power output when it is below the
normal output level of the unstable power source;

(b) a control system which receives a power source data
signal derived from monitoring the power output of the
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unstable power source and a transmission line data signal
derived from monitoring the power transmission line, and
which determines when electrical energy stored in the elec-
trical energy storage is to be released to add to power output
to the power transmission line to compensate for conditions
of decreased power generation encountered by the unstable
power source, or when excess electrical energy generated
during conditions of increased power generation encountered
by the unstable power source is to be stored in the electrical
energy storage; and

(c) an electronic compensation module which receives a
control signal from the control system corresponding to its
determination and operates to release electrical energy stored
in the electrical energy storage to add to power output to the
power transmission line to compensate for decreased power
source output, and to store excess electrical energy from
increased power source output in the electrical energy storage
in accordance with said determination.

In a preferred embodiment of the invention, the AC power
output of the wind farm may be converted by an ac-to-dc
inverter to direct current (DC) for storage in a DC capacitor
array, ultracapacitors, or battery. The electrical energy stor-
age is controlled by the electronic compensation module to
act like an “electronic shock absorber”, serving as both an
energy source when the power output of the wind farm is
temporarily decreasing below its normal range, and as an
energy sink when power output from the wind farm is tem-
porarily increasing above its normal range. This “shock
absorbing” function has the effect of smoothing overall fluc-
tuations in the power output of the wind farm and preventing
the injection of frequency and voltage instabilities into the
power transmission system. The electronic compensation
module responds to control signals from the control system
by issuing feedback signals to a pair of complementary
“gates” on the input and output ends of the energy storage in
order to store electrical power when the power output of the
wind farm is temporarily decreasing below range, and to
release electrical power into the power transmission system
when the power output is temporarily increasing above range.

The control system is also provided with a “look ahead”
capability for predicting wind speed conditions and maintain-
ing the energy storage in a mode consistent therewith when
wind fluctuations are in a “narrow-band” of short duration or
small speed changes, in order to avoid out-of-sync responses
due to time lag in the response of the system to real time
conditions. The control system receives data signals derived
from the wind farm power output representing information on
the voltage, current, power and frequency output of the wind
farm, and similar information derived from monitoring the
transmission line. The control system employs system-mod-
eling algorithms based on historical data of the wind farm
output, meteorological data taken from the site, and meteo-
rological predictions of the hour-ahead and day-ahead wind
conditions, and compares current power output information
from the wind farm with the calculations of the algorithms to
predict narrow-band wind speed conditions. Based on this
information, the control system sends a control signal to the
electronic compensation module to remain in a mode to
release energy from the energy storage to increase power
output injected into the power transmission line or to store
energy in the energy storage without adding to power output
to the transmission line during narrow-band wind speed
changes.

The power control interface can also provide voltage sup-
port for the power transmission system through the use of
power electronics that convert DC power to AC and inject it
into the transmission line at the proper voltage and phase
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angle in order to provide either real or reactive power depend-
ing on the stability needs of the transmission system. The
power control interface can also provide fault clearance capa-
bility by adequately sizing the energy storage and controlling
it to enable “riding out” of transient fault conditions occurring
on the power transmission line. This may be particularly
useful inisland grid systems of small total capacity where the
wind farm output may be a substantial power source contribu-
tor, or where other power source contributors may be weakly
interconnected and become lost (disconnected) during a tran-
sient outage.

Other objects, features, and advantages of the present
invention will be explained in the following detailed descrip-
tion of the invention having reference to the appended draw-
ings.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 11is a system diagram illustrating a preferred embodi-
ment of a power control interface between the power output of
an unstable power source such as a wind farm and a power
transmission line in accordance with the present invention.

FIG. 2 is a block diagram illustrating an example of a
control system for the power control interface.

FIG. 3 is a simplified diagram of an energy storage circuit
for the power control interface.

FIG. 4 is a chart showing the output of a typical wind farm
characterized by large power fluctuations.

DETAILED DESCRIPTION OF INVENTION

The following describes a preferred embodiment of a
power control interface between the power output of an
unstable power source such as a wind farm and a power
transmission line to which the unstable power source is con-
nected. The exemplary embodiment illustrates the function of
the power control interface acting as an “Electronic Shock
Absorber” which uses a combination of electrical energy
storage and power electronics to isolate a power transmission
system from wind farm energy fluctuations, while also
enabling the wind farm to compensate for power disturbances
on the line at the point of injection into the power transmis-
sion system. The Electronic Shock Absorber system can thus
increase the overall capacity factor of the wind farm contri-
bution to the grid, provide voltage support at the point of
injection, and improve overall transmission system stability.
The invention offers an unique solution to three major prob-
lems that have impaired wider use of wind energy as a renew-
able source of electricity generation.

Referring to FIG. 1, the power control interface of the
present invention (referred to as the “Electronic Shock
Absorber” within the dotted lines in the figure) is coupled
between conventional 60 hertz (cycle) AC power output from
windmill generators of a wind farm (power output in) and an
AC transmission line which transmits power output (out)
from the wind farm to a power transmission grid. The three
main components of the Electronic Shock Absorber are
labeled as “Energy Storage”, “Control System”, and “Elec-
tronic Compensation Module”. The Energy Storage is
coupled between the power output of the wind farm and the
power transmission line. The Control System receives a Wind
Farm Data Signal derived from monitoring the wind farm
power output, which provides information on the voltage,
current, power and frequency output of the wind farm, and a
Transmission Line Data Signal derived from monitoring
transmission line conditions, which provides similar infor-
mation on the transmission line. On the basis of the Wind
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Farm Data Signal and the Transmission Line Data Signal, the
Control System provides a control signal to the Electronic
Compensation Module to either store excess energy from
rising wind farm power generation above the norm or release
energy to the power transmission line to compensate for wind
farm power generation below the norm. The Electronic Com-
pensation Module responds to the control signal from the
Control System by issuing feedback signals to a pair of
complementary “gates” on the input and output ends of the
Energy Storage, referred to in the figure as the “Charge Con-
troller” and the “Discharge Controller”. These have the func-
tion of either releasing stored energy from the energy storage
to compensate for decreasing wind farm power generation or
adding electrical energy to the energy storage during rising
power generation. The Control System employs system-mod-
eling algorithms in a “look-ahead” function (described fur-
ther below) to predict fluctuations in the expected power
output of the wind farm to control the storage or release of
power in or from the energy storage when power fluctuations
are in a “narrow-band” of short duration changes.

The capacity of the Energy Storage is sized to balance cost
considerations with having sufficient capacity to accommo-
date power fluctuations typically encountered in a given wind
farm as well as additional capacity for “ride through” of
transient fault conditions and for reserve. Since storage
capacity is relatively expensive, the capacity is sized to be
about 1.5 times the typical expected maximum power excur-
sion for the limiting condition for the stability of the power
system, to which the wind farm is connected. Detailed calcu-
lations will have to be performed for each specific application
of the Electronic Shock Absorber with considerations given
to grid stability, acceptable ramp rate (up and down), neces-
sity for fault ride through, sub-minute power fluctuations
tolerance, and detailed wind regime characteristics to accu-
rately size the storage component of the system.

The Energy Storage, which is controlled by the Electronic
Compensation Module, offsets voltage and frequency
changes in the wind farm output and reduces fluctuations in
the power output to the transmission system in the following
manner. When there is a sudden drop in the power output of
the wind farm, for example, the Energy Storage will be oper-
ated by the Electronic Compensation Module to discharge
energy to make up for any shortfall in energy output of the
wind farm. Conversely, when the power output of the wind
farm suddenly increases, the Control System will cause the
Energy Storage to charge, and thereby blocking any addition
from Energy Storage to the wind farm power output to the
transmission system. This compensation has the effect of
smoothing the overall fluctuation in frequency and voltage on
the transmission system. It should be noted that the purpose of
the power control interface is to smooth the power output of
the wind farm to the transmission system and not to provide
energy storage for use in off-peak hours, as is normal with
many wind power systems. Because of the unique nature,
purpose and control of this energy storage system, its capacity
can be limited to energy storage equivalent to a few tens of
seconds of wind farm energy output. This relatively small
storage capacity significantly reduces the overall size and
capital cost of the Electronic Shock Absorber.

While the Electronic Shock Absorber is operated automati-
cally to smooth power output fluctuations when the fluctua-
tions are large increases or decreases (e.g., more than 10%)
from normal design-rated wind speed range and extend over
a design-rated time window (e.g., 6 to 10 second), it becomes
less efficient to operate the Electronic Shock Absorber auto-
matically when the wind fluctuations are sharp (e.g., less than
5 seconds duration) or small changes (e.g., less than 10% of
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6

the normal power output range). This is because the response
of'the Control System will have a certain time lag (e.g., 0.1 to
0.2 seconds) in relation to real time conditions, and operation
with automatic energy release/store changes that lag actual
wind speed conditions may result in the Electronic Compen-
sation Module causing the Energy Storage to store energy
when actual wind speed is falling and release energy when
actual wind speed is rising. This type of out-of-sync condition
would reduce the overall efficiency of the system and/or
might introduce power fluctuations into the transmission sys-
tem. For smoothing these narrow-band fluctuations, the
power control interface is provided with a “look ahead” capa-
bility to predict the likely wind speed conditions within the
narrow band range and maintain the Energy Storage in a
mode consistent with the predicted wind speed conditions
despite sharp duration or small wind speed changes.

As illustrated in greater detail in FIG. 2, a preferred
embodiment of the Control System has a Transmission Line
Control Signal Calculator which processes signals derived
from monitoring the status of the AC transmission line,
including a fault monitor, voltage magnitude, current magni-
tude, and VARs variations (volt-amperes reactive), and pro-
vides a Transmission Line Data Signal to the main Control
Calculator. The Wind Farm Data Signal is a composite of a
Sub-minute Load Limit Calculator and a Ramp Rate Limit
Calculator monitoring the wind farm output, and a Wind
Prediction Control Signal which is based on Wind Speed
Monitor Data and Historical Wind Profile Data. As used
herein, the term “calculator” refers to any means (e.g., a
microprocessor) for processing input signals in accordance
with programmed rules, steps and/or algorithms in order to
determine and issue a corresponding output signal. Based on
these inputs, the Control Calculator determines the appropri-
ate control signal for the Control System Output. The Wind
Prediction Control Signal is determined in accordance with
prediction algorithms (examples described below) for judg-
ing whether current power generation conditions will rise
above or fall below the normal power output range for the
wind farm, in order to dampen the system’s response to
fluctuations in the wind farm power output of short duration.
The Control System Output is provided to the Electronic
Compensation Module to maintain the Energy Storage in a
mode consistent with the predicted power output within the
range of narrow-band fluctuations.

An example of relevant inputs for the “look ahead” func-
tion of the Power Output Analysis Module during narrow-
band fluctuations is provided in Table I below (actual data
would be site specific):

TABLE I
Current Wind Farm Data:
Date: Month:  Day:  Year:
Current wind speed: _ mph
Current temperature: __ degreesF.
Current barometric pressure: __ mbar
Weather day characterization: Clear/Cloudy/HighW/
LowW/GustyW
Number of turbines online: __ turbines
Total current power output: _ MW

System Comparison Data:

Turbine design rating, normal range: ___kvA
Wind speed design rating, normal _mph
range:

Number of turbines rated online: __ turbines
Total design rated power output, _ MW

normal range:









