Wind Energy Explained Errata -
Initial Printings

There are number of recurring errors that were introduced in the printing process. These fall in to two
categories:

1) A number of integrals have a lower limit of integration of zero (0) were printed such that the zero looks
very much like a capital C. These should be zero. There are no integrals with a lower limit of C.

2) A number of Greek variables did not print correctly. They are usually easily identifiable, but the full
Greek letter is often not visible.

Chapter 1

p. 15 http://www.windpower.dk should be http://www.windpower.dk/.

Chapter 2

p. 36 Figure 2.13 caption was incomplete. It should be:

Figure 2.13 Temperature profile above the earth’s surface, before (solid) and after (dashed) sunrise

p. 38 Equation 2.3.11: the lower limit of integration looks like a C it is actually a 0.

p. 38 Equation 2.3.12: Both N’s should have a subscript of s. The s did not print in the first printing:
I
U :_ZUi (2.3.12)
N, & -
i=

p. 55 Equation 2.4.13 should read:

Up

p(U, <U <Uy,) :J.p(U)dU (2.4.13)
Ug

p. 55 Equation 2.4.14: the lower limit of integration looks like a C it is actually a 0.

p. 59 the negative exponent in Equation 2.4.29 is unreadable. The corrected equation is:

-1

Ui = (0568 +0433/k) " (24.29)

p.62 In Equations 2.5.11 and 2.5.12, the lower limit of integration looks like a C it is actually a 0.

p. 67 Section 2.6.3, end of the first paragraph: “as good as data as” should be “as good data as.”



Chapter 3
p. 91 Equation 3.3.6 should read:

al-a) o’ _p (3.3.6)
r

p- 91 The last paragraph on page 91 should read:
Substituting for dQ in this expression and using the definition of the local speed ratio, A, , (Equation
3.3.9), the expression for the power generated at each element becomes:

p- 105 The equation for the relative wind velocity in Figure 3.18 is incorrect and should be the same as in
Equation 3.4.13 above the figure..

p- 115 In the first line of Method 1, the correct relationship is ¢ =a +6,.

p- 117 Equation 3.7.18 should be:
atanp=a'l, (3.7.18)

p. 117 Equation 3.7.11 should read:

Co =8/22 )j; A a'(1-a)l-(Cq /C) )eot p]dA, (3.7.11)

p- 122 Equation 3.8.1 should read:

ai[sin2 (p(cos(p—ﬂr sin (p)(sin(p+/1r cos (p)]: 0 (3.8.1)
®

p- 131 Equation 3.10.3 should read:

(F—qziwﬁ — 40,0, (3.10.3)

20,

Chapter 4

p. 182 In the paragraph after Eq. 4.3.71, edge-wise and edge wise should both be edgewise.

Chapter 5

p- 200 The final sentence before Section 5.2.2.2 should read:
Note that as the current varies in time, the sinusoid will be displaced by 7/2 radians ahead of the voltage
sinusoid. For that reason the current in a capacitive circuit is said to lead the voltage.

p- 201 Equation 5.2.10 should be:

V() = RefV e e 27 | (5.2.10)



p- 208 In section 5.2.3.2:
The relative permeability of ferromagnetic materials is very high, in the range of 10° to 10° (not 103 to
105).

p- 211 The captions for Figure 5.8 should read:

Figure 5.8 Simple magnetic device; g, width of air gap; i, current, @ , magnetic flux. From Electric Machines, 1st
edition, by Sarma © 1985. Reprinted with permission of Brooks/Cole, an imprint of the Wadsworth Group, a division
of Thomson Learning. Fax 800 730-2215

p- 212 The captions for Figure 5.9 should read:

Figure 5.9 Simple magnetic torque device; g, width of air gap; i, current, @ , magnetic flux; L, length of the face of
the poles, Q, , electrical torque; r, radius; &, rotation angle. From Electric Machines, 1st edition, by Sarma © 1985.
Reprinted with permission of Brooks/Cole, an imprint of the Wadsworth Group, a division of Thomson Learning. Fax
800 730-2215

p- 212 “hysterisis “ should be “hysteresis”,
p- 218 “Renewal Energy Research Laboratory” should be “Renewable Energy Research Laboratory”

p- 224 The second to last paragraph in Section 5.4.4.1 should read:

Induction machines often operate with a poor power factor. To improve power factor, capacitors are
frequently connected to the machine at or near the point of connection to the electrical network. Care must
be taken in sizing the capacitors when the machine is operated as a generator. In particular it must not be
possible for the generator to be ‘self-excited’ if connection to the grid is lost due to a fault.

p- 224 The last sentence, should read:
Slip is the ratio of the difference between synchronous speed ns and rotor operating speed n, and
synchronous speed:

p- 226 The statement after Equation 5.4.17 should read:
The power factor, PF, (which is lagging during motoring and leading during generating), is the ratio of the
real power to apparent power:

-P
PF =V—°|“t (5.4.18)

p- 228 Equation 5.4.25should read:
Pout = ISZ(RS +R)

(5.4.25)
p- 240 Equations 5.5.2 and 5.5.3 should read:
2L
t
S J v(t)cos| 75 |at (5.5.2)
LJo L
2L
t
b, :ljv(t)sin D72t (5.5.3)
LJo L

Chapter 6

p. 280 Table 6.2 is a little difficult to read. An improved version is presented here:



Table 6.2 Summary of scaling relations

Quantity Symbol Relation Scale dependence
Power, forces and moments
Power P R/P,=(R/R,)’ ~R?
Torque Q Q,/Q,=(R,/R,)’ ~R’
Thrust T T,/T,=(R /R,)* ~R?
Rotational speed Q /=R /Ry)”" ~R™!
Weight w W, /W, =(R, /R,)* ~R’
Aerodynamic Moments Ma Mai/ Mp, = (R1 / R2)3 ~R’
Centrifugal Forces F, Fei/Feo= (Rl /R2)2 ~R?
Stresses
Gravitational oy 0g1/0g, = (Rl /Rz)l ~R
Aerodynamic Op Op1/Opn= (Rl / Rz) =1 ~R’
Centrifugal o, 01/ 0e2=(R/R,) =1 ~R’
Resonances
Natural frequency ® Ony /Oy = (R /R,)™ ~R™!
Excitation Qlw (Ql/a)n])( /a)nz)— Rl/Rz) =1 ~R’

Note: R, radius

p- 283 Equation 6.6.11 should read:
2
(BR) [EI (6.6.110

p- 289 Figure 6.19 - In the Figure the airfoil designations should read S806, S805 and S807:

SERI S806 SERI 8805

Tip region airfoil Primary outboard airfoil

- SERI 8807

Root region airfoil

Figure 6.19 SERI airfoils, thin airfoil family (National Research Council, 1991)

p. 293 The last sentence in the first paragraph should read:

Such hubs are used on only a few commercial machines but they have been employed on some historically
important turbines (Smith—Putnam) and are presently receiving renewed attention. Some of the common
types of hubs are illustrated in Figure 6.24.

p. 316 The corrected Figure 6.45 follows:
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Figure 6.45 Power curves

Chapter 7

p- 322 The following Figure was misprinted:

Wind farm controller A—|

A4
Start-up Continuous
System check fault
Acceleration control monitoring
/ Speed control T
Synchronization

Dynamic | .
<«——}—| On-line control
component

controllers *
Shut-down Emergency

\ Disconnection shut-down
Deceleration
Braking

Supervisory controller

Wind turbine

Figure 7.1 Control system components

p- 355 In the first line after Eqn. 7.5.5, the last variable in the line should theta with a subscript of p,ref:
0, rer (1)
p,ref

p- 357 In the last line before Eqn. 7.5.10 the subscripts on the K’s did not print. The subscripts should be a
Pandanl: Kp andK, .

p- 366 The following Figure was misprinted:
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Figure 7.25 Schematic of computer controlled system; A/D, analog—to—digital converter; D/A, digital-to—analog
converter

Chapter 8

p- 370 In the first paragraph in Section 8.2.1: ompacts should be impacts.
p. 387 In both Figures 8.6 and 8.7, the conditions are for 4 =4.0

p.- 404 In Table 8.3 “abandone ... d” should be “abandoned.”

p. 419 The caption for Figure 8.18 should read:

Figure 8.18 Typical battery voltage and capacity curve. Reproduced by permission of McGraw-Hill Companies from
Standard Handbook for Electrical Engineers, Fink and Beaty, 1978

Nomenclature

p. 517 The Non-dimensional cross flow definition should be:
Vo Non-dimensional cross flow, V,, = Vo
OR

p-523 The variables not print correctly:

Nyated Rotational speed of generator at rated power (rpm)
Nyotor Rotor rotational speed (rpm)

Nsync Synchronous rotational speed of generator (rpm)
Protor Rotor power

The variables should be Nrated, Nrotors Nsync and Protor.

Corrected Problems

p. 535

B.2.1 Annual Energy Production Estimate

Based on average speed data only, estimate the annual energy production from a horizontal axis wind
turbine with a 12 m diameter operating in a wind regime with an average wind speed of 8 m/s. Assume that
the wind turbine is operating under standard atmospheric conditions ( o = 1.225 kg/m’). Assume a turbine
efficiency of 0.4.

p. 536 The problem statements in Problem B.2.7 sections b) and d) were ambiguous. The corrected
problem statement is:
2.7 Statistical Data Analysis
Using results from Problem 2.6, carry out the following:

a) Determine Weibull and Rayleigh velocity distribution curves and normalize them appropriately.
Superimpose them on the histogram of Problem 2.6.

b) Determine the Weibull and Rayleigh velocity duration and power duration curves and superimpose
them on the ones obtained from the histogram.



c¢) Using the Weibull distribution, determine the energy that would be produced by the 25 kW machine
at the Holyoke site.

d) Suppose the control system of the 25 kW machine were modified so that it operated as shown in
Figure B.1 (and as detailed in Table B.1) How much less energy would be produced at Mt. Tom with the
modified machine? Find a fourth order polynominal fit to the power curve. Use the Weibull distribution to
calculate the productivity (in any manner you choose). Plot the power duration curves using the modified
power curve and the cubic power curve from Problem 2.6 ¢).

p. 537
B.2.8 Power Spectral Density Estimation
The second equation should read:

p- 538

B.2.10 Autocorrelation of wind speed data and data synthesis

A variety of techniques are available for creating data sets that have characteristics similar to that of real
data. The Wind Engineering MiniCodes include a few of these methods. In the ARMA technique the user
must input long-term mean, standard deviation, and autocorrelation at a specified lag. The code will return
a time series with values that are close to the desired values. (Note: a random number generator is used in
the data synthesis routines, so any given time series will not be exactly the same as any other.)

a) Find the mean, standard deviation, and autocorrelation for the Mt. Tom data: MtTom7Hzms.txt. This
data is collected at a 25 m height, with a sampling frequency of 7.4 Hz. The data is in meters/second. Plot a
time series of the data. Determine the autocorrelation for a lag of up to 2000 points. Determine the
autocorrelation at a lag of one time step for use in synthesizing a similar data set.

b) Using the ARMA code, synthesize and plot a time series of 10,000 data points with equivalent
statistics to those found in part a. Show a time series graph of the synthesized data.

¢) Find the autocorrelation for a lag of up to 2000 points for both synthetic data and plot the
autocorrelations of both the real and the synthesized on the same graph.

d) Comment on any similarities or differences between the two plots.

p- 539

B.3.2 Reynolds Numbers

Table B.2 should be:

Table B.2

Location Relative wind Relative wind Chord Chord

/R velocity (m/s) velocity (ft/s) (m) (ft)
0.15 16.14 52.94 1.41 4.61
0.95 75.08 246.32 0.35 1.15

p- 539

B.3.3 Ideal Rotor Section Analysis

a) Findg, 6, 0, and c for one blade section from /R = 0.45 to I/R = 0.55 (centered on I/R = 0.50)
for an ideal blade (assume Cy4 =0, @' = 0). Assume 4=7, B=3, R=5 m, and C,=1.0 and the minimum
Cq/Cy occursat & =7.

b) Assume that Cy4 /C, actually equals 0.02 for the above blade section and that the free stream wind
speed, U, equals 10 m/s. Find Ure,dF,dFp,dFy,dF;,dQ  for the blade section. Don't forget to



consider that the wind velocity is slowed down at the rotor. Use a = 1/3, a2’ = 0. Assume the air density is
1.24 kg/m® (20C).

¢) For the same blade section find C;, & and a using the general strip theory method (including
angular momentum). Also find C,, & and a if the rpm is increased such that 4 = 8. Ignore drag and tip
loss. Use a graphical approach. Assume that the empirical lift curve is C; =0.1143a+0.2 (« in degrees):
ie. C;=0.2 at @ =0 degrees, C,=1.0 at « =7 degrees.

p- 539
B.3.4. Ideal Rotor Design

a) Findg, 6, 0, and c at all 10 locations (/R = 0.10, 0.20, ..., 1.0) for the Betz optimum blade.
Assume 4 =7,B=3,R=5m, and C; = 1.0 and the minimum Cg /C, occursat @ =7.

b) Sketch the shape (planform) of the blade, assuming that all the quarter chords lie on a straight line.

c¢) Illustrate the blade twist by drawing plausible airfoils with properly proportioned chord lengths,
centered at the quarter chord chords for r/R = 0.10, 0.50, 1.0. Be sure to show where the wind is coming
from and what the direction of rotation is.

p. 540
B.3.5 Ideal Rotor C,
The equation in Section a) is unclear. It should be:

R
deQ
Cp= F)/Pwind 1 o

LpaR?U°

p. 542

B. 3.9. WF-1 Rotor Analysis

The lift coefficient for the NACA 4415 airfoil should read: for & < 12 degrees: C;=0.368 + 0.0942 & (the
subscript on the C did not print in the first printing).

Also, the pitch at the tip should be: 6, , = -2 degrees.

p. 546
B.4.6 Wind Components
The turbine diameter is 24.38 m (80 ft) not 24.38 my/s.

p. 546

B.4.8 Steady State Lead-Lag Motion

Just as the flap angle can be represented by a the sum of a constant term, a sine term, and a cosine term, the
lead-lag angle in the simplified dynamics model can be represented by the sum of a constant term, a sine
term, and a cosine term:

CrCo+Gic COS(‘/’)"’ s Sin(l//)

The following matrix equation for the solution of the lead—lag motion can be derived by substituting this
solution into the lead-lag equations of motion (note that flap coupling terms have been omitted for
simplicity):
~ B oA ]
_£|:KVSUA4 - Z 6/0 +qd ):|
2B (K,-1) 0 ¢ 2
0 0 (K-S |- -28-Tan,

4
—AA
5 e




where:
Ke (oY
K, = inertial natural frequency (includes offset, hinge—spring) = &, + W =|—
b

: : . . . : a0
A, = axisymmetric flow term (includes tip speed ratio and pitch angle) = 5 +Tp

o
A, = axisymmetric flow term (includes tip speed ratio and pitch angle) = % A— Tp

B = gravity term = G
20

4
Y = Lock number (ratio of aerodynamic force to moment of inertia) = ’OC'-+CR
b
V, = normalized cross flow term (=V,, / (R )
J = normalized yaw rate term (=0/ £2)

_ . d
d = normalized yaw moment arm = Y2

U = normalized wind velocity = Y
0R

0R

A =non-dimensional inflow =

Ks = linear wind shear constant.

0, = pitch angle

a) Write the matrix equation for lead-lag motion, including the terms for the steady mean wind and the
hinge spring model, but assuming that gravity is zero and that other aerodynamic forcing functions are
Zero.

b) Solve the equations and find the expression for the steady state lead—lag angle as a function of the
Lock number, the non-dimensional wind speed, the lead—lag natural frequency, and the blade pitch.

¢) Suppose the pitch were 5.7 degrees, the rotor speed were 50 rpm and the diameter were 9.14 m (30
ft). By what factor would the steady state lead—lag angle increase if the wind speed increased from 7.62 m/s
(25 ft/s) to 15.24 m/s (50 ft/s)? Assume that the axial induction factor decreases from 0.30 to 0.25 as the
speed increases to 15.24 m/s (50 ft/s).

p. 548
B.5.2 Electromagnet
An electromagnet is used to hold a wind turbine's aerodynamics brakes in place during operation. The
magnet supplies 30 Ibs (133.4 N) of force to do this. The magnet is supplied by a 60 V DC source. The coil
of the electromagnet draws 0.1 A. The core of the electromagnet is assumed to have a relative permeability
of 10*. The diameter of the core is 3 in (7.62 cm).

Find the number of turns in the coil and the wire size. Assume that the relation between force, magnetic
flux, and area of the core is given by F =397840 B2 A
where: F= force (N), B = magnetic flux (Wb/m?), A, = area of core (m?). Also, assume that the length of
each turn is equal to the circumference of the core. The resistivity of copperis p =1.72x 10°°Qcem.

p.- 551
B.5.11 Harmonics from Inverter
Section b) “filer” should, instead, be “filter.”



p. 558
B.7.6 Pitch System Step Responses
The hint in problem 7.6 should read:
Hint: perform a partial fraction expansion of the general form of the closed-loop response:

d
(s+ a)(s2 +bs + c)s

and find the inverse Laplace transform of each term, using the a, b, c, d variables. This symbolic form will
be handy, as it will be used twice in the solution.

For parts a) and b), find the real root, a, of the denominator by graphing s> +s? +s+d, using the
appropriate d. The values of s at the zero crossing is —a. The second order root is found using long division:

s+s?+s+d

2 _ _ 2
are) s?+(1 a)s+(1 a+a)

Thus, the roots of the denominator are s, (S + @) and
s? +bs+c=s2 +(1—a)s+(1—a+a2)
Insert the solutions for a, b, ¢, d into the general solution and plot the result.

p. 558

B.7.8 Pitch Control Power

A pitch control system is being designed for a wind turbine. The response of the pitch control system to a
unit step command has been determined to be:

O =0, e || -1.676 % cos(1.2t - 0.93)|

where 6 is the pitch angle change and 6, o is the magnitude of the commanded pitch angle change. In
order to shut down the turbine in high winds the pitch must change by 16 degrees. This motion is opposed
by three torques, those due to friction, the pitching moment and inertia. The total friction torque, Q riction »
is assumed to be a constant 30 Nm, and the total pitching moment, Q pjtching > in high winds is assumed to
be a constant 1000 Nm. Finally, the inertial torque ig a function of the inertial moments: Qjyerja = J&, . The
total moment of inertia, J, of the blades is 100 kg m . The total power needed to pitch the blades is:

Potal = ‘9p (‘]ép + Q friction + Qpitching )
What is the peak power required to pitch the blades 16 degrees (.279 radians)?

p. 560
B.8.2 Wake Modeling
The name of the originator of the wake model did not print correctly. It should be Katic.

p. 561
B.8.3 Wind Farm Design
The name of the originator of the wake model did not print correctly. It should be Katic.

p. 562

B.8.5 Grid Fault Level and Voltage Fluctuations

Consider a wind turbine generator connected to a grid system (see Figure B.9) with a line-neutral system
voltage, Vs. The voltage at the wind turbine, Vg, is not necessarily the same as Vs. The distribution system
resistance is R, and the distribution system reactance is X.
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Figure B.9

The real generated power is P and reactive power consumed by the wind turbine generator is Q. Suppose R
=8.80,X=4.66Q,Vs=11kV,P =313 kW, Q=162 kVAr and the power factor at the generator is pf =
0.89. Determine the voltage difference between the grid and the generator, the voltage drop as a percent of
the grid voltage, the fault level at the generator and the installed generator capacity as a percent of the fault
level.

p. 563
B.8.8 Hybrid System Design Rules
An isolated power system serving the community of Cantgettherefromhere uses a 100 kW diesel generator.
The community plans to add 60 kW of wind power. The hourly average load and power from the wind
turbine over a 24 hour period is detailed in Table B.9. The diesel generator has a no-load fuel usage of 3
liter per hour and an additional incremental fuel use of 1/4 liter per kilowatt-hour.

For the day in question, using the hybrid system design rules, determine:

a) The maximum renewable energy that can possibly be used in an ideal system.

b) The maximum renewables contribution without storage, and the maximum with storage.

¢) The maximum fuel savings that can be achieved (with intelligent use of controls, storage and
renewables).

d) The minimum diesel fuel use that can be achieved with intelligent use of storage and controls (and
without renewables).

Table B.9
Hour Load (kW) Wind (kW) Hour Load (kW) Wind (kW)

0 25 30 12 85 45
1 20 30 13 95 45
2 15 40 14 95 50
3 14 30 15 90 55
4 16 20 16 80 60
5 20 10 17 72 60
6 30 5 18 60 48
7 40 5 19 74 50
8 50 15 20 76 55
9 70 20 21 60 60
10 80 25 22 46 60
11 90 40 23 35 55

p. 565

B.9.3 Simple Cost of Energy

A small 50 kW wind turbine with an initial cost of $50,000 is installed in Nebraska. The fixed charge rate
is 15% and the annual operation and maintenance cost (Cogm) is 2% of the initial cost. This system
produces 65,000 kWh/yr (E,). Determine the cost of energy (COE) for this system.



p. 565

B.9.4 Small Wind Turbine Economics

A small wind machine, with a diameter of 6 m, is rated at 4 kW in an 11 m/s wind speed. The installed cost
is $10,000. Assuming Weibull parameters at the site to be ¢ = 8 m/s and k= 2.2, it is claimed that the
capacity factor is 0.38.

The interest rate, b, is 11% and the period of the loan, N, is 15 years. Find the cost per unit area, per
kW, and the levelized cost per kWh. The lifetime of the turbine, L, is assumed to be 20 years and the
discount rate, r, is 10%. You do not have to include factors such as inflation, tax credits, or operation and
maintenance costs.

p. 565 - 566
9.6 Wind-Diesel System Economics
This problem is intended to assess the relative economic merits of installing a wind—diesel system rather
than a diesel-only system at a hypothetical location. Assume that the existing diesel is due for replacement
and that the annual system demand will remain fixed during the lifetime of the project.

Your problem is to calculate the levelized cost of energy for the diesel only and for the wind—diesel
system. The following system and economic parameters hold:

System
Average system load 96 kW (841,000 kWh/yr)
Diesel rated power 200 kW
Mean diesel usage- no wind turbine generator ~ 42.4 I/hr (371,0001/yr)
Wind turbine rated power 100 kW
Average annual wind speed 7.54 m/s
Annual wind speed variability 0.47
Average wind turbine power 30.9 kW
Useful wind turbine power (based on 21.1 kW
25% lower limit on diesel loading)
Mean diesel usage with WTG 34.8 1/hr (305,000 l/yr)
Economics
Wind turbine cost $1500/kW installed
Diesel cost $350/kW installed
System life 20 yr
Initial payment $30,000
Loan term 10 yr
Interest 10%
General inflation 5%
Fuel inflation 6%
Discount rate 9%
Diesel fuel cost $0.50/1

Wind turbine O&M cost
Diesel O&M cost

2% of capital cost/yr
5% of capital cost/yr



