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CHAPTER |

INTRODUCTI ON

Historically, wind power has been used for centuries for sailing
vessels and as a source of power in the northern parts of Europe. In
Holtand, large wind mills have been used for pumping water in reclaiming
land. The Dutch, not blessed with large fossil energy resources, harnessed
what they had, the wind blowing in from the Horth sea. Ir America, the
plains areca of the midwest are marked with multibladed windmiils that
have been used for pumping water for more than fifty years. In midvest'area,
the wind power has also been used for generating electricity as evidenced
abandoned wind-electric plants which utilized the propeller type of wind
rotor, |

The biggest generator built to date was the Smith-Putnam wind raotor
that operated atop Grandpa's knob, Vermont, from 1951 to 1945, It developed
1250 Fw at 29 RPM in a 24 MPH breeze. The project was abandoned when one
of the 8-tun blades failed mechanically. During the 1930's and 1940's, when
America began to enrnerge as a leading industrial giant and world power, the
nead for enerqy skyr;cketed and new sources had to be found. Because the
power supplied by REA{ Rural Electrification Administration ) was 50 cheap,
interest In and further development of wind power came to a halt.

The sppiications presently under consideration are pumping water out
of wells, generation of electricity for grid supply, storing the charge

in the hatteries tc generate hydrogen from the water later on by



electrojysis. The hydrogen would then be used as a fuel in engines.

Except for a rather inventive period in the 1920's, the approach taken
to extracting power from the wind has been that of using blades or vanes
rotating about a horizontal axis. In 1929, after several years of work, S.J.
Savonius, a Finish engineer, patented a vertical axis, or S-type, wind rotor
and in 1931 G.J.M.Darrieus.also patented a vertical axis wind rotor.

Savonius(10) started his work in 1924 and did experiments on fifty
different models in a wind tunnel, Of these fifty models more than thirty were
vertical axis S$-type rotors with varying vane form, size of central air passage
and aspect ratio., Aspect ratio is obtained by dividing height of the rotor by
diameter. The best of the S-rotors gave a thirty percent coefficient of power
(efficiency). After completion of wind tunnel tests Savonius continued his
testing in the natural wind, and obtained higher coefficient of power than In
the wind tunnel. Values as high as thirty seven percent in natural wind werce
claimed by Savonius,

tn 1974 Carver and McPherson(2) investigated the possibility of using
Savenius type rofors for géneration of electric power. Their results were quile
encouraging, From wind tunnel tests, they concluded that coefficient of power
as high as thirty fc thirty seven percent could be obtained. Furthermore, they
determined thatr power outpﬁt varied only slightly over a comparatively wide
range of tip speeo ratis for a given wind speed. They also observed that the
Sevonius roter has a high starting torque which is a very desirable feature,

In 1952 Cretzler, Gaul and Snodyrass(3) reported that the S-rotor is a
high inertia rotor, and that accelaration response can be several times faster
than deceleration response,

In 1974 HNewman(9) did some wind tunnel testing of S-rotors with varying

central gep size for a constant Reynold's number and then he tried rotors with



desirable central gaps for different Reynold's numbers and thereby showed
the effect of central gap and Reynold's number on the performance of S-rotors.

In 1972 McPherson(7) did a feasibility study to investigate the S- |
rotor's possible application for powering sailing vessels. From his study he
concluded that S-rotors can operate at abcout thirty percent and higher
coefficients of power in winds of as little as 14,32 MPH.

Kentfield(5), in 1974, modified the conventional S-rotor by putting slots
in the leading edges, flaps in the trailing edges and other flow guiding
surfaces. He compared the conventional S-rotor with modified one and his wind
tunnel results indicated coefficients of power as high as fifty five percent
for the conventional rotor at a tip speed ratio of about 0.85, and forty three
percent for the modified one at a tip speed ratio of 0.5.

Bodek and Simonds(1), in 1964, field tested a Savonius type rcior with
a projected area of eighteen square feet. their results showed that the maximum
coefficient of powerlfor this rotor was fourteen percent at a Lip spzed ratio
of 0,7. They also considered its application for pumning water oui of wells
using a diaphragm pump, and concluded that it was best suited for wells less
than twenty feet deep.,

This ithesis is concerned with a Savonius type vertical axis wind rotor,
ten feat high and 5.75 feet diameter, which was designed and buiit at Kansas
State Univetsity and then field tested during the Summer of 1975. This activity
was a joint effort of several faculty and students from the Mechanical and
Electrical Engineering departments at K-State. As already mentioned the
Savenius type rotor nas besen experimentally investigated by numerous research-
ers who have studied effects of geometry on performance, mainly using wind
tunnel models,

However, performance characteristics in natural wind for a Savonius



rotor as large as the KSU machine have not been putlished, Therefore, the
first objective of this thesis was to utilize the experimental data obtained
from the KSU machine to mathematically model the steady state performance
characteristics of the KSU Savonius rotor. The second objective was to develop
a computer simulation model for the viind rotor-alternator system in order £hat
its open loop dynamic response could be studied. And the third objective was
to investigate the need for a feedback control system in order to cbtain

maximum system performance.



CHAPTER I

WIND-ELECTRIC POWER GEHERATING SYSTEM-

The electric power generating.system built and tested at KSU is shown
in Figure 1. |t consisted of a Savonius type wind rotor, belt power

transmission drive and an alternator,
A, WIND ROTOR

The Savonius type wind rotor had curved vanes attached to end plates
as shown in Figure 1. The rotor diameter was 5,75 feet and the height ten
feet giving a projected surface area of 57.5 square feet, The vanes of the
rotor were fabricated from forteen gauge sheet steel, the lower support
plate from eleven gauge sheet steel and the upper end plate from sixteen
gauge sheet steel, The lower shaft for the rotor, 2%3 inches in diameter,
was supported by two ball bearings mountéd to a steel frame work made of
two inch by two inch by é inch box tubing located at the bottom of the
rotor. A stub shaft, lg inches in diameter, at the top of the rotor was
supported by & bearing attached to a cable guy wire systeu. The purpose of

this bearing was to arevent vibration.
B. BELT POWER TRANSHMISSION DRIVE

The mechanica! power from the wind rotor shaft was transmiltted Lo the
alternator shaft by 2 belt and pulley system. The rim attached tc the lower
support plate of the rotor was used as a driver pulley for the driven.puliey
meunted on the ajternator shaft. The speed ratio was approximately 16:1,

Although the angle of contact between the belt and the driven pulley on the



Figure 1: KSU Wind Rotor



alternator shaft was increased to about one hundred eighty degrees by use of
idler pulleys, slippage of the belt occured during some test runs. A flat

belt was used for all except the iast test when a V-belt was uséed.
C. ALTERNATOR

A GM automobile siternator, rated at approximately one KW, was used as
a load during the experimental testing of the wind rotor. This type of
alternator has six diodes as rectifiers instead of a commutator and brush
assembly. The field winding of the alternator was supplied with a constant
field current during 211 tests. The electrical output of the alternator was

connected to an adjustable load resistance,



CHAPTER 111

EXPERIMENTAL TESTING

In July 1975 the KSU Savonius wind-electric power generating system was
tested on the KSU campus at a site approximatély one mile north of Seaton Hall,
the KSU engineering building, The site used was on the top of a hill with
excellent access to the prevailing winds. Figure 2, a block dTégram of the
instrumentation used, shows that the variables measured during the test were
wind speed, wind rotor RPM, alternator RPM, and load voltage and current.’
Because the measured variables were non-steady state in nature, all were
recorded on a strip chart except wind rotor RPM, In addition, sampled vaiueé
of wind speed, rotor RPM, alternator RPM, and load voltage and current were

punched on a paper tape every two seconds,
A, DETAILS OF TEST SET-UP

A revolving cup electric anemometer was used to measure wind speed. The
electiical output signal from the anemometer was connected to one channel of
a four channel strip chart recorder, thus giving a continuous record of wind
speed as a function of time. Also, the output signal was sampled esvery two
secends and the values punched on a paper tape.

To measure wind rotor RPM, a disc having forty two slots was mounted
cn the wind retor shaft. A photocell and a light source were located on
opposite sides of tha stotted disc, so that the interrupted light produced,

by means of a photocel!l, electrical Tmpulses which were applied to a

fraquency-meter which generated a square wave from the pulse voltage and

e
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10

applied it to a discriminating circuit, A fixed current pulse at each half
cycle was produced. These puises were rectified and sampled every two
lseconds and the values punched on a paper tape. Thus the values are
proportional to the number of pulses per second or frequency.

A d.c. tachometer, coupled directly to the alternator shaft, was
used to measure alternator RPM. Its output voltage, directly proportional
to alternator RPM, was connected to one channel of the strip chart
recorder. The output voltage was also sampled every two seconds and values
punched on the paper tape.

The voltage drop across a fifty milliohms shunt inserted in the lead
wire, which connected the positive terminal of the alternator to the load.
terminal, was measured. And this measured voltage was used to calculate the
load current by applying Ohm's law. The load voltage was monitored using 2
digital voltmeter. The approach to digital voltage measurement was by
employing voltage-to-frequency conversion method, In this method the input
voltage determines the rate or frequency at which a series of pulses is
generated, This pulse train is gated to a counter for a prescribed, fixed
time interval, and the number of pulses counted during this time is a
measure of the unkoown voltage. Values of load voltage and current were
punched every two seconds on the paper tape and strip chart recordings were

also obtained,
B, TESTING PROCEDURE USED

Tha alternator was loaded by a known setting of resistance and data
was collected for ten minutes., Then a different setiing of load resistance
was used and another test run made, Data were obtained for eight different

load resistances, This procedure was repeated each day for approximately
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two weeks, A total of thirty-three ten minutes test runs were made during
this time interval. Values of wind speed, rotor RPM, alternator RPM, and
load current and voltage at the terminals of the load were recorded on a
separate paper tape for each test run, Strip chart recordings for each
test run were also obtained, In addition, the load resistance, in chms

was calculated during each test run.

4



CHAPTER 1V

REDUCTION AND ANALYSIS OF DATA

From the strip chart recordings, time intervals of approximately
constant alternator RPM and hence approximately constant wind rotor RPM
were identified, The punched paper tape data, i.e. values of wind speed,
rotor RPM, alternator RPM, and load voltage and current, taken every two
seconds, were then used to calculate theraVerage mechanical power developed
by the wind rotor for that ''steady state'' interval, A total of ninety-one
steady state' intervals were identified }anging in length from ten to
seventy seconds, The load current and'voltage were the measured variables
for calculating the output of the alternator in watts. To calculate the
mechanical power required to drive the alternator rotor shaft, the
electrical losses in alternator, and mechanical friction and windage
losses were added to the electrical power output of the alternator.

The electrical power loss in the alternator as a function of
alternator rotor RPM and load current; and mechanical friction and windage
loss as a function of alternator rotor RPM were previously determined by
Kimball and Jeter(4). Using experimental data and curve fitting techniques,

they obtained the foilowing equations to describe these losses:

p a (I )b L=

elect = L

where

a4 = 0.7686 - 0.4871 x 10“3Na +0.4172 x 10-7Naz

£ 0.1398 x 10"°Na3

12
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b 6y 2

b= 1,751 = C.5646 x 10~ sé + 0,2527 x 10~ N,

- 0.4241 x 10"°Na3

Na = alternator rotor speéed, RPM

And,

b, 2

P. = -2.88 + 0.807 x 1c'2Na + 10,2026 x 107N _

fw

+ 0.2629 x 10’9Na3 b2

The useful power output of the alternator is the product of the load

current and voltage.

The mechanical power developed by the wind rotor, assuming one
hundred percent belt drive efficiency and neglecting bearing friction, Is

given by equation L-h,

+P. +P b1y

Pmech = Pout fw elect

The tip speed ratio is defined as the tip velocity of the wind rotor

in MPH divided by the wind speed in MPH, or

=

TSR = v 4-5

w
Where,

U= 0,20527 Nr

N
4 ) . - a
Nr = wind rotor spezd, RPM T

The coefficient of power is defined as the ratio of the mechanical
power developed by the wind rotor to the theoretical power that can be

developed from the wind, or
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Pmech
G 4-6
P wind’
Where, -
Pwind = O‘OOSAVWB ( for air at 70° F and 14.7 psia )

The average value of Cp for each of the ninety one ''steady state'
intervals mentioned earlier in this chapter was calculated on a NOVA
minicomphter using equations 4=1 through 4-6. Figure 3 is a sample of the
calculated results for a typical '"steady state' interval.

The results were arranged into one MPH "bins'' based on average wind
speéd. For example, all results for average wind speeds greater than ten
but less than eleven MPH were grouped in one "bin'; all results for average
wind speeds greater than eleven MPH Eut less than twelve MPH into another
"bin", etc. This resulted in an adequate number of data points in the wind.
speed range ten to sixteen MPH that graphs of coefficient of power versus
tip speed ratio could reasonably be drawn for each "bin'" of data. There
were only a few data points in the wind speed range sixteen to twenty MPH,
therefore it was more difficult to graph these.

The data points from the '"bin'' for wind speeds greater than fourteen
MPH but less than fifteen MPH are plotted in Figure 4 with a "best fit"
smooth curve drawn in for each wind speed interval for the range of
primary interest, i.e. where the coefficient of power is maximum. Similarly,
smooth curves were also drawn for the data for the other nine wind speed
intervals from eleven to twenty MPH.

Figure 5 shows all ten curves for the ten to-twenty MPH wind speed
range. From figure 5 it appears that the maximum coefficient of power for
the KSU S-rotor is about thirty one percent at a wind speed of approximately

16.5 MPH and a tip speed ratio of one. Furthermore, the maximum coefficient
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of power for wind speeds greater than 16,5 MPH occurs at increasing values
of tip speed ratio and decreases gradually from the maximum of thirty one
- percent.,

It should be remembered, when examining figure 5, thaf the effects of
belt slippage and bearing friction have been neglected, therefore, the.
power actually developed by the wind rotor is somewhat greater than
accounted for by figure 5. The KSU Savonius wind rotor shows good
performance for wind speeds greater than 13.5 MPH if operated at the
proper tip speed ratios. The coefficient of power can be assumed
approximately thirty percent for wind speeds from forteen to eighteen MPH

and tip speed ratios from 0.9 to 1.,35.



CHAPTER V

MATHEMATICAL MODELLING

A wind rotor-alternator electric power generating system can be
simulated by mathematical models which describe the static and dynamic
performance characteristics. First the modelling of static characteristics

will be considered, then the modelling of dynamic characteristics.
A. STATIC CHARACTERISTICS

For the coefficient of power versus tip speed ratio characteristic
it was desired to establish a mathematical formula defining the coefficient
of power as a function of tip speed ratio and wind speed. The curves of
Cp versus TSR shown in figure 5 of chapter 1V were used as the source of
data points for the AARDVARK and STEPDEL computer programs available at
the KSU statistical laboratory.

The KSU version of AARDVARK runs under two basic modes of analysis;
analysis of variance of balanced data, including covariance analysis of
balanced data, and regression analysis. The STEPDEL program performs usual
simple and multiple regression analysis and{ as an option, provides for
building the ‘'best'' regression model by successively dropping variables
from the regression model that do not contribute sufficient information
to the dependent variable. The full model, including all specified
independent variables, is fitted and the least significant variables are
dropped until all remaining variables are significant at the level
specified by the user of the program.

The Cp versus TSR curves represent a non-linear surface, The surface

- 19



is non=linear along both horizontal directions (tip speed ratio and wind
speed). Therefore, a nonlinear mathematical model containing tip speed
~ratio and wind speed as independent variables is Tirst assumed. This ﬁodel
then relates the dependent variable, coefficient of power, with tip speed
ratio and wind speed. The assumed mathematical model and data points
obtained from the curves of Cp versus TSR were supplied to the AARDVARK
and STEPDE! computer programs, The masximum and minimum number of
independent variables (ti#-speed ratio, wind speed and variables oktained
by transformation) are specified. The AARDVARK computer program results
include the correlation matrix, coefficient for the model, values of
R-squared, multiple correlation coefficient (r)}, F-value, and étandard
error for each of the independent variables between and including the
speci fied maximum and minimum numbers of independent variables.

The mathematical model obtained for the static performance

characteristic of the KSU wind rotor is given by equation 5-1.

Cp = A+ b X + b3X3 + thk + bSXS & b6X6 + b7X7

+ bBXS + b9X9

Where,

A= ~0,0882718

b, = 3.6194063
by = 0.003341
by, = -20.24582
by = -3.8756323
bg = 0.0079651
by = ~1. bh49625

bs = -0,11441177

= 64,5027



2]

X, = TSR ' (0<TSR<2.0)
x3 = vw (10.5<vﬁ<19.6)
2
x = Sl
b XB
- Ih
Xg = X, X;
X, X
x. = 62
7 y 2
"3
Xg = X,X;
= A
= 23
3

The value of R-squared, r(R), standard error and F-value for equation

5-1 are as follows:

R-squared = 0.9743 (dimensionless)
r= 0,9871 . (dimensionless)
standard error = 0.01506 (dimensionless)
F-value = 1474,116 (dimensionless)

Although R-squared is stated as a percentage, the ratio of the sum
of the squares due to regression and the total sum of squares describes a
measure to observe the suitability of the model. This value ranges from
zero to one, The larger it is, the better the fitted equation models the
data. The correlation coefficient, r, is a measure of mutual relationship
between variables. In this modelling, however, it was treated as the
measure of the degree of closeness of the relationship between independent
variables. The value of 'r' ranges from minus one to plus one. In practical

application unity (r = 1) is seldom reached but 0.9 and above is not
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uncommon .

F, she variance ratio, is in fact the ratio of the two mean squares
calculated from deviations from regression and due to regression, This
particular value is checked using a table first tabulated by Fisher(11} in
1920, These tables are tabulated at one, five and ten percent level of
significance. Tests of significance have the property that if the null
hypothesis is true the probability of obtaining a significant result has
a known value which is one, five or ten percent. In the present analysis
the F-value is far greater than 1.94 (the table value for five percent
level of F-distribution). Similarly, even at a level of one percent the
F-~value is far greater than the table value of 2,51, Thus the F-value is
significant at both levels,

It should be emphasized, however, that raw data values were not
used; the source of data was the curves in Figure-5,

The torque developed by the wind rotor can be obtained by rearranging
equation 4-6 into the following form (equation S-i can be used for Cp):

2,0601C V 3
W

U N , 2
Tdev Nr -2

Figure 6 shows the torque characterisfics of the wind rotor as a
function of rotor RPM for given wind speeds. Equation 5-2 is not valid for
zero RPM rotcr speed, and wind speeds less than ten MPH and greater than
twenty MPH. The values of torque developed at zero rotor speed for a given
wind speed (stall torque) were obtained by extrapolating the curves. In
the region of primary interest the curves are approximately parallel and

equally spaced, and are like those of two phase a.c. servomotor.
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B. WIND ROTOR-ALTERNATOR SYSTEM DYNAMICS

Figure 7 shows mechanical and electrical schematics of the wind-
~electric power generating system. For the automotive alternator it was
assumed that the field current is constant and that the effect of armature
reaction on induced e.m.f. is neglegible. The alternator was rated at
approximately one KW. For this machine thg electrical time constant as
obtained from the strip chart recordings for the load current and
alternator RPM is approximately 0.1 seconds. Therefore it was assumed
that:

L
e
a Ra + RL

= 0,1 seconds 5-3

The inertia of the alternator rotor and the damping in the rotating
part of the alternator were both referred to the wind rotor shaft speed.
The equivalent inertia and damping of the wind rotor-alternator system's

rotating parts are as follows:

o \*
Jeq =4t s 5-4
a
And
D 2
Beq«= Br AT Ba 575
a
Where,
Da = diameter of pulley on rotor shaft, inches
Dr = diameter of pulley on alternator shaft, ‘inches
Ja = inertia of alternator rotor, 1bf, ft. sec?
Jr = inertia of wind rotor, 1bf., ft. sec
Br = damping coefficient of wind rotor, . Ibf. ft. sec
B_ = damping coefficient of alternator rotor Ibf., ft. sec
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(a) Mechanical System (rotating mass and friction)
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(b) Electrical System (field and armature circuit)

FIGURE. 7,

SCHEMATIC OF WIND-ELECTRIC POWER GENERATING SYSTEM
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Inspection of strip chart recordings shows that o reasonable value
for the mechanical time constant is approximately 1.5 seconds. From the
: rot&r's acceleration point of view in the region of primary interest’ it
is regsonable assumption that:
J
T, = 5= =20.0 seconds 5-6
eq
Equation 5-4 contribuczs to the kinetic energy storage of rotating mass
system and equation 5-5 to the energy dissipation term in D'Alembert's law.
It was assumed that the belt siippaée was negligible. Appliving D'Alembert's
principle at a point on the wind rotor shaft near the vanes and assuming

that the shaft is perfectly rigid, results in the followirg equation:

dty

+ Beqwr + Tref - T = 0.0 b1

Jeq dt dev

The independent variable in the above equation is time, t, and the
angular velocity of the rotor, W, is the dependent variable. The
coefficients are assumed to be time invariant, and independent of angular
velocity, therefore the equation is linear. But torque developed by the
wind rotor is dependent on the angular velocity (see equation 5-2) of the

wind rotor and thereby introduces nonlinearity inthe above equation.

Applying Kirchoff's second law té the armature circuit of the

alternetor results in the following equation:
L. —— + Ra |, +v, - E_ =0,0 5-8

The first term in the above equation is the voltage drop due to the
inductance of the armature winding, the second term is the voltage drop due
to tho resistance ol the arnature winding, the third term is the voltage

drop across the ioad resistance, and the fourth term is the back e.m.f,
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voltage. The voltage drop of the leads connecting the alternator .to the load
resistance was assumed negligible.

The torque reflected to the wind rotor shaft by the alternator is
given by the following equation:

(Pout+ pelect+ wa) 550

Tref = 7h5.7 W, 573

in the above equation, the power required to overcome the friction, wa,
is included. However, when this equation is substituted in equation 5-7,
the second term of equation 5-7 takes care of the friction and windage loss

for the alternator rotating parts. The friction loss in the wind rotor is

also included in the equivalent damping, Beq'
The automotive type alternator used was calibrated in the EE lTaboratory

by Jeter and Kimball(4) and then they obtained a relationship for the opén

circuit voltage as a function of alternator rotor RPM, 1f it is assumed

that the induced e.m.f. is equal to the open circuit voltage, Voe’ and

that the effect of armature reaction on the induced e.m.f. is negligible,

then the back e.m.f., E is given by the following equation:

b!

E. =y = ~0.806 + 0.01322 N_ - 0.6 x 107/ 1 2 5-10
oC a d

The terminal voltage, V is obtained using Ohm's law, or

L!

v =1 R b=11

This chapter has been concerned with defining the static and dynamic
performance characteristics of the wind rotor-alternator system by means
of mathematical equations. How, using these equations, both static and
dynamic performance of the system be investigated using a digital

computer, This will be done in the chapters which follow.



CHAPTER VI
ANALYSIS OF THE STATIC PERFORMANCE
CHARACTERISTICS
The load on the wind rotor plays an important role in its performance.
Overloading or underloading causes a decrease in the coefficient of power.
The operation of the wind rotor at a constant load is discussed first, For
the purpose of discussion it is desirable to draw loci of constant load

resistance on the CP versus TSR characteristic,
A. LOCI OF CONSTANT LOAD ON Cp versus TSR CHARACTERISTIC

In order to calculate values of load resistance(in ohms) on the

" alternator a computer program in FORTRAM IV programming language was
written. in this program a reasonable value of alternator armature
resistance was assumed first. Using this value of resistance the value of
load resistance can be calculated by using equations 4-1, 4-2, 4-3, h-lL,
-5, 4-6, 5-1, 5-8(for steady state), 5-10, and 5-11, Equation 5-11 gives
the value of load resistance. Equation 5-8, for steady state conditions,

was solved to obtain load voltage, V Using this value of lcad voltage

L
and equation 4~3 the load current, IL’ was calculated. Then the electrical
loss in the armature circuit calculated by using equation 4=1 is compared
with loss calculated from ILZRa formula. The value of armature resistance
was so selected that the difference obtained was minimum. This procedure of
calculating load resistance was quite accurate, except for neglecting

temperature effect on the armature circuit resistance, Ra' The computer

pragram is given in Appendix |.

28
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The values of load resistance, which were calculated by the
procedure described in the previous paragraph were used to draw loci of
constant load resistance on the coefficient of power versus tip speed
ratio characteristic curves, A few loci of constant lecad are shown
superimposed on the Cp versus TSR curves in Figure 8. If the value of load
fesistance connected to the output terminals of the alternator is assumed to
remain unchanged then the system will adjust itself from an initial steady
state condition to a new steady state condition. In addition, the electric
power will be generated over a wide range of frequencies as there may be a
wide range of rotor RPM depending on initial load and final wind speed. At
this point three different cases of possible wind rotor-alternator systemn

operation can be studied. These three cases are as follows:

Case |: Operation at constant load
Case |l: Operation at maximum coefficient of power
Case |1l: Operation at constant speed

B, CASE |: OPERATION AT CONSTANT LOAD

The main aim was to select values of load resistance, for different
wind speeds such that the coefficient of power would always be within some
tolerable 1imit of its maximum at different wind speeds. Here a tolerance
of two percent was selected, i.e., the coefficient of power will remain
within two percent of its maximum possible value for a given wind speed.
For each wind speed Table | gives the maximum Cp and the two extreme values
of tip speed ratio and load resistance for two percent deviation from the
maximum coefficient of power. Table | gives the values of tip speed ratio

and load resistance at maximum Cp. From Table | 1t appeared that if a
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v, Comax  TSR®Coie RLEC ggg RANGE Ry §g§6§
~ (MPH} (%) (ohims) cp-max -2% Cp-max'—zz
' (ohms)
10.51 16,4k 0.65 0.43 0.5-0.75 . 0.22-1.03
11.54 21.10 0.75 0.48 0.6-0.85 0.27-0.92
12, bk 24,51 0.85 0.52 0.7-0.95 0.34-0.95
13.48 27.48 0.90 0.57 0.75-1.05 0.33-0.99
14,49 29.36 1.00 0.65 0.85-1.10 0. 40-1.00
15. 41 30.24 1.05 0.67 0.90-1.20 9.43-1,07
16,57  30.41 1.15 0.80 1.00-1.30 0.54=1.22
17.40 30.0 1.25 0.97 1.10-1.35 0.68-1.26
18.50 29.2 1.35 1.16 1.20-1,45 0.86-1.47
19.60 28.7 1.45 1.49 1.30-1.65  1.07-2.1k
TABLE |

LOAD RESISTANCE FOR MAXIMUM COEFFICIENT OF POWER

OPERATION
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value of load resistance between 0.9 ohms and one ohm is selected then the
deviation in the Cp from its maximum value (at a given wind speed) will be

within two percent for each wind speed in the ten to eighteen MPH range.
C. CASE Il: OPERATION AT MAXIMUM COEFFICIENT OF POWER

To always obtain maximum coefficient of power, regardless of wind
speed, it would be necessary to automatically adjust the value of load
resistance as the wind speed varies. The values of load resistance have
already been given in Table I. Figure 9 shows that the relationship between
load resistance and wind speed, for maximum coefficient of power operation,
is slightly parabolic,

A combination schematic and block diagram for a feedback control
system to regulate the load for maximum Cp operation is shown in Figure 10.
In this feedback scheme the value of load resistance is compared with the
desired value of load resistance (set point) which is a function of ﬁind
speed. The error signal, whenever present, would be the input to a servo
type actuator which would either increase or decrease the load resistance.

Such an actuator can be modeled as a second order-system.

D. CASE I11l: OPERATION AT A CONSTANT SPEED

4

By controlling the wind-electric system to operate at a constant speed,
the frequency of the a.c. voltage-coﬁld be kept constant and it could be
confiected to a utility power grid. However, voltage fluctuaticns would be
present, an undesirable feature for a utility power grid, thereby creating
a necessity for voltage stabilizers. To maintain constant speed operation
over a given range of wind speeds, it would be necessary to regulate the

load.
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Figure 11 shows loci of constant load resistance superimpused on the
torque-rotor RPM characteristics{previously given in Figure 6). Table {|
~gives values of load resistance and coefficients of power if constant.
speed operation (say N = 60 RPM) were to be realized, regérdless of wind
speed. The maximum coefficient of power for the various wind speeds is
also included jh Table Il for comparision purpose. Figure 12 is a graph of
desired load resistance as a function of wind speed for constant speed
operation. A combination block and schematic diagram representation for a
feedback control system to realize constant speed operatioh is shown in
Figure 13. A rotor speed of sixty RPM would be suitable in an area where the
average wind speed varies between 11.5 to 19.0 MPH. |t.should be noted
that the maximum reduction in the coefficient of power, for constant speed
as opposed to maximum CP operation, would be approximately eight percent

at a wind speed of 17.4 MPH.
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w]np SPEED  LOAD RESISTANCE ¢, FOR lt:p!__max FOR GIVEN
N, = 60 RPM N. = 60 RPH WIND SPEED

( MPH) ( ohms ) (%) (%)
11.54 : 13,000 14,0 21.1

12, 44 1.170 22,7 24,5
13.48 0.573 27.5 27.5
14,49 0.403 28.4 29.4

15. 41 0.311 27.3 30.0
16.57 0.256 25.0 31.0

17. 40 0.225 22.0 J 30.0

TABLE 11

WIND ROTOR PERFORMANCE AT A CONSTANT ROTOR SPEED

(N = 60 RPM )
.
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CHAPTER V11

TIME-DOMAIN ANALYSIS

The transient response of the wind rotor-alternator system for a step
change in wind speed is investigated in this chapter, The response of rotor
RPM to a step change in wind speed, for different constant values of load
resistance, is studied in order to determine the transient behavior of the

rotor at different loads.
A, TRANSIENT RESPONSE

Before the transient response of the wind rotor-alternator system
described by differential equations 5-7 and 5-8 could be obtained using a
digital computer,.it was necessary to rewrite the equations as follows:

Let,

Y(1) = wr and Y(2) = IL

dn di

BE(T) = b DY(2) = —t

dt
Then applying these definitions to equations 5-7 and 5-8 results in

the following equations:

(Tdev- Tref) } BeqY(1)

J
eq

Foit

DY (1)

And

Eb - VL - RaY(Z)
L

a

DY (2) -2

Also equation 5-9 was rewritten, omitting wa term since it is already

accounted for in equation 7-1, as follows:

Lo



I

530 ( Pout+ Pe-

_ lect
Teet ™ TE5.T V(1) — 7-3

Next, the initial conditions (for time, t=0 sec.) of the system,
viz: values of wind rotor REM, wind speed and load current and voltage had
to bé specified., Values of all other parameters including load resistance
also had to be supplied. Now the transient response of the system to a step
change in wind speed could be calculated on a digital computer using the
Runge-Kutté-Gill technique. The computer program used is given in Appendix
1. This type of problem is a propogation problem with exactly known initial
values for a lumped-parameter system,

In this study of the transient response the following initial

conditions were used.

RL= 0.657 ohms RL= 1.333 ohms
Rotor Speed, RPM 70.6 84,725
Wind Speed, MPH 14,488 14,483
Load Current, Amps. 16.152 11.035
Load Voltage, Volts 10,612 14.71

In addition, the following parameter values applicable to the wind

rotor~alternator system were used:

La = 0.022 henrys
R = 0,22 ohms

a
J_=8.2  Ibf-ft-sec

€q
B = 0,41 Ibf.~ ft.-sec/rad.
€q

Figure 14 shows the response of wind rotor speed to step changes in

wind speed from 14.488 to 16.572 MPH and 14,488 to 18.5 MPH with a 0.675
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ohms load resistance on the alternator. Figure 15 shows the transient
‘response for the same step changes in wind speed when a load resistance

of 1.333 ohms was used. [t can be noted that the time to reach 63.2 percent
of the totél change in the rotor speed when the load res{stance was 1.333
ohms is approximately 0.4 seconds greater than when load resistance was
0.657 ohms. Therefore, the effect of increasing load current by decreasing
the value of load resistance was to make the response quicker to a step

¢hange in wind speed.
B. TRANSFER FUNCTION

With reasonable accuracy, in the range of primary interest, the wind
rotor can be modeled as a first order system for changes in rotor speed
from some Initial rotor RPM. The linearized tfansfer function, derived in
Appendix |11, for the wind speed range from eleven to twenty MPH is given

by the following equation:

&N (S) K N (0)
r - r + r ' 7“4
AV TS (1.5 S+ 1) AW :
Where,

d&Nr(S) = Laplace Transform of rotor speed

Nr(o) = QRotor speed at time t = 0 second
ZLVW(S) = Laplace Transform of changes in wind speed

Kr = Wind rotor gain constant

From the transient response curves for step changes in wind speed
it can be seen that a time constant of approximately 1.5 seconds is

appropriate., This means that wind frequencies higher than - Hz will be
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attenuated, i.e., low frequency components will be reproduced faithfully
and high frequency components are both attenuated in amplitude and shifted
in phase. In other words, the Savonius wind rotor, although nonlinear, has
characteristics of a low pass filter in the range of interest,

The transfer function approximately represents the wind rotor for
small step changes of maximum magnitude two MPH. This transfer function is
aiso valid for both positive and negative step changes. The value of. rotor
gain constant, Kr, can be obtained from Figure 16, Figure 16 represents
rotor gain constant as a function of load resistance for five differen;
ranges of wind speed. For step changes from one range to the other one,
an average value can be taken for the rotor gain constant. The Savonius
rotor has a high inertia compared to its damping and the step response
from zero rotor speed is very slow in comparfsion with that from finite

rotor speed in the region of primary interest.
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FIGURE 16. WIND ROTOR GAIN CONSTANT versus LOAD RESISTANCE
FOR FIVE WIND SPEED RANGES FROM 10 TO 20 MPH
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CHAPTER VII11

CONCLUSTONS AND RECOMMENDATIONS

The static characteristics have been established by using electric
generator as a load on the wind rotor. This was a more convenient method for
collection of data and it was also useful for studying the behavior of the
wind-electric power generating system. The statistical analysis threw light
on the accuracy of the static model. Although the effect of armature reaction
on induced e.m.f. was neg]ected.and operation of the alternator was assuﬁed
to be restricted in the linear range of magnetization curve, the dynamic
model is accurate. Thus the simulation of the wind-eleétric power generating
system on a computer yielded accurate response curves, even for step changes
as high as four MPH.

For a purely resistive load it is advisable to run the KSU Savonius
wind rotor-electric generator system at a load between 0.9 and cone ohm, For
a constant rotor speed or maximum coefficient of power operation a servo
type actuator having property of a low-pass filter can be usea. Such an
actuator can be a second order system having closed~loop dynamics simi1ér
te the dynamics of the wind rotor.

The approximate value of wind rotor inertia is 171 ft.?bf.secz. The
"slope of rotor torque-speed characteristics in the linear region gave the
damping coefficient of the wind rotor as 4.77 ft.1bf.sec. The viscous
friction of the wind rotor and the load was approximately 0,04 ft,1bf.sec.

Thus the wind rotor time constant approximately equal to 35 seconds was

obtained. The value of torque constant was approximately 3.8 ft.1bf/MPH,

L7
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giving a galn constant of approximately 0.80,

A time constant of 35 seconds gave a very low value of acceleration
- on the hill of coefficient of power versus tip speed ratio characteristics.
Besides the value of equivalent damping was approximatelylﬂ.ﬁ1 ft.1bf.sec.
to match prevailing initial values. To achieve appropriate valus of initial
acceleration for an Tnifial value (non-zero initial value) problem, a time
constant of 20 seconds was selected, which gave the wind rotor inertia of
8.2 ft.lbf.secz. A step change in wind speed doas not bring a step change
in torqgue developed by the wind rotor. The damping coefficient, Beq’ depends
on operating point, but in the region of primary interest( on the tﬁp
portion of the coefficient of power versus tip speed ratio characteristics )
it was assumed to remain constant, The gain of the wind rotor in the
operating range depends on the load. The simuiation model is non-iinear and
therefore response curves are not exponential. The response of the rotor from
zero rotor speed to a steady state speed is much slower than that from a
steady state to a new steady state.

Based on available static characteristics the potehtial of the KSU
Savonius wind machine for pu%ping water out of wells could be investigated
analytically. More experimental data are needed for drawing the static
characteristics more accurately. Further work could be carried out by
considering more elaborate model for a synchronous machine. The electrical
losses in the alternator are very high and therefore the efficiency of the
auvtomotive type alternator is very low. This calls for a better d.c. machine,.
A better mechanical power transmission system is required or a generator

should be so selected that it requires a low speed ratio.
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COMPUTER PROGRAM FOR CALCULATION
OF LOAD (in ohms) ON THE OUTPUT

TERMINALS GF THE ALTERNATOR
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READ (5,55} Vd -
IF (VW 4GT. 20.) GO TO 88
FORMAT (F10.0)
PRINT*THE WIND VELICITY IN MPH IS 'y VH
TSR=,5
RG=.22
GN={16.*TSR*VW)/,2052
RN=GN/1 6.
ER==-.806+.01332%GN=-,6E~- OT*GN*GN
PFW==2.88++807E~02%CGN++,2026E-04*GN¥*GN+,2629E~09*GN*GN¥GN
X2=TSk
X3=YW

 X4=X2/X3

X5=X4%X2
XE=X2EK2HK2 %X 2% K3
XT={X6%X2)/ (X3%X3}
X8=X2%X3 , it T p—
X9=le/ (X3¥X3%X3)
=-.0882713
B2:3.61914063
B83=.00334048
B4=-20, 24581909
BS5=~3,87563229
B6=,0075651
BT=-1.4%449625
BB=-e11441177
BI=64,50268555
EFF=A+R2* X240 3% X3 4B 4% X4+B 5% X5+B 6% X6+B TH X T+B B2 X8+B9* X9
IF (EFF .LE. 0.09) GO TO 10
TO=(,.422876*EFF:YWs Vi) /TSR
PMECH= o 2926 % EFF¥VWAVW®VW
CURR=(PMECH-PFW) /EB
VT=E3-CURR*RG
PL=VT/CURR
PEL=CURR%CURR*RG ’
B=leT51=a56406M10,%% (=4} GN+o252 T 1D 5% (=6 ) SGNHGN-,4241%10 %% (=10)
1*#GN=GN*GH
C=eT6B6—o4BTL¥L0 k% (=3 )V RGN+ 41T 2%10 %% (=7 ) *GN*GN+.1398%10,
Le# (=10 #GN%GNEGN
PELECT=C*CURR**D
PRINT L1sTSRHyRNRL+EFFsCURR,VT 4 PEL,PELECT
FORMAT (/,8F16.6) ‘
TSR=TSR+.05
IF {TSR-1.85) 77,10,10
PRINT , "NORMAL TERMINATION®
STOP
END
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COMPUTER PROGRAM FOR AN INITIAL-VALUE
PROBLEM FOR NOW-LINEAR LUMPED PARAMETER

SYSTEM USING RKG NUMERICAL TECHNIQUE
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$£J08
DIMENSION Y(2),0Y(2),012)
NEQ=2
DOL0 1=1,NEQ '
10 1)=0.0 .
H=.01 ¥

[als s EuEslalnls

Y{i1)=8.8724
Y({2)=11.03478
T=3.00
WRITE(6455)

55 FORMAT(SX, " TIME! 49X *ROT SPEED" 43Xy *TERM CURR?Y 45X *ANG ATCLN? 42X,
HIRATE OF CHANGE ' 32X, "EB Y OX o "VT Yy TX ' POUT Y 4 X" PELECT Y 46X,
1'PMECH®*) ’

WRITE(6,83)
88 FORMAT(/,56X,'0F CURRENT')
WRITE(O,7T)

T? FORMAT(/ 45X "SECS"yBX4"RAD P SECY' 46X, "AMPSY 44X +'RAD P SECSEC*,
HIXYAMP P SECSEC' 3 SXe ' VOLTS Y 3 TX 3" VOLTS" 39Xy "WATTSY o TX ' WATTSY
17X " WATTSY)

Do 20 L=1,%9
CALL QKGINEG, MyT +Ys DY+ QPELECT, POUTEB,VYT)
GN=960.%Y(2) /6,282
PFW=-2,88¢,807%10,%¥(=2)%GN+, 2026%]1 0, %% (-4 ) #GN*GN+ . 2629% 10, %%
1(-9) %GR GNHGH
PMECH=POUT+PELECT+PF W
PRINT LisTe¥Y(L)e¥Y({2)eOY{L)4OY(Z)L,ER, VT, POUTPELECT.PHECH
11 FORMATILOFLI3.T)
20 CONYINUE
STOP
ENT

SUBRIJOUTINE RKGINEQyHeXe Yy DY QyPELECT,POUTEByVT)
ko oawowo ok ok ok & M 4 ar o ook & ot ok oa ok ok oA ok ok ok o oo o ok ok o ok %k ok &
THE INDEPEMDENT VARTABLE X IS INCREMENTED IN THIS PRNOGRAM
Yy{I} AND DY(1) ARE THE DEPENDENT VARIABLE AND ITS DERIVATIVE
ALL THE O} MUST BE INITIALLY SET T0O ZtR0O IN THE MAIN PRDGRAM
NEQ = NUMBER OF FIRSY ORDER EQUATIONS
H = INTERVAL SIZE
A SURRODUTINE DERIVINEN,X,Y,DY) MJIST BE PROVIDED
0 % 30 %k s e o3 A& ok o % % % om o ax ok o ook oo %k % g s ok ok &k ok ok ok % %
DIMENSION  A(2)
DIMENSION Y{MEQ) ,DY(MEQ),QINEQ)
Af1)=0.25289322
Al2)=1.70T71068
H2=.5*H
CALL DERIVINFQ XY DY+ PELECT, POUTLEB, VT
0N 13 I=14NEQ
BR=HZxDY(T)-Q(T)
Y{I)=yY(1)+h,
13 2(I1}=Q(1)+3,=B-H2*%DY({]]}
X=X+H2
ng 23 J=1,2
CALL DERIVINEQ ¢ X ¥YsDYPELELT,PIUT JEB,VT)
no 20 1=1,MNEQ
A=Al {H=DY(I)-2{(1)])
Y{ll=Y(11+3
20 QUI)=Q(1)+3.=B=ALJ)ITH=DY( ]}
X=X+H2
CALL DERPIVINEQ.XeY+ DY PELECT,POUT,,ER,VT)



00 26 1=1,MEQ .
B=0.166666666T*{H%DY{1)-2.%Q(1))
¥Y{I)=yY{1)+B
26 1 =Q(I}+3.%R=H2*0Y (]}
RETURN
END

SIURPOUTINE DERIVINEQ T ¢ Y9 DY PELEC T PIUTER VT }
DIMENSION Y{2)},0DY(Z)

REAL DJE,AKTBKG,CLG

DIE=8.2

3.42

RG=-22
CLG=.022
VW=18.5
RN=9, 5&93*?!1)

U=.2052 7%RN

TSR=U/VW

X2=TSR

X3=Vh
X4=X2 /X3 :

X5=X&%X2 .
XE=X2#=X2¥X2%X2% K]

XT=1X46% X2} F{X3%X3)
X8=X2*%x3
K9=1a /1X32X23=X3)
A=-,08827118

RZ2=3,61914063

B3=.00334048
B4=-20,24531209

B5=~3.,8715632229
R6=.0079051
BT=-1.4449525

Ag==,11441177
B9=64,50263555

EFF= n+02*xz+B3*x3+n4*x4+35*x5+n6*x6+37*x7+nB*xa+39*xq
TO={. 422876 EFF&VHEVK) /TSR
GN=960.%Y(4)/6.282

AT TARO= 48 TLHLQatt [ ~3)FON+ 41 T2% 10 %2 ~T I #GN*GN+,1398%10.
195 (=10} #GMNSGNEGN

Bz, 751-.5846%]10,%%[=4) *¥GN+,2527% 10 %% (=6} %GNEGN~e4241%10. %% (~10)
12GH~GN¥GN
PELECT=Ax{Y{2))%*B

EBz~ o806+, 01332%0GN= o6%1 0, #¥{~T) RGN*GN
RL=1.333

VT=PL*Y(Z}

POUT=VT XY (2]

TR=(POUT+PELECT)*1.341%0.55/Y(1)

DY(1)={{TO-TR)-BE*Y{{)}/DJE
DY{2)={ER~VT-(RG*Y(Z4}}}/CLG
RETURN

END

$ENTRY



APPENDIX 111

LINEARIZED TRANSFER FUNCTION FOR WIND ROTOR-ALTERNATOR

SYSTEM

From equation 5-2:

Tdev = f (Vw’ Nr) f1r=1

And, for small changes about a steady state operating point:

ATt:iev thev
&Tdev - BVW &Vw * -aNr ANF =2

Also, equation 5-7 for small changes becomes:

(:l!.~.Nr 60 o
Jeq dt * E;eq'ﬁNr'i- fﬁ(ATref -ATdev) =0 i

Equation 5-9 can be written as follows:

Tref = g (Pout' Pvalec:t’ Hr) H1-4
Then, since P_ . = f (VL, |L), Porass = f (Hr, IL) and V, = I|R,
equation |11-4 can be rewritten as follows for small changes:
aT aT a7
ref ref ref
Alrer ™ 50 AN+ ST T T Al 11-5

Now since E = f ('Nr)’ see equation 5-10, equation 5-8 can be

written as follows far small changes:

56
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d AlL aEb
La e + (Ra+RL) A'L-WANr':O 1i1-6

Taking the Laplace Transform and solving ﬁorlllL(S) yields:

K
. a -
ALIL(S) = TT;"§'$“TT"5Nr(S) 1i-7
.where:
1%
BNr
Ka - Ra * RL
Substituting equation |11=-7 into equation 1[1-5 yields:
AT = ?—T-‘i‘if—m@ + 2 ref R, + Mrer | 2N ) 111-8
ref BNr r BVL L blL (TaS + 1)

Now taking the Laplace Transform of all equations, then substituting

AH _(S)
. . ; ; r
equations 111-2 and 111-8 into 111-3, and finally solving for z—
AU;'(ET
yields:
AN _(S) K (T.S+ 1)
e
w (J$* + BS + K)

Factoring the denominator gives:

A‘Nl;(s) TT'Kg(TaS + 1)
AV T8) - T+ 1) (75 F 1) - =10
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where,
1_ -8 - V8% - 1k and 1_ -8 +vp% - LK
T 2J 4 T 2J
60 aTdev

J=J_T
eq a
aT aT
B - J + B .T. + —G_Q‘T ref - deV
e “eq.a 277 a anr aNr
Ke C K +8 4 60 3T of _ 3T ey
L a eq 27w aNr aNr
_ 60 aTref aTref
L= mwmlsvRLt g
L L
- 1
Kr KgTT

In the range of primary interest it appears that the denominator
has real poles and that one of the real poles produces a pole~zero
cancellation effect. Therefore, equation 111-10 can be rewritten as

follows:

AN _(s) K. N _(0)
AVTS) S TS+ A AV T3] Hi-n
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ABSTRACT

A vertical axis rotary type wind energy collecting system was
designed, bﬁilt and field-tested by some faculty and students of Mechanical
and Electrical Engineering. This rotor is known as Savonius rotor. The
data were taken during July, 1975, The wind rotor was loaded by an
automebile alternator. The static perfomance characteristics were established
by making use of the collected data. Mathematica} models were fhen obtained
for these static characteristics by using statistical computer programs for
regression. To obtain the dynamic performance characteristics, a propcgation
problem for non-linear lumped parameter system{wind rotor-alternator) was
then discussed. The torque developed by the wind rotor and the torque
reflected due to the load introduced nonlinearity in the differential
equation representing the wind rotor. The static characteristics helped in
determining the value of load resistance on the a]térnator for constant load
operation without much impairing the coefficient of power, maximum
coefficient of power operation and constant speed operation. The static
torque-speed characteristics gave the torque equation for the linear range.
It also gave transfer function for the wind rotor for zero initial condition.
The transfer function for non-zero initial conditions is derived with the

help of the time-domain analysis and the torque-speed characteristics.



