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TORQUE RIPPLE IN A VERTICAL AXIS WIND TURBINE

*
Robert C. Reuter, Jr.

and
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ABSTRACT

Torque ripple is a name given to

gated through the drive train of wind

covers an analytical and experimental

rieus vertical axis wind turbine. An

time variations in torque which are propa-

energy conversion systems. This paper

investigation of torque ripple in a Dar-

analytical model of the turbine is de-

scribed and numerical results from a solution to the equations of this model are

compared to experimental results obtained from the existing DOE/Sandia 17 meter

vertical axis wind turbine. Discussions on the sources of torque ripple, theore-

tical and experimental correlation, and means of suppressing its magnitude are

included.
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Induction generator damping coefficient

Ratio of power loss to mean power input

Half the polar moment of inertia of the blades

Polar moments of inertia of transmission and generator, respectively

Synchronous generator stiffness

Rotor shaft stiffness

Low speed shaft stiffness

High speed shaft stiffness as seen by transmission and genemtor,

respectively

Intermediate speed shaft stiffness (uncorrected for speed)

High speed shaft stiffness (uncorrected for speed)

Torque ripple magnification factor

Gear ratios of the transmission and belt drive, respectively

Maximum turbine radius

Time

Torque ripple

Applied aerodynamic

respectively

Periodic components

torques at top and bottom blade attachment points,

of applied torques

Induction and synchronous generator reactions, respectively

Freestream wind speed

Angular displacement

Tip speed ratio

Mean values of applied torques

Excitation frequency

*



w Synchronous generator speed
s

‘Ti.
Local shaft speed

o Turbine ope?x%tingspeed
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INTRODUCTION

An intrinsic, mechanical phenomenon associated with the operation of wind

energy conversion systems is

given to the time variations

components of a wind turbine

ideal conditions of a steady

called “torque ripple”. Torque ripple is a name

in torque which are transmitted through the various

drive train ultimately to its load. Under the most “

wind from a fixed direction, torque ripple in a

zontal axis wind turbine is caused by wind shear and tower shadow (1) and in

vertical axis wind turbine by continuously changing angles of attack between

hori-

a

the

apparent wind and the turbine blades (2,3). Other events which contribute to

the development of torque ripple include variations in wind magnitude and direc-

tion, blade dynamics, blade stall and torsional slack in the drive train. If

sufficiently large, torque ripple may have a detrimental effect on fatigue life

of various drive train components (such as shafts, couplings and transmissions)

and on output power quality. It may also cause the generator pull-out torque to

be exceeded, resulting in a sudden loss of load and possible turbine run-away.

Torque ripple is clearly a concern of both horizontal and vertical axis wind tur-

bine proponents, and deserves the attention of detailed investigations.

Eased on a set of

the major portion of a

phenomenon in Darrieus

specific assumptions (delineatedbelow) this paper summarizes

theoretical and experimental study of the torque ripple

vertical axis wind turbines in a synchronous, or near

synchronous, power grid application. The paper covers development of a lumped

mass model of the turbine and its drive train components, an analytical solution

for torque ripple based on the model, a discussion of torque ripple data collec-

tion and reduction, a comparison of theory and experiment, and a discussion of ,

the phenomenon with a view toward

were obtained from the DOE/Sandia

presently located in Albuquerque,

4

reducing its magnitude. The experimental data

17 meter turbine (in its 2 bladed configuration)

New Mexico.



DRIVE TRAIN DESCRIPTION AND MODEL

The drive train of a typical wind energy conversion system has basic com-

ponents consisting of the rotor, the low speed shaft, the transmission, the high

speed shaft and finally the generator. In the case of the vertical axis turbine,

the rotor consists of the blades and a turbine rotor shaft to which the blades

are attached. This rotor shaft must be sufficiently strong to carry torque and

loads from aloft, and sufficiently stiff to prevent excessive lead-lag blade motion

or dynamic resonance (4).

The drive train of the DOE/Sandia 17 meter wind turbine is represented in

Fig. 1, The turbine rotor shaft is supported by four guy cables at the top with

tapered roller bearings, top and bottom, supporting the loads of the rotor and

guy cables. Two disc brakes, one used as the normal brake and the other as an

emergency brake, are located on the turbine rotor shaft above the bottom rotor

shaft bearing. Two flexible couplings, composed of rubber shear sandwich mount-

ings, are located on the low speed shaft just above the transmission. These

couplings provide shaft misalignment accommodation, flexibility of testing var-

ious drive train stiffnesses, and mechanical shock protection of the torque

sensor that is placed between the couplings.

The transmission is a vertically mounted, three

an cwerall ratio of 42.87:1. A dry sump lubrication

stage planetary gearbox

system was incorporated

with

in

order to reduce viscous losses. A right angle gearbox with a ratio of 1:1 pro-

vides a horizontal take off directly beneath the planetary gearbox. Synchronous

turbine speed changing capability is accomplished by a timing belt and pulley

arrangement downstream from the right angle gearbox. By changing the sizes of

the pulleys, 13 discrete synchronous turbine speeds from 29.6 RPM to 59.5 RPM are

available. Specifically, the ratio

.71:1. Thus, the high speed end of

of the belt drive can vary from 1.42:1 to

this turbine consists of two stages, one on

5
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Fig. 1 - Schematic of DOE/Sandia 17 meter vertical axis wind
turbine and drive train



either side of the belt drive. Another set of flexible couplings, isolating a

second torque sensor, is located on the output shaft of the belt drivej or high

speed shaft, just upstream of the generators.

tric

ator

The 17 meter turbine has two generator/motors coupled in tandem by an elec-

clutch on the high speed end of the drive train. One is a synchronous gener-

and the other is an induction generator.

function as a generator or a motor, depending

bine output shaft. The synchronous generator

while the induction generator will experience

Either one of these machines can

on the torque direction of the tur-

o-peratesat a constant 1800 RPM

a 3$ slip in speed from 18OO RPM at

the rating. Both generators are rated at 60 KW and are 48o volt three phase. The

induction generator is used to bring the turbine up to speed because of its bet-

ter starting characteristics. The incorporation of both generators affords flex-

ibility in the evaluation of synchronous and induction power generation.

A mathematical model for the 1’7meter turbine is depicted in Fig. 2. The

turbine rotor inertia is modeled by two disks, J1 and J2, with a torsional spring,

Kl, in between. Each of these disks represents ~ the actual turbine rotor inertia

while K1 is the torsional stiffness of the turbine rotor shaft. The aerodynamic

torque input to the turbine rotor is represented by TA1 and TA2 and acts upon the

rotor disks. T.. and Ta- re written with different coefficients to account for
JU- Ad

wind shear if desired (e.g., the top half of the turbine rotor

torque than the lower half).

The torsional stiffness of the low speed end of the drive

produces more

train, between the

bottom of the turbine rotor and the top of the planetary gearbox, is represented

by K2. By removing half of the shear mountings in each flexible coupling along

this shaft, it is possible to reduce % by 43Z, thus “softening” the low speed

end. The inertia of the planetary gearbox was calculated relative to the low

speed end and is given by J3. The planetary gearbox speed increase ratio is

7
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Fig. 2 - Schematic of turbine and drive train components for analytical model



represented by nl. The torsional stiffnesses of the drive shafts from the bottom

of the planetary gearbox to the pulleys and the equivalent torsional stiffness

of the timing belt are included in K
I“

This portion is the first stage of the

high speed end. The gear ratio of the belt drive is %“
Finally, ~ is the tor-

sional stiffness of the second stage of the high speed end of the drive train,

between the pulleys and the generators.
%

and K4 are equivalent high speed

shaft stiffnesses referred to the low and high speed ends, respectively, and are

expressed in terms of n,, ~, Km and ~,; see Table I.
-1. i-l

The combined

applied torque on

the torque of the

inertia of both generators and the clutch is given by J4. The

this disk is the torque reaction of the generators.
‘GI ‘s

induction motor while TGS is the combined torque of both the

synchronous and induction generators. In all testing performed, the clutch be-

tween the generators was continually engaged. When using the induction generator

only, the field in the synchr~n~u~ generator was left unexcited to eliminate its

torque reaction. When the synchronous generator is brought on line, the average

speed of the high speed end becomes a synchronous 18OO RPM at which the induction

generator torque vanishes. Due to the nature of the synchronous generator, how-

ever, there are instantaneous changes from the synchronous

average is stid.~1800 RPM. Because of this, the induction

speed even though the

motor torque is inclu-

‘ed ‘n ‘GS”

The values for all the inertias, torsional stiffnesses, gear ratios, and

generator coeffj.cientsof the 17 meter turbine model are listed in Table I.

ANALYSIS

Because of the analytical complexities introduced by attempting to take

into account a$.1events which contribute to the development of torque ripple,

seve:ralsimplifying assumptions were made. Thus, an initial understanding of



TABLE 1. Turbine Properties for Model

I

J1 = J2 = 9.83 x 104 lb-sec2-in (1.11 x 104 N-sec2-m)
I

‘3
= 2.15 x 103 lb-sec2-in (2.43 x 102 N-sec2-m)

J4 = 25.7 lb-sec2-in (2.90 N-sec2-m)

‘1
= 9.82 x 107 lb-in/rad (1.11 N-m/rad)

‘2 = 3.97x 106 lb-in/rad (4.49x 105 N-m/rad) (stiff)

‘2
= 2.27 x 106 lb-in/rad (2.56 x 105 N-m/rad) (soft)

‘I
= 1.25 x 106 lb-in/rad (1.4i x 105 N-m/rad)

%
= 3.36x 104 lb-in/rad (3.80x 103 N-m/rad)

(5) K . ‘fn~KI%
3

‘I + ‘%

(6)
K4 =

‘IKH
2’

‘I + ‘2KH

‘1 = 42.87

Turbine RPM 29.6 37.0 45.5 52.5

‘2 1.416 1.134 .$X23 .800

D =510.0 lb-in-sec/rad (57.6 N-m-sec/rad)

k = 1.13 x 104 lb-in/rad (1.27 x 103 N-m/rad)

w = 188.5 rad/sec
s
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the phenomenon and identification of

assumptions are:

1. The wind is steady, uniform

2. Blade stall does not occur.

important parameters is possible. These

and from a fixed direction.

3. Drive train slack does not exist.

4. Spatially distributed inertias of the drive train shafts and couplings

are small in comparison to the concentrated inertias of the blades,

transmission and generator.

5. Total blade inertia may be divided and lumped.

6. Generator response is linear.

7. Turbine and drive train response is linear elastic.

8. There are no mechanical or aerodynamic losses in the system.

9* Blade frequencies are above the turbine operating speeds.

The assumption of a steady, uniform and fixed direction wind is perhaps one

of the most disputable made. It can be accommodated, however, by using some dis-

cretion in selecting data for comparison with the theory (this will be expanded

upon later). If a blade stalls at any azimuth position, aerodynamic lead-lag

(chordwise) forces become non-harmonic, resulting in the necessity ofa complex

analytical characterization (5). To avoid this complication, only tip speed

(at the maximum radius) to wind speed ratios, A (= Rmx O/Vm), greater than or equal

to 4 are considered, and the analytical solution remains harmonic. Another weak

assumption is that no power losses occur in the system. Over a year of operating

experience with the DOE/Sandia 17 meter turbine has demonstrated that significant

losses do occur, principally in the transmission. The effect of power loss on

torque ripple will be discussed later.

In spite of the above assumptions, the

to include several important generalities.

analytical model is flexible enough

The model includes a wide range of



parameters so that a large spectrum of turbine designs can be evaluated. These

parameters include blade, transmission and generator rotational inertias, tor-

sional rigidities of all rotating shafts, couplings and belts in the drive train,

response properties of either induction or synchronous generators, and two speed .

changes separated by flexible shafts. In addition, applied loads can permit the

characterization of wind shear. The model is general and accurate enough to per-

form parameter studies with relative ease.

For the purposes of this paper, torque

oscillation of torque about some mean value.

ripple is defined as a harmonic

Its magnitude is given by

T - Tmean
T= ‘x

T
mean

By this definition, a torque oscillation about a zero mean yields an infinite

torque ripple, and a steady torque yields zero torque ripple.

Without going into great detail, the analytical solution is as follows.

Equilibrium requires that the succeeding equations be satisfied.

\

J2e2+ K2(G2 - 03) + K1(02 - f31) = TA2

() 04. .

‘3 ‘3 + ‘3 ‘3
-—+K2(83-92)= O
‘ln2

J4ti4+ K4(94 - n1n2G3) + D(64 - ws) = O

‘3where K – —
4- (nln2)2

(1)

(2)



Strictly speaking, the form of the last of Eq. (2) represents the response of an

induction generator (see Fig. 2). The addition of a synchronous generator may be

characterized simply by including k (see Fig. 2) in series with K4.

Solutions of Eq. (2) are of the form

@i = Ri cos(wt - Ui) +wTit + C., i = 1,2,3,4
1 (3)

where Ci is an initial condition constant which can be ignored here without loss

of generality, and LYiis a phase angle. Also, w is the circular frequency of the

lead-lag forcing function with is 2/rev (twice the turbine speed) for a two

bladed turbine and 6/rev for a three bladed turbine (2). Substitution of (3)

into (2) yields

@2B2 - ~Bl - K2B3 = T2

~2A2 - ~Al - K2A3 = O

@?3B3 ‘3
- ‘2B2 -—B=O

‘ln2
4

‘3$3A3 - K2A2 - — A4=0
‘ln2

‘4% - ‘~n2K4B3= ‘~DA4

(4)

@4A4-n1n2K@3 = wDJ34

13



where

@l = (I$ - W2J1)

@3 = (K2 + K3 - W2J3) 9

@2= (Kl + ~ - W2J2)

(5)

@4 = (K4 - w2J~)

and

Ai = Ri sin I.Yi, Bi = Ri COS ai, i = 1,2,3,4 (6)

The next step is to solve Eq. (4) for the Ai’s and Bi’s. This may be done numeri-

cally, with the aid of a computer, or algebraically, using a computer only for

numerical evaluation of final expressions. The latter method was used in this

investigation. In as

found for the unknown

brief a form as possible, the

constants. These expressions

following expressions were

will be called Eq. (7).

14



(Eq. 7 continued:)

[
= 4+4142‘4= KKK @ $]-K;)- 12

123
‘1

This completes the basic formulation

angles are obtained from Eq. (6) as

of the solution. Amplitudes and phase

22
Ri = (A; + 13i)

Bi

any location along the drive train can be

were obtained at two locations in the DOE/

Torque (and therefore torque ripple) at

calculated from the above. Torque data

Sandia 17 meter turbine, the low speed and the high speed shafts. Expressions

for torque at these two locations are given by

TL=l$(e2- 03)and TH=K4(n1n2e3- 94)

or

[

(~1+ 72)
T];= K2 (A2 - A3) sinwt + (B2 - B3) cos wt +

1

(9a)
‘2

[

n1n2(~1 + 72)

‘H= ‘4 ‘n1n2A3 - A4)sinurt+(nn B -B4)coswt+
123 1 (9b)

‘3

15



Torque ripple is calculated from these results and Eq. (l). A computer code was

written to facilitate numerical evaluation of torque ripple by evaluating Eqs.

(7), (9) and (1), with intermediate steps as necessary.

DATA ACQUISITION AND REDUCTION

As mentioned before, there are two torque sensors in the drive train of the

17 meter turbine; one on the low speed end and the other on the high speed end.

In conjunction with these, there are also two anemometers mounted atop the turbine

at heights of 27 meters (94 feet) and 34 meters (110 feet). All of the data pre-

sented here are based upon anemometry at the 27 meter level. The data flow of the

above instruments, along with other telemetry, is fed into a mini-computer that

provides data reduction, display, and storage (6).

The turbine was tested at four synchronous rotor speeds; 29.6, 37.0, 45.5,

and 52.5 RPM. Both modes of generator coupling (induction only, induction and

synchronous) were performed at these speeds. To observe the dependence of ~ upon

drive train stiffness, testing was performed with all the shear sandwich mountings

present (stiff drive train) and with half of them removed from the flexible

couplings on the low speed end (soft drive train).

Each particular test run had a duration of 15 minutes during which the torque

sensors and anemometry were sampled at 0.1 second intervals. The number of permu-

tations of turbine speed, generators, and drive train stiffnesses, coupied with

wind availability and other testing priorities, usually allowed one to two test

runs per permutation or none at all. The accumulated data were stored on a

computer disk.

The output torque of a two bladed Darrieus wind turbine is assumed to be

harmonic and was modeled as a cosine function in this paper. A typical example

of the raw torque data is shown in Fig. 3 for 37 RPM. A cosine function has the

16
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property that its maximum value can be found by multiplying the root mean square

deviation by fiand adding to the mean:

~x=v@TNS+TT
mean (lo)

n

[z
1

‘m=; 1(Yi - ymean)2 +
i.1

where yi are values of points

ments. This equation for the

on the cosine

maximum value

curve located at equal time incre-

of a cosine function is substituted

W

into the equation for T giving:

T - Tmean z T~
~= max —

T
_—

T
(12)

mean mean

The data reduction method utilized here is based upon the assumption that

the mean wind remains steady over five second intervals. Through this assumption,

both the turbine rotor torque

harmonic during this period.

velocity, average torque, RMS

are calculated. These values

A and are averaged at the end

and the accompanying drive train torque will be

For each five seconds of data, the average wind

torque, tip speed ratio, ~, and?’ fromEq. (12)

m
of T are grouped according to their corresponding

of the data sampling period. The final output

lists A, the corresponding average ~ for that A and the number of five second

intervals that went into the calculation of the average ?.

It is necessary to group ~ according to A because the actual aerodynamic

torque output of the rotor, which is harmonic, will shift its mean according to

~. Values of~ fromb.O to 9.Owere used in increments of 1.0. Below~ = 4.0,

the rotor blades begin to stall and the corresponding rotor torque no longer

follows a harmonic shape.

18



T’hebasic assumption of this method of data reduction is that the mean wind

velocity was steady over each five second period. By its nature, the wind is

seldom.steady and will always exhibit some kind of fluctuation. While this method

of data reduction is not sensitive to slow velocity fluctuations, it will be sen-

sitive to wind gusting. In addition, any slack in the drive train of the turbine

will cause erroneous torque readings. Torsional slack present on the high speed

end of the 17 meter turbine is approximately 200°.

In compliance with the basic assumptions of the present

5% of’the total data collected were discarded because it was

theory, approximately

obtained during per-

iods of extreme wind gustiness, or when wind-up of drive train slack was en-

countered.

CORRELATION OF

Numerical

THEORY AND DATA

results for torque ripple in the low speed shaft of the DOE/Sandia

17 meter turbine are shown as a function of turbine operating speed in Figs. 4

and 5, with tip speed ratio as a parsmeter, along with experimental data at four

operat:hg speeds. Each

ous measurements at the

values of torque ripple

the transmission. Mean

TA2Y were obtained from

data point in the figures represents the average of numer-

designated operating speed and tip speed ratio. These

are seen by all low speed drive train components, including

and oscillatory amplitudes of the applied torques, T
Al

and

normalized aerodynamic data (7), and are given in Table

II. Normalized data may be used for evaluation of torque ripple by virtue of its

definition, Eq. (l).

Each curve has a limiting torque ripple value (as operating speed approaches

zero) which is relatively high (above 100%). This value represents the ripple in

the applied torques, and is also the value which would be transmitted all the way

to the generator, at any operating speed, if the entire turbine and drive train

19
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TABLE II. Applied Torque Components

I A I 5 7
I

9

Tl = T2
I

.274
I

.307
I

.383
I

I
1= 2

I
.226

I
.193

I
.117

I

22



were rigid and massless. Because of component

torque ripple increases from the initial value

bine approaches the first critical drive train

flexibilities and torsional inertias,

as the operating speed of the tur-

frequency. Operating speeds above

the first critical frequency bring about significant attenuation of torque ripple.

At the first critical frequency, torque ripple remains finite by virtue of the

generator dissipation coefficient, D (and other actual losses not account for),

however, the ordinate scale of Figs. 4 and 5 was chosen to demonstrate other

interesting features of the curves and not peak torque ripple values (clearly to

be avoided anyway). Attenuation of torque ripple continues as turbine opemting

speeds are increased until the next critical drive train frequency is reached.

This, too, was beyond the range of an interesting abscissa scale.

Several trends which are visible in the data have been predicted by the ana-

lytical model. The predicted attenuation of torque ripple at operation speeds
,.

above the first critical has been corroborated by experimental data. Theory and

experiment also agree that the attenuation diminishes with increased operating

speed. This behavior suggests strongly that a vertical axis wind turbine be

operated at a speed well above its first critical drive train frequency in order

to minimize torque ripple. Also, torque ripple increases (at an increasing rate)

with tip speed ratio for a particular operating speed. The present theory slightly

underp:redictsthe magnitude of these changes with A. It tends to overpredict

torque ripple at low

ratios. A plausible

dynamic data used to

Analysis).

The synchronous

tip speed ratios and underpredicts it at high tip speed

explanation for this would be inaccuracies in the basic aero-

produce Table II, and pocwly satisfied assumptions (see

operating speed of a turbine is likely to be selected by

aerodynamic performance criteria, accompanied by design efforts which attempt to

select and manipulate structural properties of the turbine in such a way that

23



static and dynamic problems are avoided (8). For example, to increase the spread

between the operating speed of a turbine and the first critical drive train fre-

quency (in order to minimize torque ripple) an attempt should be made to reduce

the drive train frequency before compromisingperformance by increasing the operat-

ing speed. A reduction of the first critical drive train frequency shifts the

entire torque ripple curve to the left, thereby reducing ripple at the selected

operating speed. This can be accomplished by reducing the torsional rigidity of

the drive train. As mentioned previously, the DOE/Sandia 17

features which allow torsional rigidity to be reduced easily

can

and

low

ple

the

be demonstrated. Results in Fig. 4 are for the original

those in I’ig.5 are for approximately a 43% reduction in

meter turbine has

so that this effect

drive train stiffness,

the stiffness of the

speed portion of the drive train. Two

is reduced over operating speeds above

variation in torque ripple with 1 at a

changes take place. First, torque rip-

the first critical frequency; and second,

particular operating speed is reduced.

These changes are predicted theoretically and observed experimentally as illustra-

ted in Figs. 4 and 5.

Another part of this investigation included a look at the differences in

torque ripple between operation with an induction generator and operation with

synchronous/inductiongenerator combination. The 17 meter turbine generator

arrangement required only that a torsional stiffness constant, k, be added to

induction generator model, Fig. 2, in order to characterize the synchronous/

a

the

induction generator combination analytically. This change had very little effect

on the numerical results (it shifted ? curves slightly to the left), so additional

theoretical curves are not presented for the synchronous/inductiongenerator com-

bination. However, experimental data are shown in Figs. 6 and 7 where torque

ripple results for the synchronous/inductiongenerator operation are compared to ‘

those for the induction generator alone. The only observable difference between
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the two sets of data is that the spread in torque ripple with 1 at a particular

operating speed is generally less for the synchronous generator than for the in-

duction generator. This behavior is consistent with that occurring whenever

drive train torsional rigidity is reduced, as with the addition of the synchronous

generator stiffness, k.

Thus far, results have been presented for torque ripple in the low speed

shaft only. Data were also obtained at the high speed shaft where torque ripple

was found to be consistently higher than in the low speed shaft. This torque

ripple magnification is due to power losses which occur between the high and low

speed shafts, principally in the transmission. It is seen by all high speed

drive train components including the generator. To a first approximation, the

losses produce a uniform reduction in torque. This causes the mean and peak

torque values to be reduced by the same amount, thereby reducing the mean value

without changing the mean-to-peak value of torque (see Eq. 1). The net effect

is an increase in torque ripple downstream of the power losses. This magnification

can be shown to be of the form

where f is the ratio of the power lost to the mean power before losses occur.

High speed torque ripple can be estimated, therefore, from low speed values by

YH=M/iL

Alternately, if high and low speed torque ripple is

Eqs. (10) and (11) to estimate power losses between

(11)

known, it can be used with

the two data acquisition loca-

tions. High speed torque ripple data will be presented under separate cover where

space will allow proper reconciliation of the data with power loss measurements.
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DISCUSSION AND CONCLUSIONS

Three methods of reducing

are equally effective for both

torque ripple in wind turbines are available, and

the horizontal axis and the vertical axis type.

They are: a reduction of torsional rigidity of the drive train, a reduction of

power losses and the addition (or systematic location) of rotational inertia along

the drive train. In the original design of a turbine, it is advisable to make the

drive train (below the turbine) as compliant as practical in order to reduce

torque ripple at turbine operating speeds. If it is found that the drive train

is still too stiff, the location for placement of additional compliance must be

selected. It has been stated (9) that reducing high speed shaft stiffness will

reduce torque ripple, and indeed it will. However, it is not necessarily the

most effective location for this reduction. In calculating an equivalent torsion-

al stiffness for the entire drive train, with respect to the low speed end, high

speed stiffness values are multiplied by the gear ratio squared, thus generally

making them quite large compared to low speed values. The equivalent stiffness

of the entire drive train will he dominated by its softest components, and changes

in these components will produce the greatest changes in the equivalent stiffness.

Therefore, the location where it is easiest to achieve added torsional compliance

is generally the low speed end of the drive train, immediately below the rotor.

Also see (l).

It has been shown (above) how power losses in the drive train can magnify

torque ripple downstream from the turbine. There are now two incentives for

minimizing power losses. First is the obvious and well known effect of improving

operating efficiency of the turbine, and second is the reduction of downstream

torque ripple.

The third method of reducing torque ripple is an alternate (or companion)

means of reducing the first critical drive train frequency. Arguments which

.
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.

guided placeme~t of torsional compliance to the low speed end are repeated for

placement of added (or relocated) torsional inertia. However, since inertia at

the high speed end (even when corrected to the low speed end) is usually lower

than at the low speed

sional inertia

the high speed

possibility of

example, brake

is the

shafts

end (rotor inertia), the most effective location for tor-

high speed end of the drive train. Simply adding mass to

should be

relocating other

discs located at

considered only after careful evaluation of the

drive train components already present. For

the low speed end should be placed at the high

speed end of the drive train. One should note, however, that

and braking torque requirements will be different at the high

the low speed end.

heat dissipation

speed end than at

A synchronously operating Darrieus wind turbine experiences its maximum power

(and mean torque) output at a tip speed ratio, 1, of about 2.5 to 4 (5). As X

increases, the power and mean torque diminish, and the torque ripple, Figs. 4 and

5, increases. For example, at an operating speed of 45.5 RPM, torque ripple pre-

dictions are 30$, 45% and 8~, for X = 5, 7 and 9, respectively. These torque rip-

ple values give the magnitude of the oscillatory torque as a percent of the mean

torque at that 1. If the torque ripple values are expressed in terms of the maxi-

mum, or rated torque for that operating speed, they become 11’$,5% and 1.5%, re-—

spectively. Therefore, torque ripple based on rated torque is maximum at peak

power (1 = 2.5 to 4), and is considerably lower than what might be concluded by

referring to Figs. 4 and 5 directly. It is this

sidering the impact of torque ripple on design.

This investigation has permitted an initial

value which must

understanding of

be used when con-

the torque

ripple phenomenon, and an evaluation of its magnitude and possibilities for con-

trolling it. Topics for further investigation include evaluation of torque rip-

ple for a three bladed vertical axis wind turbine, calculation of other drive
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train frequencies (although at present they appear to be

opel’stingspeeds), effects of blade dynamics, effects of

well above turbine

variable winds, effects

of drive train slack, pure synchronous operation and further evaluation of torque

ripple magnification due to power losses.

The present theory has yielded the following conclusions:

1. The wind turbine operating speed

critical drive train frequency.

2. Torque ripple increases with tip

speed.

should be located well above the first

speed ratio at a particular operating

3. There is a magnification of torque ripple downstream of the rotor due to

power losses in the drive train.

4. Torque ripple data can be used to

5. The drive train, below the rotor,

cal. If additional compliance is

tive when placed in the low speed

measure power losses.

should be made as compliant as practi-

required, it is generally most effec-

end.

6. Added or relocated rotational inertia is generally most effective in

reducing torque ripple when it is placed in the high speed end.

It appears that the measured and predicted values of torque ripple presented

in this report are sufficiently large to pose a potential problem. Torque ripple

should be reduced as much as possible in subsequent turbine designs by the methods

discussed above, however, exactly what constitutes an acceptable level is not known

at the present time.
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