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Introduction

Variable loads resulting from a working process, starting process, or operation near a critical speed will cause varying stresses at the gear teeth
of a drive system. The magnitude and frequency of these loads depend upon the driven machine, the motor, the dynamic mass elastic properties
of the system, and other effects (Ref. 1).

These variable loads (stresses) may be determined by such procedures as:
e experimental measurement of the operating loads at the machine in question.

e calculation, using known external excitation and a mass elastic simulation of the drive system, preferably accompanied by experimental
testing to validate the calculation.

In the automotive area torque and speed over time are usually measured on test rigs. Also, for industrial gearboxes, a measurement of torque
over time is often used, for example in wind turbines. As measurement equipment and the transmission and storing of such data become less

expensive, the tendency to measure torque/speed on gear drives is growing. Based on such data the service intervals can be adapted due to the
analysis of the accumulated damage over time.

The scientific term for such data is “time series.” In gear drives, a time series (time/torque/speed dataj}—normally measured at the input or
output of the gearbox—must be in the first step of the process to get the load on a specific tooth of every gear. Then in a second step, the
load spectrum (also called “duty cycle”) for fatigue damage calculation must be obtained. With the load spectrum the service life of a gear can
then be calculated according to the rules as described in ISO 6336-6 (Ref. 1). As main formulas for the load capacity calculation, the methods
according to AGMA 2001-D4 (Ref. 3) and I1SO 6336-1,2,3 (Ref. 2) can be used.

If the torque and speed in a time series is always positive, the conversion of such data in a load spectrum is carried out using a process called
the “simple-count method.” However, the process is more complicated when the torque and/or speed is alternating (having positive and
negative values). For the other elements in a gearbox such as bearings and—with some restriction—shafts, the simple count method, extended
by the consideration of speed information, can always be used to generate a load spectrum.

The flowchart (Figure 3) explains the calculation process. The time series must be filtered to obtain the load on an individual tooth (see “Extract
of the load on a particular tooth from a time series”). Then, depending on if the torque is alternating or not, the simple count method can be
applied (no alternating torque, see “Generation of a load spectrum with the simple count method”) or the more demanding rainflow method (see
“Generation of a load spectrum with the rainflow-counting algorithm”) must be used.

Notes:

e The term load spectra as used in ISO 6336 (Ref. 1) or AGMA 2001 (Ref. 3) is identical to a load duration distribution (LDD) as used in the standard
IEC 61400-4 (Ref. 4) for wind turbines.

e A method to calculate load spectra is not explained in AGMA rating methods (such as AGMA 2001, 2101, 2003) but a reference is given to ISO/TR
10495 (nowadays replaced by ISO 6336-6 {Ref. 1}). The procedure, based on IS0 6336-6, as discussed in this paper is applicable to AGMA ratings.
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Figure 1—Torque over time in the time series (left). Torque on the tooth of the pinion at angular position 215 degrees (right).
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Extract of the load on a particular tooth from a time
series

The process to generate a load spectrum is complex (Figure 3).
As the first step, it must be considered, that a tooth experiences
load only once per revolution of the gear. The time series signal
must therefore be modified before it can be used for further
processing. This is shown in Figure 1.

Generation of a load spectrum with the “simple
count method”
If the signs of torque and speed in a time series are in such a
way that always the same flank is in contact, then for gears the
so-called simple counting method can be used. Since there is
only one flank in contact the respective side of the tooth root
sees only pulsating tensile stress. In addition, the Hertzian
pressure on the flank is always applied on the same flank. A
matrix with torque intervals and speed intervals is formed and
each measuring point is classified into the corresponding cate-
gory, also called “bin” Then the number of measuring points is
counted. This results in a load spectrum of bins with different
torque and speed (extended simple count method).

The counting method is also documented in ISO 6336-6, Table
4 (Ref. 1). To obtain the load spectra for fatigue damage calcula-
tion, the range of the measured (or calculated) loads is divided
into bins or classes. Each bin contains the number of load occur-
rences recorded in its load range. A widely-used number of bins—
according to ISO 6336-6—is 64 (Figure 2). These bins can be of
an equal size, but it is usually better to use larger bin sizes at the
lower loads and smaller bin sizes at the upper loads in the range.
In this way, the resolution for the most damaging loads is higher
and the result is more accurate regarding the effective load (see
“Generating the load spectra according to ISO 6336-6”).

Generation of a load spectrum with the rainflow-
counting algorithm

Generation of the matrix with the frequency of high
to low torque

If torque and/or speed have alternating signs so that the
loaded flank is changing, for the assessment of the Hertzian

pressure on the considered tooth flank (left or right) only
the positive values on this flank are considered. For the
bending stress this simple calculation procedure cannot be
applied. The considered tooth root side is subjected to an
alternating load, getting tensile stress with positive torque
and compression stress by negative torque. And all sig-
nificant alternating load cases must be extracted from the
torque curve. For that, the so-called rainflow method is
used (Refs. 5, 6, 8). Rainflow analysis provides a matrix that
shows how often the torque changes from Thigh to Tiow. The
matrix, therefore, has two torque bin series, in Y-axis for
Thign and in X-axis for Tio, (Figure 5).

The rainflow method is usually carried out with stresses,
not with torques. Because tooth root bending stress and
torque are proportional, torque can also be used. In addition,
the negative torques are multiplied by 1.2 since the compres-
sive stress on the non-loaded flank is approximately 20%
higher than the tensile stress on the loaded flank. Factor 1.2
is used in ISO 6336-3 and can be confirmed with FEM calcu-
lations (Fig. 4). A further challenge to get correct results: The
torque must be multiplied by the dynamic factor Ky and the
face load factor Krs. The rainflow method does not conserve
the speed information of a time series. As Ky depends on the
speed, which is no longer considered in the subsequent rain-
flow calculation, for every data point of the time series Ky is
determined and multiplied to the torque. Also, Kps must be
multiplied to the torque of every point because Kgg is not pro-
portional to the torque and will therefore be different for Thign
and Tiew.

Conversion of rainflow Thigh and Tow result to Tso and
Ywm for ISO or AGMA ratings

AGMA and ISO are designed for pulsating load on the tooth;
so, the nominal torque and the allowable bending stress num-
bers are intended for the pulsating load case. For alternate
bending (reverse loading) AGMA just mentions that the
allowable stress number must be multiplied by a factor 0.7.
This factor coincides with older versions of ISO. In the cur-
rent edition of ISO 6336-3, annex B (Ref. 2), a more precise
rule is given for the alternating bending factor Y.
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Figure 2— Torque measurement on a test run of a military car (left). Speed/Torque frequency result by simple count (right).
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T
5 Run the Rainflow process v l E
o Determine triangular matrix Determine load Determine load 3
3 1 spectrum (LS) with spectrum (LS) with: 8
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kel For each element in }he triangular matrix: frequency (h), torque (T), c%
% Determine Tiso torque (T) Speed (n) ]
14 Alternating bending factor YM, Haigh diagram
Determine load spectrum (LS) with @ @
constant (medium) speed, with: v

frequency (h), torque (T) and YM

.

| Use KFb to reduce LS torque | Explanations
¢ o Start
B Setthe number of torque load bins
| LS with h, T,n (Constant}, YM contains KV | Y Set the number of speed load bins
&—1 Transfer LS to KISSsoft with conditions:

KA=10, Ky=1.0, KV =10, YM: Own Input
Tooth flank with load spectrum: 'Consider only positive load bins'
| Tooth root with load spectrum: 'Evaluate all negative load bins as positive'
-2 Transfer LS to KISSsoft with conditions:
KA=1.0Ky=1.0
Tooth flank with load spectrum: '‘Consider only positive load bins'
Tooth root with load spectrum: 'Evaluate all negative load bins as positive'

Figure 3—Flowchart to generate a load spectrum for gears from time series data.
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Figure 4—Stresses on the loaded and non-loaded side of a tooth by FEM analysis.
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Figure 5—Extract of a rainflow half-matrix with 100 bins.

The equation for Yy is:

1
YM=7
(1—mM)
1-RG5m

(1)
Where:
R stress ratio. R = - Olow / Ohign; and as here o is proportional
to T, R= - Tiow / Thign
M considers the mean stress influence on the endurance
strength amplitudes; the values are listed in Table 1.

Case hardened 0.8-0.15YS
Case hardened and shot peened 0.4
Nitrided 0.3
Induction or flame hardened 0.4
Not surface hardened steels 0.3
Cast steels 04

Table 1—Mean stress ratio M according ISO 6336-3, Table B.1 (Ref. 2).

N\

Equation 1 according to ISO may be used within a stress
ratio 1 2 R 2 0. Therefore Equation 1 is only valid if the fol-
lowing conditions apply: Thigh > 0; Tiow < 0 and -Tigy < Thigh.
As the general case R may be in the range from - ... to
+1, Equation 1 must be extended. For the definition of the
allowable stress in mechanics the Haigh diagram is appro-
priate (Figure 6). The construction of the Haigh diagram
requires the tensile strength R, the yield strength Ry, the
tooth root fatigue strength for pulsating loads (sat accord-
ing to AGMA, or opim according to ISO 6336) and the mean
stress ratio M.

Basically, the alternating bending factor Yy is a factor that
considers the change in the admitted amplitude Gagmamp and the
occurring amplitude Oroadamp Of the general case “Gen” com-
pared to the pulsating load case “Puls”

JadmAmpPuIs UadmAmpGen

=YM

OLoadAmpPuls OlLoadAmp Gen

()

The permissible amplitude Gudmampcen results from the inter-
section of the Rgen line with the Haigh diagram. With the
high stress Onigh, the amplitude Grosaampcen results in the gen-
eral case from:

(high — T1ow) _ (Onigh — Reen * Ghign) Thigh
OlLoadAmpGen = = 2 2= = 28" A = a- Rﬁ‘en) : ég
(3)
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Figure 6—Haigh diagram with mean stress influence M according I1SO 6336-3.
(Note: The red line “M” is defined by the point {Guimamppuiss Oadmamppuis} and gradi-
ent M.)

For the pulsating case “Puls” with Rpys = 0 the following
applies:

(Ohigh = Olow) _ (Ohigh — Rpuls * Omax) _ Ohigh
_ _ _ Yhig
OLoadAmpPuls = 2 - 2 - 2

(4)

Whereas the admitted stress for pulsating bending is:

OadmAmpPuls = Sat / 2
(5)
Finally, when Equations 3, 4 and 5 are inserted in Equation
2; then rearranged, we get Yy for the general case:

_ 2 TadmAmpGen
Yy = — - —mAmpaen
Sat (1 - RGen)
(6)
Where:
sa Allowable bending stress number (bending) in AGMA
2101 (Ref. 3)

OadmampGen The permissible amplitude from Haigh diagram

It must be noted, that with this general definition of Yy
all load cases on the tooth root can be considered; also
pulsating compressive stress. In such cases, Yy will be
bigger than one, because the admitted amplitudes in the

Tmax Tmin TISOurAGMA
Positive Positive +Tmax
Positive Zero +Tmax
Positive Negative +Tmax

Zero Negative -Trin
Negative Negative ~Toin

Table 2—Determination of the nominal torque to be used as nominal load in
AGMA or ISO.

compressive domain of the Haigh diagram are bigger than
the amplitudes in the tension domain.

Generating the load spectra according to ISO 6336-6
With the nominal torque from Table 2 and the alternating
bending factor Yy from Equation 6, every element of the
rainflow matrix can now be converted in a bin of the load
spectrum. A bin according to ISO 6336-6 (Ref. 1) consists
of only two elements, frequency, and torque. The frequency
is a percent value of the number of load cycles of the bin
versus the total number of cycles. The torque is the Tiso or
acma value according to Table 2. For more general use, this
definition must be extended. Generally, it is good practice
to add speed as the third element of the bin. This definition
of a bin (frequency, torque, and speed) is the most used case
for gear and bearing calculations, appropriate to the simple-
count method (see “Generation of a load spectrum with the
simple count method”). When the rainflow method is used,
then for every bin in addition the values Yy, one for every
gear, must be added (Figure 7).

Application of load spectra in AGMA ratings

A method to calculate load spectra is not explained in AGMA
rating methods (such as AGMA 2001, 2101, 2003) but a refer-
ence is given to use Miner’s rule as presented in ISO/TR 10495.
This norm was replaced in 2006 by ISO 6336-6; the current
version is from 2019 (Ref. 1). Gear rating methods according
to AGMA and ratings according to ISO have the same basic
structure, using general factors and bending and pitting ratings.
Both methods use stress cycle factors (as called in AGMA) or

.Cah:ulntion with load spectrum ~ | Mo ||Calculation with load spectrum v | MNo. 1 o |0wn Input
Frequency [%] Torque [Nm] Speed [1/min] Frequency [%] Torque [Nm] Speed [1/min] Kie Y Yie
70 0.222000 B52.2800 588.7200 57 0.069000 861.2500 479.1600 1.0381 0.8912 0.8928
71 0.032000 852.2800 751.0800 58 0.065000 861.2500 479.1600 1.0381 1.0000 1.0000
72 0.063000 929.7600 426.3600 59 0.069000 949.6500 479.1600 1.0346 0.8573 0.8593
73 0.158000 929,7600 588.7200 60 0.135000 945.6500 479.1600 1.0346 1.0000 1.0000
74 0.032000 929,7600 751.0800 61 0.069000 1037.8550 479.1600 1.0316 0.7516 0.7547
75 0.032000 1007.2400 588.7200 62 0.069000 1037.8550 479.1600 1.0316 0.7814 0.7843
76 0.063000 1162.2000 588.7200 63 0.065000 1037.8550 479.1600 1.0316 1.0000 1.0000

Figure 7—Load spectra ex
nating bending factors Y.

1,
¢
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life factors (as called in ISO) representing the SN-curves of gear
materials. Otherwise, the factors to calculate the stress values
and the allowable stresses are sometimes significantly different.
The calculation of service life under variable load, as prescribed
by ISO 6336-6 (Ref. 1), is using the Palmgren Miner rule, which
is a widely used linear damage accumulation method. The
method is absolutely “neutral,” which means, that individual fac-
tors of the rating method used, are not involved. Therefore, the
combination of the ISO 6336-6 method with an AGMA rating is
possible and well suitable.

The alternate bending factor Yy, as discussed in
“Conversion of Rainflow Thign and Tiey result to Tiso and
Yu for ISO or AGMA ratings,” is only marginally treated in

AGMA, only “Use 70 percent of the sat values for ... gears
where the teeth are completely reverse loaded on every cycle”
is mentioned in AGMA 2001, clause 16.2. As this factor in
ISO 6336-3 is based on the Haigh diagram, which is a widely
accepted concept in material mechanics, it can be assumed,
that the factor is also applicable for AGMA ratings.

Gear rating calculation example

A load spectrum can be treated in a gear software package.
Usually, a spectrum is introduced manually bin by bin or
may be read in from an Excel file. If the spectrum is gener-
ated from a time series some additional inputs are needed
(Figure 8).

[ Determination of a load spectrum from a time series (torque/speed/time series) ? X
Basic data
File with the time series TorqueData from Round Drive.csv B v
Number of bins, torque  ny 100
Spread of the torque bins None (constant load bin width) W 0
Multiplier for the torque f7 1.0000
Torgue effect Take into account positive and negative torques v 9
Counting method Rainflow according Amzallag (recommended in ISO 12110-2) ~
Save load spectrum in file TestDrive.bd 5

Select angular position Enter angular position (angle)

B Determine load spectrum for a particular rotational position of Gear 1

W

Angular position Gear 1 =~ ®,,

215.0000 °

Intermediate results
Inputs and simple counting method

[C] Intermediate results

(] Rainflow matrix

() Ky, Kug Factors

() Rainflow triangular matrix

(T] Details of Yy calculation

Accept Calculate Graphic ~ Report Close

Figure 8—Input window in KISSsoft (Ref. 7) for a duty cycle determination from a time series.

Tooth No. 5 Maximum damage Tooth No. 1 Mean damage Tooth No. 17 Minimum damage

Safety Bending SF1, SF2 1.441 1.455 1.472 1.491 1.525 1.540
Safety Pitting SH1, SH2 1.173 1.2717 1.179 1.283 1.189 1.254
Damage bending of gear 86.47 78.99 71.63 64.17 49.60 46.36
1, gear 2 (%)

Damage pitting of gear 1, 11.27 379 9-23 3.36 9.41 3.17
gear 2 (%)

%imime of gear 1, gear 6938 7596 8376 9351 12100 12940

Table 3—Safety, damage, and lifetime, calculated with the time series on different teeth.
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Time series Multiply T, n by Multiply T, n > e
given on input [— further with
T=T" ivove singaz
[ -
Convert to
duty cycle I Convert and
Convert to use for
duty cycle stage 3
Use for
bevel stage 3
calculation Use for
stage 2
calculation

Figure 9—Industrial gearbox in KISSsys (Ref. 7), flow chart for the load spectrum determination.

One of the interesting results is the dependency of the
considered tooth. As the torque in the time series in Figure
3 is strongly varying, the extract of the load on a particular
tooth (Figure 1) gives different safety or lifetime results, see
Table 3. But in this example, the duration of the time series
is only 190 seconds (short test run). The test run will be
repeated several times, the tooth in contact, when starting,
will always be different—so the tooth getting the biggest
damage will change. Therefore, it is a better practice to con-
sider the results on a tooth having mean damage.

Application of time series in drive train
calculations

Today the analysis of drive trains is performed with appro-
priate software as KISSsys (Ref. 7), which models the com-
plete drive with all the main elements such as gears, shafts,
and bearings. Normally the time series is given for the input
or the output coupling. A load spectrum can be defined at
this position and being used all over the drive system. A
problem arises when time series with positive and negative
torques are used. Then, because of the different frequency
of alternating load changes, for every gear stage, an appro-
priate load spectrum must be used (Figure 9).

To motivate this statement, suppose that a tooth on the
pinion of the input stage is submitted during 60 rotations
to a positive torque, then for additional 60 rotations to a
negative torque, and so on. If the input stage reduction is i =
4.0, then the pinion of Stage 2 will rotate four times lower;
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therefore, getting a torque change after 15 rotations. So, the
frequency of alternate bending cycles is four times higher
on Stage 2, and so on for the next stages.

Conclusion

AGMA and ISO gear ratings can be executed with load
spectra (duty cycles)—based on Miner’s rule—as explained
in ISO 6336-6 (Ref. 1). Load spectra may be defined by
different methods. In this paper, the ability to generate a
duty cycle from a time series (time-torque-speed data) is
explained. Such a time series can be obtained by measure-
ments of the operating loads on an application or by com-
puter simulation.

If the torque and speed in such a time series are so,
where the same flank is always in contact, a simple-count
method can be used to generate the duty cycle. However,
if the loaded flank is alternating, the considered tooth root
is not only submitted to pulsating tensile stress (bending)
but additionally to alternating bending and pulsating com-
pressive stress. As the first step, all the significant torque
changes must be extracted from the time series. For this, the
rainflow method is used. As the second step, the result of
rainflow must be converted into a definition fitting AGMA
or ISO gear ratings. This means that for a bin of the load
spectrum the nominal torque and the alternate bending fac-
tor must be determined.

Finally, the application of the method in gear calculations
and in drive train analysis is discussed with an example.

Printed with permission of the copyright holder, the American Gear Manufacturers Association, 1001 N. Fairfax Street, 5th Floor, Alexandria,

Virginia 22314. Statements presented in this paper are those of the authors and may not represent the position or opinion of the American
Gear Manufacturers Association.
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