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INTRODU CTION 

One of th e basic consi de ra tions in 
se lecting farm till age machiner y is i ts 
size. The wid th of cu t a nd gro u nd 
speed is usuall y su ffic ien t infor ma tio n 
to su ita b ly match th e size of th e im
pl em ent to th e farming en terp rise. 
Equall y imp ortant in this select ion, 
however, is th e co nsidera t ion of th e 
power requirem ents of the equipment 
in order to match the farmer's power 
unit. Becau se th e power requirements 
of till age eq ip me n t are large, th e 
match is usuall y cr itica l. The most 
difficult use of th e po wer uni twill 
be ob ta ined on ly whe n th e impl ement 
is match ed co rrec tly to th e tractor 's 
ava ila b le power. 

T he power requi re me n ts of t ill age 
equipment are pr ima r ily dependent 
on th e for ward spee d and the depth 
of cu lt iva tion . T he other factors 
which affect th e power requirements 
are soil den sity , soil texture, soil mois 
ture con te n t, su rface trash conditions, 
am ount and type of weed growth, as 
well as th e tension , com pression, and 
shea r stre ngth properties of th e soil. 
The on ly factors which ma y be con 
t roll ed by th e opera to r a re depth 
of till age a nd forward speed for a ny 
given soi l type a nd th ese have th e 
grea test effe ct on power req u ireme n ts. 

T o be of assista nce in choosin g th e 
correct size of implement for a given 
tractor, th e power requirements of 
the till age machines tested by A.M.A. 
are det errn i ned in various condi tions 
and different soil types. The rel a
tion ship of draft versus depth and o f 
draft ver sus speed is determined and 
th e power requ ir em ents are based on 
th ese two rel ationships for a g iven 
soi l type a nd texture. 

INSTRUMENTATIO N 

Obtaining values of draft, depth 
and speed is com plica ted by th e in
ability of a ny tillage equipment and 
tr actor to mai nt ain a constant dep th 
and spee d under field condition s. 
For exa mple, th e depth of ti'l age 
without any ad jus tme n t of the hy
draulic ram will a t times exceed pl us 
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or minus one inch in a rel atively 
few fee t of travel. A single measu re
men t of th e de p th of th e sweep be
low th e grou nd su rface with the m a 
ch ine statio na ry th er efore is accur
ate o n ly for that point a nd ca nnot 
be u sed as an es tima te of th e ave rage 
depth . A somewha t simi lar p roblem 
ex ists with changes in grou nd speed s 
of the tr actor as th e draft vari es. As 
a conseq ue nce it is necess ary to ob 
tain simu ltane ous values of th e draft , 
depth an d speed. This is accomplish
ed mos t easily with appropria te tr ans 
d ucer s an d a hi gh frequency resp on se 
recorder. 

T he d raft tr an sducer employ ed by 
A.M .A. to measure dra ft is the " 0 " 
type using resist ive type stra in gauges 
(4) (see figure I) mounted o n a 
m u lt i-pla ne draft fixture. (3) 

Figur e I. Mult i-pl a ne d ra ft fixture wit h a -r ing st rJ in 
g a uge t ra nsd uce r. 

The spee d t ra nsducer used uy 
A.M .A. to measure forwa rd speed co n
sists of a de. tacho me ter genera tor 
dr iven by a rubber ti red wheel in 
co n tac t with the soil surfa ce wh ich 
p rovides a de. voltage in proporti on 
to th e gr ound speed. 

The dep th transducer (figure 2) 

Figu re 2. Spoke a nd surfa ce se nsing whee ls o f the 
d ep th tra nsd uce r. 
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is a more recent development and con 
sists of a spoke wheel wh ich senses 
the tillage furrow bo t tom and two 
pneuma tic ru bber tires wh ich sense 
the soi l su rface. T he ru bber t ires are 
free to float a t th e so il su rfa ce where
as th e spoked wheel due to sma ll 
su rface con tac t area a nd gTea ter 
weigh t pen et rates th e loose ~o i l to 
the bottom of th e fu rrow. 

T he vertical distan ce be tween th e 
spoke wheel and th e surface wheels 
is the depth of tillage a nd is sensed 
by it strain gauge transdu cer (fig u re 
:l). The transdu cer is a ca n t ilever 

Fig ure 3. De p th sens ing ca nt ileve r b ea m st ..ain q a uq > 
tr e nsd ccc r " 

beam type wit h the gau ges mo u n ted 
on either side of th e beam . Bcn diue 

. . . ~ 

of the beam IS cau sed by d ispl acem ent 
of the spoke wh eel in relat ion to the 
soil surface sensing whee ls. T he signal 
re rci vecl from th e transd u cer is

c 

- re
corde d on an oscill ograph in the mo
b ile laboratory alo ng wi th sign als 
[ro m the elra It and speed transd ucers. 

In 0 reler to preven t th e IV heels fr om 
eit he r opera t ing o n a rid ge or in ;. 
fu rrow, the spoke a nd ru bber rireu 
wh eels mu st mov e la terall y beh ind 
the implement as well , of co urse, as 
in th e direction of tr ave l. To achieve 
this a mechanical osc illa to r mo ves th e 
caster pivot and therefore th e spoke 
and surface wheels back and forth 
across a 20-in ch wid th be h ind the 
im plement as the implemen t moves 
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forwa rd. The wheel d r iving the spe ed 
transducer is used to drive th e osci l
la ting device. (See fig ure 4.) The 

Fig ure 4. Depth and spe ed tr a nsdu cer [ DST). 

depth tr ansd ucer not on ly p ro vid es 
the requ ired n umber of va lues of 
dep th bu t aids immeasurab ly in m ini 
m izin g th e depth varia tion s while 
determi n ing th e relationsh ip of dra ft 
versu s speed . 

CA LIBRATION O F
 
D EPT H T RANSD U CE R
 

Da ta was ob ta ined to det er m in e the 
rel ationsh ip of the actua l depth of 
t illage to that indicated by the depth 
sens ing transdu cer. To correctly in d i
ca te the dep th o f till age th e spoke 
wheel m ust sense the bottom o f ti llage 
and th e su rface wheels must com pact 
th e loose soil to the same height as 
the or ig inal und isturbed su rface. 

All method s of measuri ng th e actua l 
depth of tillage of a cu It iva tor and 
one-way d isk harrow ove r a di st ance 
a re di fficu lt as the ti ll age o pera tion 
dest r oys and di sp laces the original 
soil su r face. Measu remen ts to the ou t
side edge of the im plemen t a re ex
tr em ely diffi cult to ob ta in accu ra te ly 
du e to th e usu al und ul at ion s o f the 
so il su rface . 

A ca libra tio n o f the depth tr ans
ducer was mad e by removing the 
depth sens ing unit from its ca rr iage 
a nd a ttach ing it d ir ect ly to a cu lti 
vator frame. The spoke whee l was 
rem oved and it s frame fastened to th e 
cu ltiva to r so that th e sweeps of the 
cu It iva tor sensed the bottom of the 
fu r row instead of t he spo ke whee l. 
T he su rface wheels were free to fol
l ow the su rface of the unt ill ed gro u nd . 
The -Iep th of till age was th en record 
ed wh ile cu lt ivat ing over a m easured 
distance a nd the av erage depth det er
mined . T h is was repeat ed a t differ ent 
depths of till age. T he depth trans
d ucer was then removed fro m the cu l
t iva tor a nd re turned to i ts own car 
ri age a nd used in the no rma l manner 
over the exa ct same a rea a nd the 
depth aga in recorded a nd the average 

det ermined . T he resu lt s are shown in 
th e bar grap h in figure 5. 
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Fig ure 5. The ca lib ra tion of the dep th t ra nsdu c er 
in d ic a t ing no larg e erro r at t he norm a l working 
depths . 

At de pths over 31j2 in ch es the dep th 
tran sd ucer ind ica ted slig h tly sha llow
er th a n the actua l depth, wh ich is 
du e to th e sp oke wheel not q u i te 
pen etrat ing to the bo ttom o f ti llage. 
At depths under 2V2 inches sligh t ly 
grea te r depths th an the actu al were 
indicat ed . T h is may in d icate that th e 
spo kewheel pen et ra ted too deeply or 
th at th e su r face whee l d id not com
pac t th e till ed so il su fficien tly. T o 
correctly sense th e depth under vari
ous co nd it io ns a nd for differen t 
dep ths, spoke wh eels wi th spokes of 
di ffer ent sizes and weights are re
quired so th at penetration of the 
spo ke to the bottom of tillage wou ld 
be ac h ieved . T he weigh t a p p lied to 
the su rface sensing wheels as well as 
the ir su rface con tac t area cou ld be 
adjus ted to en su re correc t com pac tio n 
of th e loose soil. 

The error, however, wi ll not be as 
large as ind ica ted because th e depth 
det ermined with th e u nit mou nted on 
th e cu ltiva tor is su bject to erro rs no t 
common to the depth tr ansducer. A 
sligh t r idge o f so il beneath o ne of the 
su rface sensing whe els would caus e 
the depth recorded to be a hi gher 
va lue rh an th e ac tua l dep th of ti llage . 
T he depth unit as it is tra iled be h ind 
an implemen t osci lla tes and th er efore 
tends to m inim ize the effec ts of such 
r id ges. I n add it io n, the sweeps on a 
cu lt iva tor a re a lso know n to defl ect 
back in creasing th e actu al till age 
depth witho u t a n increase in the va lue 
recorded . This wou ld not occur when 
the u n it is trailed behind the imple 
men t ove r the t illed g round . 

MEASUREMENTS 

T ypi cal recordings of th e d ra ft, 
dep th a nd speed tran sd ucers are il
lustra ted in figure 6 a nd show a cor 
resp ondi ng chang e in dra ft fo r a 
cha nge in d epth . As an in sta n taneou s 
valu e has littl e effec t on the tractor 
power d ue to inertia of tract or a nd 
im pl ement, the dep th, draft and 

spe ed a re in tegra ted [o r ten- second 
periods . As the tr ace of depth varies 
m ost widely, d ue to irregu la r surface 
cond it ions and fu r ro w bott oms, th e 
signa l is integrated electronica lly (3) 
a t the time of recordi ng. T he period 
o f integra t ion is marked on the cha rt 
a nd the sim ultaneou s integrat ed 
values of. draft and speed a re d et er
min ed afte r recording is com p le te d . 

CURVE O F " BEST" FIT 

I nd iv id ua l va lu es of draf t, spee d 
a nd depth d o not provid e informa tion 
for pred icting accu ra te ly the p ower 
requirem ents for a given depth of til
lage and fo rwa rd speed . T h is is be
ca use of th e va r ia t ion in sam ples n or 
ma lly enco u n te re d in sa mp ling. The 
va r ia tio ns a lso m ake i t impossib le to 
m ake a com pa rison of power require
ments of two differ ent implements 
under id entica l co nd itio ns. It is neces
sa ry th er efore to de term in e the rela 
ti on sh ip s of dra ft , depth a nd speed 
and q ua lify these rel ationships by a 
test fo r sign ifica nce. 

The norm al method o f relating th e 
dat a ob ta ined would be to determine 
a m u ltiple regr essio n in clu d in g no t 
on ly draft, depth and speed bu t soil 
textu re and ma ch ine typ e. T hi s may 
be ei the r linear or curvilinea r depend 
in g' on the cha rac ter istics of the data 
ob ta ine d . . 

T he multiple linear regression m ay 
be represented by the gen eral eq ua tio n 

VI = a + b 1X, + b2X2 + bJX J 
+ b4 X 4 + + bp XP. 

(Go u lden) (2). W here VI represents 
draft; X l' depth ; X 2 , sp eed ; X J, so il 
textu re ; a nd X 4 machine type. Other 
fact ors not investi ga ted but wh ich 
could be incl u ded as independent 
vari ab les affec ting d ra ft , a nd 'en te re d 
in to th is gen eral eq ua tion incl ude soi l 
type, soil densit y, so il moisture con 
tent, m achine ch aracteristics su ch as 
sweep a ng le and li ft, a nd orga n ic m a
teri al co nta ined in the so il. If th e 
data in d ica tes th at th e regression .is 
non -lin ear the ge neral eq ua tio n cou ld 
be wr itt en in sim plest [arm as 

X , = a' + f2 (X 2 ) + f J (X J )+ I, (X 4) 

+ t p (X p ) (Ezekia l) (1) 
where X , is the dependent varia b le . 

T he ca lcu la tio ns ne cessary in hand 
l ing mu ltip le regressio ns a re q uite 
ex te ns ive a nd more in volved th an 
handl ing a ll eq ua tion wi th a single 
indep endent variable . The ca lcu la
t ions becom e more in voJved wh en 
non -qua ntit ive indepe ndent variab les 
suc h as machine type are incl uded 
and succesive appro xima tio ns are reo 
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quired to obtain the best fit. (Ezek 
ial) (I) The inclusion of two or more 
independent variables qui ckly points 
up the ne cessity of a high sp eed digi
tal computer to handle the calcula
tions . 

The instrumentation d e s c rib e d 
above m ade it simple to hold constant 
either of the two major independent 
variables, speed and depth, and thus 
determine the draft while varying the 
other independent variable . This pro
cedure was then utilized to provide 
data for two sim p le linear regressions, 
each in corporating a different inde
pendent variable . 

Y' = a + bX I 1 
where Yl = draft and X, depth 

and Y' = a! + b1X
2 2 

where Y' = draft and X 2 = speed . 

The best possible lo cation of the 
regression line for the p oints is ob
tained by the "method of least 
squares". (Ezekial and Sn ed ecor) (1 
& 5) 

The eq ua t io n to determine the re
gression coe ff icie n ts a and b as ou t
lined by Ezekial a nd Snedecor (I & 5) 
are as fo llows : 

b=	 ~ (XY)-nXY or b = :s (x y) 3 

:s (X2) - n (X)2 :s (x2) 

where ~X = sum of all X values 
~Y	 = su m of all Y values 
X = mean of X va lues 
V = mean of Y valu es 
x = deviation from mean 
y = deviation fr om m ean 

and a = Y - bX	 4 

Since there is dispersion of the 
p oints plotted (fig ure 7) a p ossible 
error ex is ts of the posi ti on of the 
straight line. The standard error of 
estimate may be calculated for selected 
values of depth or speed u sing the 
equation b y Ezekial (1): 

aY l	 = V a y1 2 + (ab yx X)2 .. 5 

where ar l standard error of mean 
of estimated re gression 

ab YX standard . error of 
r egression coefficient o r slope 

x .= deviation fr om 
the mean value. 

The tru e regression line will fall 
between the range (93 times ou t of 
100) if twi ce th e standard error (2a YI) 
is plotted a bo ve and below the ca lcu 
lated re gression line. figure 7. 

'When com p a r ing the linear regres 
sions of two different machines the 
limits or erro rs of the regressi on line 
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Figu re 6. A typical osc il lograph o f d ra lt , dep th a nd speed illustra t ing a cha nge in dr a lt for a ch a nge
 

m de pth.
 

must be cons idere d before it can be rived . (I n most tests, this speed K , 
concluded that differ en ces shown are is cho sen at or ne ar '1 mph.) There
signifi cant. The ov erlapping of the fore, a t a higher or lower speed it 
range limits indicate that differences m ust be corrected to all o w for th e 
shown are not too reliable and could ch a nge in draft d ue to a change in 
be du e to chance. If the range limits, sp eed . The correct ion fa ctor is o b
howev er, do not ove rla p, a very good tained from eq ua t io n (2). The re
cha nce ex ists (93 times out of 100) g ress io n coeff icie n t b ' is the increase 
that differences sh ow n a re real and in draft for ea ch m ile per hour in
not clue to chance. crease in speed, an d this amount 

m us t be added or su btracted from 
A similar regression to that shown equ ation (1) for each one mile per 

in th e figure is als o plotted along hour cha ng e in sp eed fr om speed K. 
with th e range of standard erro r for The equation for horsepower be 
draft ve rsus speed . The two linear co me s : 
regressio ns of draft versus depth at Horspo wer = [a+ b (de p th in. )
a co ns ta n t speed and for draft versus 
speed a t a constant depth can then 315 

+	 B (speed mph-K)] [speed mph]be co m b ined to calcul ate the horse

power fo r a given dep th a n d speed 375
 
using the eq u a tio n :
 

[a+b (X,) +bl (X ?- K)1 [X 2 ] 

375
H orsepower = Draft x speed (m p!.V 

375 = aX 2 + bX ,X2 + .- 2b 1X} b IKX 
-----3 75- ----- 

= yl X X2 6
 

375
 Th is method of co m pu ting horse
The n by substituting in the equa po wer from the tw o linear re gressions 

tion 6 (a + bX I ) from E qu ation I for o b ta ine d is correct o n ly if the regres
the Y' in the above equation the sio ns o b ta ined actuall y a re the best 

fit for th e valu es o bta ine d a nd th at 
HP = [a+b (dep th in .)] [spe ed mph] n o inte raction occurs be tween the two 

375 in dependent variables. That the best 
or = [a+b (X ,)] [X 2 ] 7 fit m ay not be linear for the entire 

ra nge of depth (0 to 5 in ches) and for375 
speed (0 to 6 mph) is evi den ced by 
th e low value o f th e co ns ta n t "a" 

Since eq ua t io n ( I ) co n ta ins only wh ich a t 0 in ch es of depth would be 
depth a nd not speed it is valid o n ly at mu ch less than th e rolling resistance 
the speed (K) at whi ch it wa s de- of the machine. H ow ev er, linearity 

22
 



is app ro ached by that portion of th e 
regressi on for th e values of speed and 
depth in th e range normally used in 
tillage opera tions, namely 2.5 to 4.0 
inches deep and 3.0 to 5.0 mph. The 
extensi on of this regression would not 
be reliable beyond th e range of th e 
values which wer e employed to deter
mine the regres sion. 

This horsepower equation can then 
be utili zed to construct a nomograph 
(Figure 8) which will quickly give 
th e horsepower required by th e im
plement at any selected values of 
till age depth and forward speed. 

,1000 __I 

~ lOOO f--+-
e: 

3 1500 f--+ - I -

" 1. 0 ) . !l !. . O 2:. 5 ), 0 ~ . j. .r.c . 

DE P T H _ : :--:C IiE S 

Figure 7. The best fit line ar regression with the rang e 
of vo ice the stan d ard err o r. 

With the amount of required horse
power known for a given set of con 
ditions it can be determined whether 
or not a given tractor a t th e selected 
ground speed and depth will hav e 
sufficient power to satisfactorily tow 
the implement. Since th e required 
horsepower given in the nomograph 
is the power for level field conditions, 
the tractor horsepower must be grea t
er by a quantity equ al to the weight 
of the tractor and implement times 
the ground slope in percent. If the 
tractor power is taken from th e Ne
braska test data, some allowance is 
required to take care of added rolling 
resistance of the soil as Nebraska 
tests ar e carried ou t on a concrete 
surface. 

CONCLUSIONS 

The determination of th e relation
ship of draft versus depth at constant 
speed and draft versus spe ed at con 
stant depth provides a reli able 

GUIDE TO TRACTOR PQWER REQ UIREME NTS 
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Figure 8. A nom ograph indicating the horsepower f or vari ous depths of t illage and speed. 

method to com pare the draft re
quirements of two or more sim ila r 
implements. 

The power required may be de
termined with a good degree of pre
cision using an equation containing 
th e appropriate regr ession co-effici
ents. 

The simul taneous values of draft, 
depth and speed as obtained from ap
propriate transducers are required in 
order to obtain the linear regressions. 

The depth and speed transducers 
ar e also a necessity for the controlling 
of th e depth and speed. 

The depth transducer, though sub
ject to some error, is in practice much 
more accurat e th an any hand sam p
ling technique because it is capabl e 
of a n infinitely grea te r numher of 
samples. 
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