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Abstract. Spring harrows have become widely used for surface tillage. A significant disadvantage of wide-level
harrows is the unevenness of the loosening depth. The new design of the spring harrow with a parallelogram
suspension of the working section copies the field microrelief to ensure a uniform loosening depth.
The purpose of the study was to check the compliance with agrotechnical requirements of the spring harrow
with a parallelogram suspension of the working section. To compile the mathematical model of the working
section motion, use was made of the Lagrange equations. As a result, the authors determined the main adjustable
technological parameters that affect the traction resistance and the depth of tillage. To verify the agrotechnical
indicators, the authors designed a prototype of a spring harrow with the following adjustable parameters:
the angle of the spring teeth (30°, 60° and 90°) and the force of the compensation spring unit (4, 6, and 8 kN).
The wide-level spring harrow consisted of seven working sections with a width of three m and five rows of teeth
with a pitch of 610 mm. The sections are attached to the longitudinal bracket of the frame by two pairs of rods
at the front and rear of the frame. Field tests were conducted in the forest-steppe zone of the Southern Urals. Soil
type was ordinary chernozem and heavy loam. During the tests, the depth of tillage, traction resistance and force
of the adjustment spring block were measured. The traction resistance of a spring harrow with a working
width of 21 m ranged from 19 to 45 kN. The average soil ridge after harrowing amounted to 3.4 cm, which
meets agrotechnical requirements. Experimental studies have proved that the proposed harrow design satisfies
agrotechnical requirements: it provides good soil crumbling at a tillage depth of 2 to 10 cm, stability of operation,
and uniformity of loosening depth.

Keywords: wide-level spring harrow, traction resistance, tillage depth, traction resistance of spring harrow, soil
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AnHotamms. [IpyxuHHbIE OOpOHBI MOMYYMIHM IIMPOKOE PACIpPOCTPAHEHHE NPU MOBEPXHOCTHOM 00paboTKe
nouBbl. HepaBHOMEPHOCTH ITyOMHBI PHIXJICHUS SBIISETCS CYIIECTBEHHBIM HEOCTAaTKOM IIMPOKO3aXBATHBIX OOPOH.
Pa3paboranHas HaMu KOHCTPYKIHSI TIPY>KUHHOM OOpPOHBI ¢ MapauiesorpaMMHON TOABECKOM paboueil ceKuuu
TI03BOJISIET KOITMPOBAaTh MUKpOperbed most U 00ecreunBaTh paBHOMEPHYIO ITyOHHy pbixyieHus. VccnenoBanus
MPOBE/ICHBI C IEJbI0 TPOBEPKH BBINOJHEHUS] arpOTEXHUYECKUX IOKa3areneld padoThl NMPYKUHHOW OOpOHEI
C mapajuieJIorpaMMHON MojiBeckoi pabouei cekuimu. OCHOBHBIE pErylIUpyeMble TEXHOIOTHUYECKUE MapaMeTphl,
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BITUSIIOIIIE HA TATOBOE COMPOTHBICHUE M ITyOHHY 00paOOTKH TTOYBBI, ONPEIEISUTUCH C IOMOIIIBIO MaTeMaTHYECKOM
MOJIEJIU IBMKEHUsI pabouel CeKLUK, COCTaBICHHON Ha OCHOBE ypaBHeHUH Jlarpanxka. [TomydeHs! 3aBUCUMOCTH
TSTOBOIO CONPOTHBIICHUS U IIIyOWHBI PHIXJICHUS OT PETYIHPYIOIUX MapameTpoB. [l OLIEHKH BBIIOIHEHUS
arpoTEeXHUYECKHUX TPpeOOBaHMIT ObLT N3rOTOBIICH OMBITHBIN 00pa3ell Py XKUHHOM OOPOHBI, B KOTOPOM C TIOMOII[BIO
BHHTOBOTO MEXaHM3Ma PETYIHPOBAIICS yYroJI HAaKIIOHA MPYKUHHBIX 3yOheB (30°, 60° u 90°) 1 MEHSUTOCHh YCHITHE
0710Ka KOMIICHCHPYIOILUX NpykHH B auanazoHe 4...8 kH. IllupokozaxBaTHas mpy:KHMHHas OOpOHa COCTOsIIA
u3 7 pabouux ceKiuii mupruHor 3 M u 5 psaamu 3yOseB ¢ marom 610 mm. CekiMu KpensiTest K MpooiIbHOMY
KPOHIITEIHY pambl ABYMs MapaMH TSI B IepenHed U 3aaHell ux yactsix. [loneBble ucnbITaHUs MPOBOAMINCH
B JilecocTenHoi 30He FOxHOTO Ypana. Turt mouBsl — 4epHO3eM OOBIKHOBEHHBIN TSHKEIBIN CYyIITMHOK. B mporiecce
UCIIBITAHUH 3aMepSUTUCH TITyOrHa 00paOOTKH TOYBBI, TATOBOE COMPOTHUBIICHUE U YCUIINE OJIOKA PEryTMPOBOYHBIX
NpPYXHUH. YCTaHOBJIEHO, YTO TATOBOE CONPOTHBJICHUE MPYKUHHOM OOpOHBI Mpu IIMpuUHE 3axBara 21 M
BapbupyeTcs B nuanazone ot 19 no 45 kH. Cpenusisi rpeOHUCTOCTD MOYBBI OCIE MPOX0ia OOPOHBI COCTABISLIA
3,4 cM. DKCIlepIMEHTaIbHO J0Ka3aHo, YTO IpeiaraeMasi 00poHa OTBEYAET arpOTEXHHYECKUM TPEOOBAHUSIM:
o0ecrieunBaeT XOpollee KpOIIeHHWe TOYBBI NpU TiyOmHe 00pabotku or 2 a0 10 cMm, ctabmibHOCTH paboThI
¥ PABHOMEPHOCTb [TyOWHBI PHIXJICHHUSI.

KuiroueBble cj10Ba: MIMPOKO3axBaTHAS MPYKHHHAS OOPOHA, TATOBOE COMPOTHUBIICHHE, TITyOHHA 00paOOTKH ITOYBHI,
TATOBOE COIPOTUBJICHUE MPY>KMHHON OOPOHBI, IPEOHUCTOCTH TOYBBI, KOIIUPOBAHUE MUKPOPETbeda MOUBbI

Jass murupoBanus: Illenenés C.JI., TposinoBckas W.I1., Ilsraes M.B., Illanonkuna E.B. WccnenoBanue
IIMPOKO3aXBaTHOM MPYKUHHON OOPOHBI € MapajuiesIorpaMMHON TTIOJIBECKOM paboue ceKIuu / ATponHKeHEpHsI.
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Introduction

Harrowing is a prescribed technological operation
used to conserve soil moisture, crush the soil, level
the background and distribute crop residues over the sur-
face of the field [1-4]. Spring harrows have found wide
application in the cultivation of agricultural crops. They
are effectively used for loosening and leveling the soil,
weed control, incorporation of mineral fertilizers and dis-
tribution of straw over the field surface [5-7]. Straw dis-
tribution is of great importance in No-Till technol-
ogy [8-10].

Wide-level spring harrows have advantages over tra-
ditional rigid-type spike-tooth harrows. They have a large
number of technological adjustments, cultivate soil with
different agricultural background conditions and provide
higher unit productivity. The disadvantage of wide-level
spring harrows is the unevenness of the soil loosening
depth. This drawback is explained by the poor adaptabili-
ty of the spring harrow section to copying the unevenness
of'the field relief [11].

The uniformity of the soil cultivation depth depends
on the width of the section and the method of its at-
tachment to the implement frame. Spring harrows have
a significant working width (21 m and more) for better
tractor loading in terms of power. However, increasing
the operating width significantly reduces the quality
of soil cultivation due to uneven uniformity of deep-
ening the spring teeth [12-13]. The method of attach-
ing the working section to the frame is particularly
important.

Our analysis of the designs of wide-level spring
harrows has identified the following types of fastening
of working sections to the frame (Fig. 1) [14]:

1. Fastening the working section with chains.
The advantage of this method of fastening is good copy-
ing of the unevenness of the field surface microrelief.
The disadvantage is the lack of impact on the vertical
force of the soil-cultivating section. It is used on the
BPG-24 spring harrow. However, the versatility of this
machine is considerably lower due to the impossibility
of making technological adjustments.

2. Single-hinged attachment of the working section
to the frame (fig. 1b). This method of attachment used
on the Morris and BPG-24.3 spring harrows allows chang-
ing the angle of attack of the tooth. However, the hinge in-
creases the transverse unevenness of the processing depth
and limits the possibility of technological adjustments.

3. Rigid fastening of the working section. Limitation
of movement in the longitudinal vertical direction is car-
ried out using loops to ensure a step change in the angle
of attack of the teeth. This type of fastening is used on the
spring harrows BZGT-8 “Pobeda”.

4. Fastening with a four-link parallelogram mecha-
nism implemented on the SolomMaster-21 spring har-
row (fig. 1d). The parallelogram mechanism ensures
good copying of the field relief by the working section.
However, the operation tests showed significant oscil-
lations of the front and rear edges of the section frame
during operation. The harrow also features exces-
sive raising of spring teeth when passing over depres-
sions and excessive deepening of spring teeth when
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overcoming microrelief elevations [15-16]. This reduces
the quality of soil cultivation.

In addition, the diagonally arranged compensating
spring is not adjustable in this design. This harrow be-
longs to medium-type harrows used mainly for straw
distribution, as its name implies.

To eliminate the previously mentioned drawbacks,
the design of the harrow section with parallelogram sus-
pension was developed [17, 18] (Fig. 2).

The working sections of the experimental harrow
are positioned by means of two pairs of rods 4, pivotally

chain

ps X ]

hinge

AN

b)
-r_‘l ; i—i Z N )
parallelogram
mechanism

5 ARRN

Fig. 1. Methods of fastening the working section to the frame:
a— using chains; b — single-hinged; ¢ — rigid fastening;
d —on a parallelogram mechanism with a transverse spring

Fig. 2. Sections of a spring harrow
with parallelogram suspension:
1 — frame; 2 — bracket; 3 — compensation springs;
4 —rods; 5 — spring strut angle adjuster;
6 — working section frame; 7 — spring teeth.
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fixed on the longitudinal bracket of frame 2. This techni-
cal solution ensures stable operation and uniform depth
of soil cultivation.

Additional adjustment of the inclination angle
the spring teeth may change the depth of tillage up
to 10 cm. We propose a screw-type regulator that uses
the principle of a jack. One end of it is attached to the
frame of the section and the other end is attached to the
tooth support tubes. The screw mechanism changes
the regulator length and provides the movement
of the spring teeth hangers, thus changing their angles.
Such mechanism provides smooth (instead of stepwise)
setting of teeth angles in the range from 30 to 90 de-
grees. The proposed heavy harrow can be used not only
for straw distribution, but also for soil loosening.

The reciprocating movement of the working section
frame is independent of the harrow frame movement.
This technical solution ensures that the spring teeth copy
the unevenness of the soil surface. Uniform soil tillage
depth is the main agrotechnical indicator of quality soil
tillage during harrowing.

The research purpose is to check the performance
of agrotechnical indicators of the spring harrow with
a parallelogram suspension of the working section.

Materials and methods

Based on the Lagrange equation, we developed
a mathematical model of motion that allowed us
to identify the main parameters that influence trac-
tion resistance [19-20]. To check the compliance with
agrotechnical requirements, a prototype of the working
section of a spring harrow with parallelogram suspen-
sion was also manufactured (Fig. 2) and field tests were
conducted.

During field tests, we measured tillage depth, traction
resistance and force of the adjusting spring block.

Mathematical model of motion

Let us consider the forces acting on the working sec-
tion of a spring harrow during soil cultivation (Fig. 3).

Fig. 3. Scheme of forces acting on the working part
of a spring harrow with parallelogram suspension
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Let us describe the forces acting on the working section:
— components of the external force R from the ground
side on the spring tooth:

R =nRcos(a—m/2) 0
R =nRsin(a—n/2),
where o — the angle of setting spring teeth to the horizon-
tal, degree; n = 5 — the number of spring teeth installed

on the working section.
— elastic force of the adjusting springs is equal to:

F, =ch, )

where ¢ — spring stiffness, kN/m; h =2/ ,sin(¢/2)—
spring deformation, m; ¢ — inclination angle of the rods, deg;
[ , — length of the segment ab on the inclined rod (Fig. 3),
defining the point of attachment of the spring on the rod.

— gravity forces:

G, =gm; G, =gm,, A)
where G, m,— weight and mass of the inclined rod; Gz’
m, — weight and mass of the frame with spring teeth;
g=9.81 m/s, — acceleration of gravity.

The system has one degree of freedom. Under
the action of forces, the inclined rods perform a rotation-
al movement, and the frame of the working section with
spring teeth performs a translational movement. If we
take the angle ¢ of the inclined link deflection as a gener-
alized coordinate, the equations of motion of the working
section can take the form of [21]:

)0 @)
dt\ 0¢
where @, ¢— generalized coordinate and generalized
velocity; O — generalized force, N; 7 — kinetic energy
of the system, Nm.

The kinetic energy of the system is equal to:

2 2
T=¢2(2”1%+m2—fJ, 5)

where ¢ — the angular velocity of rotation of the inclined
rod, 1/s; R, is the length of the inclined rod, m.
The generalized force takes the following form:

F l
Q=Rrsin(p(Rx —Z—“bj+choscp(Rz —2gm,—gm,). (6)

Substituting everything into equation (4) we
get the equation of motion of the working section
of the spring harrow:

2 2
2q,)(2m]Rr N m,R’ j _
3 2

F,
= Rrsin(P(Rx —7”} +R,coso(R, —2gm, —gmy,), (7)

where k =1/, /R 1is a design parameter characterizing
the location of the attachment of the compensating springs.

FARM MACHINERY AND TECHNOLOGIES

Analysis of the solution of differential equa-
tion (7) allowed us to identify the main control param-
eters of the working section that affect the traction re-
sistance of the working section: force of compensation
springs F,, and the operating angle of spring teeth relative
to the horizon o (Fig. 3).

The traction resistance of the entire spring harrow was
determined [22, 23]:

R,=nR +G,f, 8)
where R~ the traction resistance of one working sec-
tion, kN; G, — the weight of the spring harrow, kN; f —
the coefficient of resistance to harrow movement.

Field tests

A prototype of an experimental spring harrow was
manufactured to conduct field tests. The weight of a sin-
gle working section was G, + G, =3.9 kN. The inclined
rods had a length of R, =1 m and an initial angle of in-
clination of 45°. The experiment was conducted in the
forest-steppe zone of the Southern Urals of the Russian
Federation (Fig. 4). The soil type is ordinary cherno-
zem (black soil) and heavy loam.

Soil moisture at a depth of up to 5 cm was 19%,
at a depth of 5-10 cm it was 27.7%. The soil hardness
at a depth of up to five cm was 1.2 MPa, at a depth
of 5 to 10 cm it was 1.5 MPa. The speed of the machine
and tractor unit during harrowing ranged between 2.2
and 4.4 m/s. The soil was disc-cultivated before harrow-
ing. The spring harrow’s working depth was 4 to 8 cm.

Each working section was three m wide and included
five rows of teeth with a pitch of 610 mm. The instal-
lation of seven working sections on a wide-level spring
harrow provided a working width of 21 m.

The range of  controlled parameters
of the spring harrow was [24-25]: force of the adjust-
ing spring block F,, =4 to 8 kN; angle of spring teeth
to the horizon o = 30° to 90°.

Fig. 4. Machine-tractor unit
with an experimental spring harrow during field tests

Results and discussion

An increase in the angle of inclination of the spring
teeth o is accompanied by an increase in the depth
a of processing of the spring teeth. The processing depth
a increases by 3 cm with an increase in the operating an-
gle of the spring teeth o by 30°.
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Dependence diagrams between the tillage depth
a and the angle of inclination of spring teeth a at different
forces of the compensating spring block £, are shown
in Figure 5. They are described by second-order polyno-
mials with correlation coefficient R = 0.9994.

Increasing the force of the adjusting springs F,, leads
to additional deepening of the spring teeth. An increase
in the loosening depth is characterized by an increase
in traction resistance.
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The relationship between the force of the adjusting
spring block F,, and the traction resistance R, is linear.
A consistent increase in the angle o from 30° to 60°
and then to 90° contributes to an increase in the traction
resistance of the spring harrow by 10 kN. It takes on val-
ues of 20 kN, 30 kN and 40 kN (Fig. 6).

An increase in the processing depth is accompanied
by an increase in the traction resistance of the work-
ing section R . An increase in the force of the adjusting
springs F;, from 4 kN to 8 kN corresponds to an increase
in the processing depth by 0.5 cm. The additional in-
crease in processing depth is on average 1 cm, regardless
of the operating angle of the spring teeth o.

Good uniformity of the working tool movement
in depth has been experimentally established. The tillage
depth varied from 8.7 cm to 9.3 cm at F,, = 8 kN and angle
o =90°. According to GOST 33687-2015, tillage depth
was measured for each section in at least 25 points along
the movement trajectory. The scatter of values amount-
ed to only +3.5%. At the operating angle of spring teeth
0=60°, the depth changes were observed in the range from
6 cm to 6.6 cm, which corresponds to the scatter of £5%.

Good uniformity of soil cultivation depth is due to the
design of the harrow sections, which allows copying
the unevenness of the field microrelief. The average soil
ridge after harrowing was 3.4 cm (Fig. 7). This meets
agronomic requirements, as it is less than the standard
ridge depth for a harrow, which is 4 cm [26]. The small
value of ridging is due to the high looseness of the soil
after preliminary disking.
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=7 e =900
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-~ IV
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Fig. 6. Dependence of the traction resistance (a) of one working section and (b) of the entire spring harrow
on the force of the compensating spring block F,, at different angles of the spring teeth o:
experiment; = = = =theoretical
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Fig. 7. Soil (a) before and (0) after tillage with a spring harrow

To evaluate the degree of crumbling, we introduced
a crumbling factor

K, =22100%,

m
where m — total mass of a soil sample, kg; m,; — mass
of soil fractions up to 25 mm, inclusively, kg.

An improvement in soil crumbling was experimental-
ly revealed depending on the operating angles of the teeth
o.. The proportion of soil fractions up to 25 mm in size
increased from K , =70% to K, =92%, with the an-
gle a increasing from 30° to 90°. Increasing the force
of the compensating spring block £, will further increase
the percentage of soil crumbling.

Conclusion

We have developed a new design of the working sec-
tion of a spring harrow with a parallelogram suspension.
The use of a screw mechanism provides for smooth ad-
justment of the spring tooth angle in the range between
30° and 90°. The parallelogram suspension ensures bet-
ter quality of copying of the working section with spring
teeth relative to the harrow frame due to additional
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We have offered a mathematical model of the work-
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a prototype. The angle of inclination of the spring teeth o,
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of the compensating spring block should change in the
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Field tests of a spring harrow with a parallelogram
suspension were conducted to check the fulfillment
of agrotechnical requirements. It was found that the pro-
posed harrow ensures good soil crumbling at a soil culti-
vation depth of 2 to 10 cm.

The dependences of the traction resistance on the op-
erating angle of spring teeth o and the force of the block
of compensating springs £, were obtained. The traction
resistance of the spring harrow with a capture width
of 21 m varies in the range from 19 to 45 kN. The aver-
age ridge of the soil after the harrow passage was 3.4 cm,
which meets the agrotechnical requirements.
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