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agricultural machinery, combine harvesters play a vital role by integrating multiple harvesting processes
such as cutting, threshing, separating, and unloading into a single operation. However, most conventional
combine harvesters rely on hydraulic and mechanical actuation systems for controlling their primary
functional units, including the header, threshing, and unloading mechanisms. Although these systems are
well established, they are often characterized by relatively high energy consumption, complicated
maintenance requirements, the risks of hydraulic oil leakage, and performance degradation under prolonged
field use.

In recent years, pneumatic actuation systems have gained attention in various agricultural and industrial
applications due to their advantages, including simpler design, lower weight, faster response time, no risk
of oil leakage, and reduced operational costs. Studies such as those by Johnson (2023) and Grybos$ (2024)
have reported significant energy-saving potentials for pneumatic systems compared to conventional drives
in different industrial settings. However, the use of pneumatic systems in combine harvesters has been
limited, and there is a lack of comprehensive research evaluating their performance under real field
conditions, particularly regarding durability, energy efficiency, and operational reliability.

This study was conducted to design, develop, and evaluate a pneumatic actuator (air cylinder) system as a
substitute for traditional hydraulic and mechanical systems in combine harvesters. The main objectives
were:

To reduce energy consumption and operational time during harvesting.

To improve the reliability, uniformity, and responsiveness of the drive system.

To assess the durability and maintenance costs under real working conditions.

To evaluate the economic feasibility of implementing pneumatic actuation in grain harvesters.

Materials and Methods

The study was carried out on a New Iran model straw combine harvester manufactured by Sabz Abad
Hegmataneh Company in Hamedan Province, Iran. The field experiments were conducted on the Ehsan
wheat variety.

The research followed a multi-stage approach comprising conceptual design, 3D modeling, dynamic
simulation, prototype development, and field testing. Initially, a complete 3D model of the pneumatic
actuation system was developed in SolidWorks 2018. Dynamic simulations, including analyses of
displacement, velocity, acceleration, and force analysis under varying loads, were performed using MSC
ADAMS. The prototype was then integrated into the combine harvester to replace the conventional
hydraulic and mechanical drives of three key units:

The header unit for height adjustment,The threshing unit for concave clearance control,The unloading
system for operating the auger pipe and grain discharge.
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The experimental design was a randomized complete block design (RCBD) with three replications and
three treatments: pneumatic, hydraulic, and mechanical drive systems. Key performance indicators
included:

Energy consumption (kWh) measured using flow and pressure sensors,Unloading time (s) recorded using
a stopwatch,Threshing efficiency (%) and uniformity of power transmission measured under field
conditions,Durability (h) tested under dusty and humid environments,An economic evaluation of initial and
annual maintenance costs.

Statistical analyses were performed using IBM SPSS Statistics 26, employing independent t-tests and one-
way ANOVA followed by Duncan’s multiple range tests at a 5% significance level.

Results and Discussion

The experimental results revealed that the pneumatic system significantly outperformed the
conventional hydraulic and mechanical systems across all major performance parameters.
1. Energy Consumption
The pneumatic system consumed only 12.3 + 0.8 kWh, representing a 23% reduction compared to the
hydraulic (15.9 £ 1.1 kWh) and mechanical systems (16.4 + 1.1 kWh). Similar energy-saving benefits were
reported by Boyko and Weber (2024) in industrial pneumatic drives, indicating that air-actuated systems
inherently require less energy due to the absence of continuous fluid pumping losses typical in hydraulic
circuits.
2. Unloading Time
The unloading time of the grain tank decreased significantly from 54.3 + 2.0 s (hydraulic) and 55.1 £2.1's
(mechanical) to 39.2 = 1.5 s for the pneumatic system—a 28% reduction. Faster unloading allows for
reduced combine downtime and improved field capacity, which is crucial for large-scale grain production
systems.
3. Threshing Efficiency and Power Transmission Uniformity
Threshing efficiency reached 91.0 £ 2.2% with the pneumatic system, compared to 84.5 + 2.5% for the
hydraulic and 82.3 + 0.3% for the mechanical systems. The smoother motion of pneumatic actuators
minimized vibrations and shocks, reducing grain breakage and ensuring more uniform power delivery to
the threshing drum.
4. Durability and Reliability
Durability testing under harsh field conditions (dust, moisture, and variable loads) showed that the
pneumatic system maintained stable performance for 1200 operational hours, while the hydraulic and
mechanical systems deteriorated after 930 h and 850 h, respectively. Reduced wear and the absence of
hydraulic oil contamination were key contributing factors to the extended lifespan.
5. Economic Evaluation
The initial cost of the pneumatic system was 17% lower than that of the hydraulic system, while annual
maintenance costs were reduced by 35%. The absence of hydraulic fluids, filters, and frequent servicing
requirements resulted in significant long-term cost savings, making the pneumatic system economically
attractive for farmers.
6. Effect of Field Variables
ANOVA results indicated that grain moisture content, threshing drum speed, and combine forward speed
significantly influenced grain losses (p < 0.05). However, under optimized operational settings, the
pneumatic system consistently exhibited lower grain loss and better performance than conventional
systems.
7. Simulation Insights
Dynamic simulations in ADAMS revealed that pneumatic actuators provided smoother acceleration
profiles, reduced peak forces during start-up, and minimized mechanical shocks. These findings align with
those of Dettu et al. (2023), who reported similar benefits in precision agricultural machinery using
pneumatic controls.
Collectively, these results demonstrate that pneumatic systems not only improve operational efficiency but
also enhance machine reliability, reduce environmental risks associated with oil leaks, and support the
broader goal of sustainable agricultural mechanization.

Conclusion

This research confirms that integrating pneumatic actuators into combine harvesters can significantly
enhance energy efficiency, operational speed, durability, and cost-effectiveness compared to conventional
hydraulic and mechanical systems. Key findings include:

A 23% reduction in energy consumption,A 28% decrease in unloading time,Improved threshing efficiency
(91%) with reduced grain losses,Extended operational life up to 1200 hours,A 17% lower initial cost and a
35% reduced maintenance expenses.

Given these advantages, pneumatic actuation represents a promising alternative for next-generation
agricultural machinery aiming for sustainability, cost reduction, and improved productivity. Future studies
should explore hybrid pneumatic-hydraulic systems and incorporate advanced control algorithms, such as
fuzzy logic and machine learning, to further optimize system performance under diverse field conditions.




&y

S$329LS gl S0

'\

2717-4107 : Seuig i1 L
https://jam.tabrizu.ac.ir :4 ,&5 o5 yo f%m'&

i dar gl OME S0 g o9 oo ddxd g oucugS g0 srusly (giluilel
ol S S o

. - \ .
DR iy b N ZAES ¢ 165595k g, VF¥/e2IYA 1edl o &,
u‘),l‘ - u‘m - L».».w ‘_,’159.1 ali.i;.;lo - L.S))?L""‘S oascislo — W}.u (5..@;\.‘.@{0 05; —Ya\

E-mail: m.jaberimoeaz@basu.ac.ir  :Jgius oo 3

ol

o lbos 1yl Glojse (Lol g Jatnd 32 09Me U 05 125 (00 51,8 00lisianld 90 (6559l iy 5o (Alisko (il
39 Db o3l S bl pr T8 50 (5390 4 11 .50 )5 i Ay 58 SBLS 5 (590 5t SRl c Jgmarmo g i 58
S S 0 s g 3lloly g (215 (B9 (] 53 el (LS Al g 0uiagS g0 vy alos il 0 il (L
GBS (5 ol s 85 5 omi525 338 3 30 (SSeiln 3 oKl ked (GBS e (33l lie s (Selagia) 50l
so9do (Byb Jold Gudizni .92 ac 30 Ll yil )0 (pylaeS” Lol CodslB s L )1 9 5, Sos oy (1381 (55 1 B o
HIdle 6 b 5rkl sosls Jdxigay 35 MSC ADAMS iz 50 (6 jlawdn—is SolidWorks 3810 5 b gomsd—uw 53w Jow
CS 0 gaalgi GLacnleS 695 p (R lojl (pl 09 pusS 45 )30 53 (Sluwe (39051 9 (Shulejl diged e lw Culedyo 9 IBM SPSS
L Lodls .09 ylams! 18y 00liianls ygo puiS .o ploxil ylued (L] yo 2819 (] plgw Joo g5 o5 (9 LuoS) aibioSd ST juw
ol Cel g0l Sl oolaswl aS ols ylis g bs cadud Jodod' o 9 Calid g1 yiogi ) 9 g (20 Ldd K 51 colaiu
4l YA & 4l OF 1 OBE (350 s (ylo ccmiara oid (Sl youd s b dmus Ui 50 1S y220 (65 331 & yico Y.
Sgute (AY) (StilSo o 43 Conmndd 45" 0 Lak £QY oyl 0 43 9y JULSI (3519555 codingS Az lg 3 .oy (YA Liaals)
3,555 Celaw IWer U Cugby g L g0 )5 Layl o 40 60L K> (98 ,Shos yor Job a5 310 yLid plgd (i o] .l  oawgmanxo
g dalgl 4y 30 1 63Ul 13,1 ol 51 oy 1 5l el ABe 3 (Sl Aig05 45 oy e B sl
Ay 428 )5 Azt (£ gazro 0l AL YD Sguar o Al (5 IaieSS 4l 38 9 0091 yiaS L1V Sy A 3L
290 bo) 9 G55 (29748 0 oo (IME Cils (2 LS ilito (sLruslg 53 (0l S I oo i (5 5 BTN

95,550 5SS sy ja bl g oliws ude pos a8

® @ This is an open-access article under the CC BY NC license OPEN
@ (https://creativecommons.org/licenses/by-nc/4.0/) ACCESS
BY NC


https://portal.issn.org/resource/ISSN/2717-4107
https://jam.tabrizu.ac.ir/
https://orcid.org/0000-0001-8354-1184

v a5 g 00085 9,0 slaazly (g5ludl ol

L Seeas BB s Shoe 5 ks o) dgute «( SlSe (5925 B e
sl sl 5l sl

oS A SIS opslataniz (sla il Lulul laliaS
e a5 5 59,5 M (insS 3i5 ¢g)0 Slilos gy j5ba
a1y .(Hansen, 2022) wws oo plovl a2 LSO & jsmoay [ als |y
JU! i allis av g 03,5 oz 4 )50 o 1) Jo—azmo 5,
laz &5 ol oo oS Wy 4 Jo—ame (e 1383 o0
(Amberg, 2025) 5,.5 o & y90 ades laly oS

©yg—ets Jolaie 0abygS ad g ouiagS daplieS ST 0
iloas >1b (lgo b (5,970 sl pnles ;) 0nis 31 (slaslgil
69,85 (Fbe Srdend bng Joame 0ddF s )3 &5
Solas oasS idu JB1s 4 gl (5o )5 L wlazs S )13 eangS
oS il g oailaz 0uiygS as lawgd LAl e 05D 0
Guo et al., ) &S5 o 5,5 ol oaussS Gl bl o lbadlw oz
(2025a

Seilogiy, (Lo Lo g b0 - -)

Ol Cad g s, (S 995 o (S YU aly e s Ll
.(Johnson, 2023) (5,545

L8 1o g 5Lwoslel gt 4 5Ls es3 5! by 003k iulas
.(Bisen & Timos., 2022) jgu yaS 45  Sisly 9 (55 Casbs, g

19,0 aslg-V-Y

L Ladadlone 0,5 Ja8 L aysly audas aiile S lS >
JyaS 5lesla il .(Amberg, 2025) !l plesl JB Sologsy
Wang et al., ) gy sle Slidss o0 Solagn ool

el ol Lt 9> s (2025

ToussgS usly -1 -v

Slp bl o5, s uue uL.?:.o.a wi.:_MGLQ)L.LLgl)?
S Oleas b o i b9y 9,5 a3k Jro So— a5

.(Parson & freeman., 2023) 548 o0 dpogs

Mgl aslg ) -F
Sailagy comlin 5 3,15 W 525 4 L0 gl ool <5 >
by g oo LB b ardss dlg (ot a5 5L Ll e
y o9dle .(Davidson Richard, 2024) 55— slxil g0l slaS>

3 Unloading

doddio =)

L 0T Camdl o8 il sl e slosion 51 K2 535S
9 Somexr Gl s 4 ldé Gl oy 4 g, (Lol 4 axy
S o e olisl ol il 00 IS0T i 5l i (S5 o8, s
Kheiralipour, 2022a: ) ¢l 05T 8,50 ol 0§ jae 4o
b gyy0l—aS oldes sl oplplo «(Kheiralipour, 2023
I3 o Jyame 3,Shae il ot 45wl gleisFey
Ll ol o (Kheiralipour, 2021a) ol zelS Jascedan
S8 )09 pokateds (55)slaS i sla i jo et 5,
G2l 5 et odle b ol (59,2 )] (s S5 5
OBl g s e el cow liles gl Glejoas
(Kheiralipour, 2022b: Kheiralipour, 2021b) 15,5 Jsaze

g oo Dgmae (65,9185 Sl etle (2 Ste 5l leS
el 5 Sllae Jrpad Jodo 0 e 05 )0 cage (B aST 2
Azad Bakht &Vahedi ) aiiS o W] Jo—ame cils 4t jo
VAF . aos Sl 51 L8 B 9,045 slopleS (Torshizi., 2021
9 TP S 5 OBl aS1 09925 09290 55k )0 (ery las o
Shahpasand et ) sy ISt o5 Jlal g &l )iy ole5 cwlio
Sy a5 el il LSS (5 p5b 5,055 (leaS o)l (al., 2009
N yamma S e 5 2lion wlmay JalS Ly il
Jrted i (oS el iled ctils YL o Shoe L) (65
ape el g Sty p ol yo (p92ad o by Sllee
(BehrouziLar et al., 2006) 545 0 sl 5

o lyen Dby g O el yo (Sbla> (65955 (65 S
056l 3 Emwl 039y Gl 5l g Glwld )5 (59, i M
Pl b a8 cbls dalys s (gl Slej (5,5L8S 535
oas 4385 15 Jlains ol i el g 5,0laS 2o 5 Byo o
S S oy dl e o 5 55liaS O Jol> > ys il
el (ligme Logmatu SIS g olS (538 j0m) Sluls daoliws
I 5l G 2B oIl il (a5 g ails  SoSd (Cailo 5l
2558 s 53 Jgame 7o Lol azeiys Sl )0 ) Jsuame
Haji Agha Alizadeh & ) 5455 0 Jol> )];,5LiS oS sl )0
.(Sepehr., 2022

30 S e (e i ool wl Sl sla L (o

SH ((Sgraee sla sy alea sl oME cBls py slanleS
057 @izl JrsS s soladlely sl (ol S2) 00,28 sls
4230 90 S i 5 (95 (50 ,3) 0disS ((U) 9,0 a>lg
B 9zmed (blie Wl oo (et iz Sl 48515

! Header
2 Threshing



8 VEF Lo/ ¥ o)lad Ve 0,90 1055 ,5LaS (gl 5lSe 43

e bz g glillan )l

Gudiod ol 50 ooliiwld yg0 g o5y LS —Y S
Fig 1. The threshing combine used in this research

Sinlo3T g1yl Jolpn Y-

32 (oS 595 2 0l ey ol Sl gl al 5o
Golalely slp ol S dw uzmen g ol oolawl ((5ige
5 Hled Glosis ol sl (pleeS iy (o Lo a0 sl
s B ] e i Ko B 3 508 U R 3
Oy g (29 Bk 3l en b i 5 esi S Basb 5l oo
Lreial 5o 00,5 el olSiss (6,Shos (slastalejl s 5 <85
9 St Siludde (oogie (Ll Jold (oS 5 slagty,
S S e i (Gomdes Jow laml ol oolanul (g3lwans
e (330,85 > SolidWorks 2018 l3sle 5 o (sl
ools .ai plxl MSC ADAMS e o 55, (g5lwdnds
GsS olely 9 (6551 Bran (e als Gl )5 JLad el
IBM SPSS ,l38le 5 5l (s le] (slaosls Jdowigas o5 (gl . oiog
s O,Slos 5 leo awslio jelaiedy i oolanwl 2025
wile pleasls jo (SO (Sdgyae plees 5 (Seilosny
e € gl S SIS 5 5 ey 55 By
UGREISPAERNC S T NYRFCRIO §PNNE PP
Sorb Sy g il Susb) wilyn o) Glize Jalge S
20,5 o oolaiwl Jaame Slal i 0 ((pleS

lejl z b -Y-F

5 Sged «SSlegn) S e s Sl (o) p jelitens
Oley gl Bpan ol (bS53 ,Shae sla el (Sl
5 duko poc g plod woainsS dly 0 gy Jl oSG adss
o eolatwl cawlio ‘_g)LeT C).Io )'l Jyaze olals

oilesl gk -Y-F-Y
o b7 olas JolS slaS'sh )b B s lagialel 0

Ll €plaab 08, paiS s )50 50 )55 s 5 (S 200 i) Hlos

3RCBD

3 St 3 Jomamme Cuadw p (b9, i Sl malS ()l
.(Hansen, 2022)

Wang et al., 2024: Dettu et al., 2023: Zhang et al., )
slejaulin) Solegsy slocS e 1 oolazwl a5 wisls +yLas (2025
G R ;5 03154 «55,3laS YT edle jo (ol S b goly
anie w0y Bl xSl sl GleS s LS (e
3 stlnasgas Ll ls Sl ine & Canmd (S5SL 5 5
Bge sl (nlple )00 3529 551 033k 5 Glys S k)
2 Slegy 9gaze 9 )5 b (60 pod (Lol O j50a y?’“‘“’
Wloadss,l3F Lol iyl

oeals wlnls mals 5 OMe Clloy j0 (5y50 40 il
O3 s sld sl esliinl dapliaS Sl asd 5 (6 IS slaan jo
Gesb 5| Coslme (Fogll ialS 5 ol 55,5088 5 Soslesy
e el 35 e ol 5 et 5 S ien o B
s (salllas polaied; (gob ) lidizg 485 O j90 sla o)
Lol sccnl oalsplonil o157, 05940 (55,5LaS (slocyuiile jo Sislogsy
b o slagnld o Shoe )| b alad, o slasllln 55T
Sty cw)p lpls (el 48,5 O 50 Silegty el
10,0 D900 Soiloghy laptans 4 jeme slainleS 0 ,Slee
S xS e o) 3l 5 Bae Calnli
oS 3 S 5 (Sges oS e (Sl plaea

e M oy

o gy g olgo =Y
oo laiwl )90 Lg‘}e‘ 9 u.o.wLo -

il Sl alaS olSass Sy 3l s ol plodl gl
2 &9 ol Gileinbes 5,8 cale plplss Jae oM
ame Jsamoysbots paliaS ol () USS) 0 eoliul (han il
9,0 sloaly slslel) (sl (Sdg em - (Sl S oo s
Slogty S s b ghy (nl o 45 39 4SS g oS
el gy 050 ol slizl s 5 Sl

Jsarme JUSl pcs 5 (3p sloasss Jols 1(a8) 959 w21y
Ll Al

Sl g slailynl oS Jall touiygS Wb g oulagS g
PRGN W

795> ol 9 43S g jle ils (35 Jal 1ils anlii ualg

..)5..\

! Independent t-test
2 One-way ANOVA



v a5 g 00085 9,0 slaazly (g5ludl ol

63 S I o ot Al 5 Jg0,8 - ¥ -7
(Silogay)

9y° u\.'>|3 -7

ool S jleslanal b gy3 wxly o Slos (12 5k50 )90 595
(ASABE, 2022) 555 s 4ruslxa ) ala,

Fj=Pa.Aj )

o) a8

(N) ok S Lawsgs 0us)ly (55,5 Fj

(pa) S& QMUML slso jLis :Pa

(M%) Sz (gt S3o g Aj

90 9>y &8 > (gl 3l 9390 oylgd -V-7-¥
oadsosly lad 9,0 axly &S, gl jLisyge Gl ¥oakl, jo
(ASABE, 2022) ¢l
Pc=Fj.vj )
:Qi 4o as
W) iz 90 (SlSe o5 P
MV/S) 4,0 dsd &S > sy V]

owiygS wlg-Y-7-¥

Voakal, boplhs (232 ln p¥ jslisS wansS el ol
(ASABE, 2022) 554 o damle

Td=Fr.rd D)

ol e as

N.m) plys 59, ,tzs Td

N) Jpaze Cuglio 59, FT

m) plys gless xd

ShigS Cenglile y Ads (gl 5L 0 90 ol -T-7-F

Gl oadosls lis B oalal, 5 oly ol deslxe ey
(ASABE, 2022)

Pd=Td.wd )

1ol 0 a8

W) a5 sl 3Lisse o5 Pd

rad/s) plys slaygly oo o :wd

dwleo O alaly 5l oaisgS plyo oS > gl ool S (59,00
(ASABE, 2022) s o

Fjack=Pa.Aj ()

(S b (Sl) salls (ples S S5 2 0 O
Lolyd ) plojen jsbd Seilesn piuss 4 eome (pleS S g

85 8 gesl 950 el

Losls e -Y-T-Y
28 g Sl e K g w23 b 35l Bras O
3,5 Eud pegs S Ladss ey 0
5| g osls cud b plss 5 g JEDl SHeS O
S S ol jeme sy g )LES S
2P Sloshar g (oo 09z )lez Bisb ) Jpame Sl O

el g, -T-T-T

JLQ).S J.!a.:)‘ 1..\3.3‘ 04&6)5"& LgL:eoob gua>LM; gL 6‘)‘3 o
0931 L) il ly (Kem o (Shigg,mls 9031 L) e oo
AL gy (09!

awlio slp 48, ANOVA by Jodod s ©
b ] Sl

3931 51 dp <0.05) 05 o sixe jlos a5 (63 )lge 0 O
og,S wglas b ol oolatwl SSlo og, 4 b pnSle duslio

&bl l58le 5 -Y-T-¥
IBM SPSS Statistics ,l58le 5 b b Jd>igayjo0 4 lS ©
s 53 OriginPro g Excel b 55 b IS5 o b loges .o alxsl26

SR

lizebs g -Y--2

W0 5 alol sy 0 Lol

R CE SEPFCIVWES B 4
S>) (Sbegi sloyaidew oo S Sl (g5lailely (sl

g eSS awgi 00,88 (clgp .0y0 )8 oolawl L P oI5 Lad L (ol

b, Shos o1loils g o> 1)b -¥-0

alold pudais gl (ol S c0aiygS axly yo bl ouge ol v
36 6l 6ol S cadss azly 100000 )5 Cal 0uissS AS 5 odisS
128, )5 & S gl S5 5 5 S 4l 08 At 5



v VEF Lo/ ¥ o)lad Ve 0,90 1055 ,5LaS (gl 5lSe 43

e bz g glillan )l

Silogiy o & Sloc gaosls -) Jgus
Table 1. Pneumatic system performance data

(i s o
el Sl SHoue ol
Parameter Mechanical  Hydraulic Wind
system system system
S5l S pan
consumption
)
© 62 54 39
Discharge
time
(1) StasS Hlendl,
Threshing 82 87 91
efficiency
[eljo
) 850 1000 1200
Durability

SS9y g (S lapius b anslie ;o 50k i
BUBSSS VA & BFP-X\ FIPCEVEWIS P~ St NS SUEPIR AP SL IR Y ovs
w‘ A.JLUM.QU /YA J‘.f" 44.17L: QLG) 9 °‘>9€ ‘5&.]5)..\.’.‘.% W
aS a8l ol 7Y @ gob Sl eolawl b asS lensly
il oyl o pRaie 8 iy (JAY) (Sl plimms 4 Zod
Sl o Slee 28l gy el VYoo b (g0l i <3 plgo

ke
) (Seiloghy s Sl (gl g (a0 0 y5kaiods
o925 5l eoliiwl b aosls ¢ S/ Sy ,0up (sla gt 5 (50
ad,S a0 /00l laaesl adS )8 (g)ls e e S0
5 OSSP a3l B —an o Shos il

Sl oalools (L3 ¥ Jgaz ;o dube yes

eilee) (pbeoS 0 ySlos G a3 Ll A le Jgur -V Jour
(Lo G il £

Table 2. Comparison table of combine performance
indicators (mean =+ standard deviation)

s '&n .
&9 y5los oL s R PIPPRWS - .
. N - Mechanical
Performance Wind system  Hydraulic system
index system
&5l S pan
(kWh) 08+12.3a  1.1£159b  1.1£16.4b
Energy
consumption
s ol
® 1543922 2.0+54.3b 2.1455.1b
Discharge

time

Nl o a »‘5 _*_?_é

i Gl 5l M 3,5 ail (sl oY (Slesh g9
(ASABE, 2022) coul saisosls oylis # alal,y jo adss

Fe=mg.g+Ff *)

:d)] 0 as

N) e (55,5 wils sl ko y90 JS (59,5 Fe

kg/s) asl o oo Jaie oHé p > Mg

A m/s?) il 5 ol g

N) Hgmilo] jo  Slasl Coaglie :FF

adss gl 3L 9y90 olgi -Y-7-F

(ASABE, 2022) cul o0 o0ls 5Lt ¥ alayl, 4o olsi ol
Pe=Fe.ve )

ol e as

(M/3) jgmils] ;o e &5 > Cas s VE

00y glgn 3 -¥-7-V
O A ddasly o (Silosty slaSx (sl o3V sls (b2 o>
((Sampo, 2021) el saisosls

int'" )

ol e as

M5) 3o )90 slse ooz e Q
M) S> S x> :Vj

oley axlg o laay o slass

(8) o,8les ylojane it

g8 yguo yaoS 3L 8590 ylgs = ¥=F-A
Cewl 0ol ools lid A adal) o les ol Qo)ﬂ Cewd 4 0975
(Sampo, 2021)

Pcomp= P:—f “)

ol e as
(W) 192 ygu ;005 g5 Pcomp
a3 yeS (5293k MC

o 5 ol -

L i S ySbos glrosls -¥-)

3 JwLoj_g DA% 5O i o ,Slae gloodls V' Jguz jo
oabosls las (Silse 5 Sy e slapiwaw b OT s lio



o ad5S g 00055 15,0 slaaly (glail ol

—— Sl el S 2 Silse
1400
1200
1000
800
600
400
200
,//"\,,
0 B—pp——— '
7 N N ) 7 #
N 9 N ; 2 \7\'3 .r7\ﬂ /\‘L }P J\ )
»* Ps »° M P 7" »F
9 ~ > N N ~ N N
N B c)\\ ) o5 . D Q> B )
\$~2~ 3 ,\f X > K '
S 5 s {’ 7 '
> 5
s o (65 5l B pan 8 Slae gl g bl Judow - S

Fig 2. Statistical analysis of the performance results of
energy consumption, discharge time, beating uniformity
and useful life
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Fig 10. Acceleration of the unloading unit versus time
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