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ABSTRACT

Thinning is an important agronomic process in pear production, thus the detection of pear inflorescence is an
important technology for intelligentization of blossom thinning. In this paper, images of buds and flowers
were collected under different natural conditions for model training, and the images were augmented by data
augmentation methods. Model training was performed based on the YOLOv5s network with coordinate
attention mechanism added to the backbone network and compared with the native YOLOv5s, YOLOV3,
SSD 300, and Faster-RCNN algorithms. The mAP, F1 score and recall of the algorithm reached 93.32%,
91.10%, and 91.99%. The model size only took up 14.1 MB, and the average detection time was 27 ms,
which are suitable for application in actual intelligent blossom thinning equipment.

RE
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INTRODUCTION

Under natural conditions, the number of blossoms in pear trees is far more than that of final fruit.
Blossom thinning can save tree nutrients, avoid biennial bearing and improve fruit quality. At present, the
method of pear tree thinning mainly adopts manual operation with mechanical tools, which is time-consuming
with difficulty in controlling the thinning precision. Therefore, an intelligent blossom thinning method is
necessary for the future development of blossom thinning equipment, especially the pear inflorescence
detection algorithm based on deep learning.

With the rapid development of deep learning technology in agriculture, smart agriculture has ushered
in a new era. The mainstream target detection algorithms can be divided into two-stage and one-stage
algorithms according to the recognition process. Two-stage algorithms are represented by R-CNN series
(Girshick R. et al., 2013; Ren S. et al., 2016) and SPP-Net (He K. et al., 2014). This type of algorithm has a
large number of parameters, and has the characteristics of high recognition accuracy but with slow
recognition speed, and usually used for the tasks requiring high detection accuracy. One-stage algorithms
filter the possible detection targets and return the category and classification of them. The mainstream one-
stage algorithms include YOLO series (Redmon J. et al., 2016; Bochkovskiy A. et al., 2020) and SSD (Wei L.
et al., 2016), which have fast detection speed and are more suitable for deployment in embedded devices
but with poor computing capacity.

! Ye Xia, Master Candidate; Xiaohui Lei, Assistant Researcher; Andreas Herbst, Prof.; Xiaolan Lyu, Researcher.
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YOLO has been widely used in the field of target detection because it ensures the detection speed
while taking into account the recognition accuracy. Fan Z. et al., (2022), compared several YOLO algorithms
for the recognition of cucurbit fruits, and the results show that the YOLOvV5 achieved the optimal effect, with
MAP reaching 97.1% and fps reaching 90.9. Yan L. et al., (2022), used YOLOvV4 to study the recognition of
occluded orange fruits on trees, and the results showed that its detection accuracy reached 98.17%,
showing a better effect on lightly occluded targets. Jin Y., (2020), used visual servo technology to identify the
tomato in fruit picking task. The results show that the method can effectively identify and locate tomatoes
during the picking process. Wang D. et al., (2021), used the YOLOvV5 algorithm improved by the channel
pruning method to detect multi-variety apple fruits. The average accuracy of the collected data set reached
95.8%, and the model size was reduced to 1.4 MB. Farjon G. et al., (2020), used Faster-RCNN for transfer
learning and marked the flower information of apple by professional planters to realize the discrimination of
different blooming intensities. The results showed that the model mAP reached 68%, and the flowering
degree recognized by the model was similar to that of human discrimination in the range of 78% to 93%.

The researches above have detected the blossoms and fruits of different crops or trees with various
target detection methods, but there is few related research on the detection of pear blossoms.

In this paper, pear inflorescence was taken as the research object for detection in different
environments based on the improved YOLOvV5s network, to provide a target positioning method for improving
the operation accuracy of intelligent blossom thinning equipment in orchards.

MATERIALS AND METHODS
Image acquisition

The inflorescence data of pear trees were collected from March 10, 2022 to March 30, 2022 in Nan
Jing, China. The pictures were collected in the environment of insufficient light, shadows, and overlapping
occlusions. The data were captured by a smartphone, and the pictures were saved as *.jpg format with a
resolution of 1920*1080. The pear trees in the data collection site were planted in horizontal trellis and the
inflorescence on a single branch was used as the unit. The method of pear inflorescence data acquisition is
shown in Fig. 1. A total of 1566 original pictures were collected from the sample data. The dataset was
divided into 1200 training sets and 366 validation sets. Raw data was manually annotated by LabellMG
software.

Fig. 1 - Pear inflorescence data acquisition
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Data augmentation

Due to the complex shape of pear inflorescence, a data augmentation strategy was adopted for the
original data set to avoid overfitting. The processing program was compiled through the OpenCV library, and
the original data was transformed by changing brightness, rotation angle, adding Gaussian noise, translation,
mirroring, and clipping. The specific data augmentation logic is shown in Fig. 2.

Set the total transformation times and cycle after the pictures are input. In a cycle, each factor has a
50% probability of appearing until the set transformation times are met. The specific strategy was random
rotation of 0 to 70°, random crop of 2*150*150 pt, random Gaussian noise of 0.1 to 0.2, brightness
adjustment from -30% to +30%, random flip horizontally, vertically and on the original spot, 100 pt to 250 pt
random shift in horizontal and vertical directions. In order to save the time for repeated manual labelling, the
program adopts the same position transformation method for the objects that have been labelled in the
original data, so as to directly generate the expanded data containing the annotation information. In the
process of augmentation, the original data were expanded by 4 times, and each picture was subjected to 6
random transformation factors to generate its own quadruple-enhanced data. The dataset after data
augmentation reached 7830 images.

EACH FACTOR 0.5PR

-“f"‘
‘ 2x150x150pt caussian \ XY ORIGIN | =

Fig. 2 - Data augmentation logic

The YOLOv5 algorithm

The YOLO algorithm transforms the object detection problem into a probabilistic regression problem
by dividing the image into a finite number of anchor boxes and continuing to predict the edge box part of
each anchor box. Through YOLO, the category and estimated probability of the target can be directly
obtained, which greatly improves the detection speed compared with the two-stage detection network of
RCNN. The standard version of YOLO can process 45 frames per second in real time, while the smaller,
lighter version of YOLO can process 155 frames per second (Shafiee M. et al., 2017). YOLOV5 uses the
CSPDarkNet53 backbone network on the basis of the original framework. Compared with the DarkNet53
used in the previous version, CSPDarkNet53 can divide the feature map of the base layer into two parts, and
merge them through the cross-stage hierarchy, which reduces the amount of calculation.

13



Vol. 69, No. 1 /2023 INMATEH - Agricultural Engineering

The Neck network of YOLOV5 adopts feature pyramid network (FPN) and pixel aggregation network
(PAN) structure, with strong semantic and localization features. By fusing the two structures, the bidirectional
aggregation of the features of different layers of the backbone network is achieved. The prediction head part
makes predictions by performing probability regression judgment on the generated feature maps of different
sizes using grid-based anchor boxes. The YOLOV5 algorithm organizes the network in a modular way, and
the feature extraction module mainly includes convolution, batch normalization and SiLU (CBS), center and
scale prediction (CSP), fast spatial pyramid pooling (SPPF). The CBS module mainly used in backbone
network consists of the convolutional layer (Conv), the normalization layer (BN), and the SiLU activation
function layer. The residual structure contained in it can increase the gradient value of back-propagation
between layers to avoid gradient disappearing due to the deepening of the network. Finer features can be
extracted without worrying about network degradation. The features of the input image are extracted by the
convolution layer, normalized by the BN layer to speed up the network learning speed, and finally the
features are retained and mapped by the activation function. The CSP_X consists of one CBS and X
residuals, which are concatenated. SPPF first continues to pool one part of the features obtained after the
maximum pooling of the small-sized feature map, and the other part is spliced with the results obtained by
each pooling layer. Then the features are extracted by the CBS module and converted into fixed-size
features. Let the network fuse local and global features of different sizes, and the structure diagram of each
module and the entire network is shown in Fig. 3.

Backbone Neck Prediction Output
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Fig. 3— YOLOvV5 network for pear inflorescence detection

The coordinate attention (CA) mechanism

The attention mechanism is a resource allocation scheme that allocates more resources to more
important tasks when the computing power of the hardware platform is limited. The attention mechanism in
CNN makes the network pay more attention to the information that is more critical to the current task by
assigning weights to the feature maps of different parts, reducing the attention to irrelevant information or
directly filtering irrelevant information, so as to improve the efficiency of the whole network processing task.
Common attention mechanisms are mainly divided into two categories: spatial attention mechanism and
channel attention mechanism. Typical attention mechanisms are SE-Net (Jie H. et al., 2017), DRAW (Gregor
K. et al.,, 2015), which often pay attention to single-feature information, but in specific tasks, it is often
necessary to take into account both attention mechanisms above in order to improve the attention to
effective information.

CA mechanism (Hou Q. et al., 2021) is an attention mechanism embedded in mobile networks,
which can transform any intermediate feature tensor in the network and output a tensor of the same size.
The CA structure first divides the input feature maps into two directions by width and height, and performs
global average pooling on them to obtain feature maps in both width and height directions. Then, the feature
maps in the two directions of the global receptive field are spliced together for convolution, normalization,
and activation operations.
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Then a similar operation is performed, that is, convolve the feature map according to the original
height and width to obtain a feature map with the same number of channels as the original, and then extract
the attention weights in the width direction and height direction through the activation function. Finally,
weighted fusion of feature maps in two directions is performed to obtain feature maps with attention weights
in two directions. The CA structure is shown in Fig. 4.

For the pear inflorescence recognition task in this paper, both channel features and spatial features
are meaningful, so this paper considers introducing a CA module into the network to improve the network's
attention to target information. The specific way is to add the CA mechanism before the SPPF module after
the last convolution operation of the backbone network part of YOLOv5s. Since the input and output feature
maps of the CA module are of the same size, this addition does not change the network structure.

X%-direction attention

= i
fie
- CxHx1 Oxkix1

c ! 1
/ */‘/‘\»7 : :
' '
X4 Avg Pool J '
' '
c ‘ BN -
AN : : Y% direction attention
Non-linear
Y9 Avg Pool N . —
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Residual Re-w'ejght

WxHxC
WxHxC

Fig. 4 — Structure of CA mechanism

Model training and evaluation indexes

The test hardware platform uses a desktop server equipped with Intel® Core E5 V3 CPU, 32 GB
running memory, and 12 GB GeForce RTX 3090 GPU. The image input size is 640x640 pixels, the training
epoch is set to 1000 rounds, the learning rate is initially 0.001, and hyperparameter evolution is used to
dynamically adjust the learning rate through the loss rate of each round to speed up network training.

The accuracy evaluation mainly relies on the indicators of Precision, Recall, Mean Average Precision,
and F1 score, which are calculated by formulas (1) to (5), respectively. In order to distinguish the recognition
performance of the model, the parameter quantity, size and average run-time of the model are also important
indexes for evaluation. The average run-time in this paper is obtained from running on the training platform.

TP 100% M
TP+ FP
where:
P is precision, [%]; TP is true positive; FP is false Positive.
™ 100% @)
TP+ FN
where:
R is recall, [%]; FN is false negative.
AP = I:P(R)dR 3)
where:
AP is average precision of a class, [%].
map = —=~P__ @
N (Class)
where:
MAP is mean average precision, [%]; N is number of classes.
F1=2x xR )
P+R

where: F1is F1 Score, [%)].

RESULTS AND DISCUSSION

In order to verify the superiority of the model that added CA mechanism, a comparative test between
the original YOLOV5s network and the YOLOvV5s network added with CA module (YOLOv5s-CA) was carried
out. The performance indexes are shown in Tab. 1.
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Table 1
Performance indexes of YOLOv5s and YOLOv5s-CA
Precision Recall AP -
Model Class 'S! F1 Score % Paramt_ater Ave_rage Run
% % % quantity Time / ms
Bud 87.33 84.16 85.72 88.54
YOLOv5s 7014617 21
Flower 91.15 89.92 90.53 90.43
Bud 91.54 88.47 89.98 92.36
YOLOv5s-CA 7041167 27
Flower 94.27 93.73 94.00 94.27

Tab. 1 shows that, the precision of YOLOv5s-CA network on the bud and flower object was
increased by 4.21% and 3.12% respectively, and the recall was increased by 4.31% and 3.81% respectively,
while the model parameter quantity was only increased by 0.3%. Compared with the quantity of model
parameters, the precision and recall were greatly improved. In order to evaluate the contribution of CA
mechanism to the network, the visual effect comparison of the two networks was carried out through
gradient-weighted class activation mapping (Grad-CAM). Grad-CAM can convey network attention to the
detection target through a heat map. The higher the heat value, the higher the attention of the network. Fig. 5
shows the heat map of target recognition using Grad-CAM for YOLOv5s and YOLOv5s-CA networks. The
heat of the bud in Fig. 5c¢ is higher than that in Fig. 5a, and obviously reduces in irrelevant background. For
Fig. 5b and Fig. 5d, Fig. 5d removes the attention from the irrelevant background, while retaining the higher
heat for the correct target and the area with high heat is better focused on the correct target area. Therefore,
the network added CA module reduces attention to irrelevant information and increases the accuracy of the
model. It can extract the overall feature information better than native YOLOVS5.

Fig. 5 — Network heat map

a, b represent the attention to buds and flowers without CA attention network;
c, d represent the attention to two types of targets after adding CA attention.

In order to compare the advantages of the model relative to other target recognition algorithms,
general models SSD 300, Faster-RCNN and YOLOv3 were selected for performance comparison. In the test,
the same data set and training platform were used for the 4 algorithms, and test results are shown in Tab. 2.

16




Vol. 69, No. 1 /2023 INMATEH - Agricultural Engineering

Table 2
Performance indexes of different detection algorithms
. mAP Recall | Model Size | Average Run-Time

Algorithm

% % MB ms

SSD 300 81.53 82.76 36.71 25

Faster-RCNN 90.15 86.32 214.65 187

YOLOv3 89.71 87.46 206.36 23

YOLOV5s-CA 93.32 91.10 14.17 27

Tab. 2 shows that the mAP and recall rate of YOLOvV5s-CA network is 93.32% and 91.10%,
respectively, showing higher precision and recall rate than other algorithms. Compared with Faster-RCNN,
the mAP and Recall of the YOLOvV5-CA model were increased by 3.17% and 4.78%, respectively. At the
same time, the model size was reduced by 200.48 MB and the detection speed was increased by 160 ms.
Compared with SSD 300, which is also a one-stage algorithm, the mAP and recall of YOLOv5s-CA were
increased by 11.79% and 8.34% respectively, the model size was reduced by 61%, and the detection time
was increased by 2 ms. Compared with YOLOv3, the mAP and recall of YOLOv5s-CA was improved by
3.61% and 3.64%, the model size reduced by 192.19 MB, and the detection time increased by 4 ms.
Although the detection accuracy of the two-stage algorithm was satisfactory, the detection speed was
significantly lower than that of the one-stage algorithm. Therefore, two-stage algorithm is not suitable for
intelligent blossom thinning equipment. In the one-stage algorithm, although YOLOvV3 has better mAP and
recall, its trained model is large and not suitable for actual deployment. The SSD 300 algorithm has a slight
advantage in detection speed compared with YOLOv5s-CA, but it is almost negligible compared with the
disadvantages of other indexes. In conclusion, YOLOv5s-CA algorithm has more advantages in actual
deployment.

Pear trees are planted in relatively open orchards, and the actual detection environment is complex
and has strong interference. Fig. 6 shows an example of the model recognition of some buds and flowers.
From Fig. 6, it can be found that the model can effectively identify targets with different light intensities,
shadows, occlusions, heterochromatic stamens, and slightly blurred targets.

Fig. 6 — Bud and flower recognition

Although the model can work in most cases, there are many unrecognized cases in the actual
application process. For example, the processing of small targets in target detection greatly affects the
overall detection performance of the model. Fig. 7 shows the recognition effect of the model in this paper on
small targets. When too many small objects appear, the model missed many objects. From the principle of
the model, the reason is that the PAN feature fusion structure of the YOLOV5 network only fuses features of
three different sizes. From the actual test effect, some targets can be detected using the feature fusion
method of the original YOLOVS5, but if these small targets need to be accurately detected, the current model
is insufficient. In order to improve the problem of detection missing of small targets in the network, in future
research, feature layers in the feature fusion network can be added according to the actual detection tasks
and detection heads for small-scale targets in the detection heads of the network can also be added to
improve the detection ability.
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Fig. 7 — Small target detection

Similarly, the image blurring caused by camera performance also has a great impact on the target
detection, as shown in Fig. 8. When the same branch is detected, the camera blurs the distant target and
misses the detection. In the actual detection task, blurring will distort the characteristics of the target to a
large extent, which will undermine the detection effect. In response to this problem, in this paper, Gaussian
noise in the data enhancement part was added to improve the model processing capability. From the second
picture of Fig. 8, it can be observed that some fuzzy targets were detected. However, due to the complexity
of the specific recognition scene, there were still many virtual objects not detected. In order to improve the
problem of detection missing caused by background blur, for future acquisition equipment, professional
cameras without blur function can be adopted for data acquisition and detection to reduce detection missing
caused by background blur.

Fig. 8 — Image blurring

CONCLUSIONS

Thinning is a necessary agronomic section in pear orchard management. It can avoid biennial
bearing and improve fruit quality. Intelligent blossom thinning method is necessary for the future
development of blossom thinning equipment, especially the pear inflorescence detection algorithm based on
deep learning. In this paper, an improved YOLOv5s model incorporating CA mechanism was proposed for
identification of pear inflorescence. It can improve the network attention to the target information and improve
the detection accuracy and efficiency.

(1) A total of 1566 original pictures were collected from the sample data. The pictures were captured

in a real pear orchard environment with ideal conditions and possible lack of light, shadows, and overlapping
occlusions. The augmentation program was compiled through the OpenCYV library, and the original data were
transformed by changing brightness, rotation angle, adding Gaussian noise, translation, mirroring, and
clipping. The dataset after data augmentation reached 7830 images. Through data enhancement, more
possible actual detection scenarios were expanded, and the generalization ability of the model was
improved.
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(2) The results of pear inflorescence test show that the improved YOLOv5s-CA model had a mAP of
93.32% and a recall of 91.10%. Compared with the native YOLOvV5s network, the CA mechanism effectively
increased the network's receptive field for the detection target, so that the network obtained higher mAP and
Recall. Comparing YOLOv5s-CA with YOLOv3, SSD 300 and Faster-RCNN, the results show that the one-
stage detection algorithm had better performance than the two-stage detection algorithm in the intelligent
flower thinning recognition task. Among several one-stage algorithms, the YOLOV5s-CA model had better
mAP and Recall. At the same time, the size of the model was only 14.1 MB, and the average detection
speed was only 27 ms, which is more suitable for use in intelligent flower thinning embedded devices.
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ABSTRACT

In order to improve the level of forage harvester automation and reduce damage, blockage and efficiency,
based on the principle of minimum energy, fuzzy prediction theory and external characteristics of power, the
mathematical model of the whole machine and each operating unit is established, and a set of forage harvester
operating load adaptive feedback control system is designed; in order to make the power more scientifically
and effectively distributed in real-time, the system adopts the simplified algorithm of operating unit efficacy
threshold load splitting optimization control, with constant power and high efficiency. In order to make the
power distribution more scientific and effective in real-time, the system adopts the simplified algorithm of
operating unit efficacy threshold load splitting control to increase the load threshold of cutting and other
operating units under constant power conditions, so that the operating efficiency of the whole machine can be
improved. In the simulation test, the efficacy chopping load threshold ratio is about 1.08:1.01:1 for the three
operation control methods of optimized control, fuzzy predictive control and PID control of the forage harvester,
with 40% of the original feeding amount perturbation applied respectively, production efficiency was
significantly improved.
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INTRODUCTION

In recent years, many research attempts have been made at home and abroad to improve the
automation and intelligence level of forage harvesters, select more appropriate feedback parameters, and
innovate more advanced control algorithms to increase the efficiency and reduce the losses of forage
harvesters, and great achievements have been made (Chen et al., 2020; Chen et al., 2020; Li et al.2019).

Foreign scholar Jim Kruse used the engine load change to characterize the harvester load as a feedback
parameter, and adjusted the walking speed of the whole machine in real time (Jim,1983). Kotyk et al. studied
the load detection and feedback technology of the feeding amount of agricultural machinery, which reduced
the operation power consumption and locked rotor failure rate, and improved the production efficiency (Kotyk
et al.,, 1991). Coen and others used fuzzy technology to build a control framework, and realized automatic
operation of the combine based on model predictive control technology, reducing labour intensity (Coen et al.,
2006). Baruah and others built the mathematical model of the whole machine based on the overall energy
consumption (Baruah et al., 2005); Reddy et al. fused explicit knowledge of design and implicit knowledge of
design intent from the perspective of mechanical modeling technology of intelligent agricultural machinery to
improve the flexibility, adaptability and reusability of the model (Reddy et al., 2018).

Zheng Wang, Ph.D. Stud. Eng.; Qingfu Gong, M.Sc. Stud. Eng.; Fade Li, Prof. Ph.D. Eng.; Ang Gao, M.Sc. Stud. Eng.;
Longlong Ren Lecturer Ph.D. Eng; Yuepeng Song, Prof. Ph.D. Eng.
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Some students of China Agricultural University used digital modeling for high-end complex intelligent
agricultural machinery and equipment to form a digital design technology system platform suitable for typical
agricultural equipment products such as tractors and combine harvesters (Du et al., 2019; Zhai et al., 2021).
Zhang Zhicheng et al. implemented intelligent control of work load based on fuzzy technology and variable
quality working condition, proposed and implemented single-chip fuzzy control technology, which is not
convenient for realizing strong nonlinear threshing drum of harvester when applied to traditional control theory
automatic control of complex systems (Zhang et al., 2001; Ji et al., 2008). Li Guodong studies the constant
speed of work based on pattern recognition technology, to further improve the robustness and discrimination
of recognition. The low rank discriminant adaptive optimization algorithm is also proposed to solve the objective
function and its effectiveness is verified (Li et al., 2007). In addition, Ni Jun applied FPGA design speed fuzzy
controller for specific real-time problems such as large inertia time delay (Ni et al., 2009), and Qin Yun of
Jiangsu University used neural network adaptive generalized predictive control technology to achieve control
parameter output under different working conditions (Zhao, 2009; Dong, 2010; Qi, 2012). However, they are
often restricted by the level of software, hardware and other conditions. In terms of the specific application
effect of the control algorithm for indicators such as steady-state accuracy, dynamic responsiveness and
robustness, some studies can strengthen the characteristics of the controlled object, but are limited by the
number of control parameters of the research object (Yang, 2007); It ensures the dynamic stability output of
the equipment, but the research on the time-delay control problem that may cause sudden changes in working
conditions is relatively insufficient (Rahman et al., 2020; Zakwan et al., 2021; Pan et al., 2010).

Therefore, the integration and optimization of control algorithms has gradually become a hot topic for
many scholars at home and abroad. The literature (EIOT Big Data Lab, 2018) points out that optimization
algorithms play an obvious role in the improvement of operation accuracy, energy saving etc., but the
improvement of efficiency under the adaptivity and high computational difficulty needs to be researched and
broken through.

On the basis of ensuring the effect of the above traditional control algorithm research and application,
this paper establishes the mathematical model and control system design of the whole machine and each work
unit, proposes and implements an optimal control algorithm for reasonably dividing the threshold load of work,
that is, in the control process, the threshold load is divided into zero, the system output is efficiently transferred
from any initial condition to another terminal condition in a limited time, and hierarchical closed-loop control is
implemented (PID, Fuzzy and predictive, etc.). The system output controllability is enhanced, the operation
threshold load is improved, and the operation is simplified and the output value is stable.

MATERIALS AND METHODS
Minimum power distribution model
Forage harvester
The structure of forage harvester test bench is shown in Figure 1.

14

Fig. 1 - Forage harvester structure drawing
a) Right side of test bench; b) Left side of test bench
1. Feeding device; 2. Hydraulic signal proportional valve; 3. Cutting device; 4. Fixed knife and its regulating mechanism;
5. Grain crushing device; 6. Throwing mechanism; 7. Central tube bursting-type; 8. Diesel engine; 9. Motor;
10. Duplex hydraulic pump; 11. Traveling device; 12. Feed roll spring and tension sensor; 13. Frame;
14. Hydraulic flow signal proportional valve; 15. Speed Hall sensor; 16. Pressure sensor of drive belt

Table 1
Main operation technical parameters of forage harvester test bed
Project Parameter

Length x Width x Height / mm 5454x2180x4319

Feeding system belt

Feed inlet width / mm 535

Hobbing cutter rotation speed / r-min-’! 1300

Feeding method automatic straw feeder
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Project Parameter
Crop feeding per unit length kg / (m-s) 5
Cutter roll type and specification Diameter x length / mm Plate type drum cutter 476x560
Moving knife arrangement "V" arrangement
Number of moving knives / piece 16
Moving and fixed tool clearance / mm 1
Slip cut angle / deg. 10°
Minimum working clearance of conditioner roll / mm 1.5
Diesel engine power /kW 103.8
Rated speed / rrmin’’ 2300
Maximum no-load speed / r'min-" 2485+30
Idling / r-min-1 800£20
Maximum torque / N-m 562
Maximum torque speed / r-min-" 1400~1800
Governor type Whole process steel ball
Speed regulation range / rmin-’ 0~2300
Productivity /kg-h™' 17x10% (Fresh forage)

As shown in Figure 1, the forage harvester test-bed is mainly used for silage and yellow storage of
forage. It can complete the feeding and conveying, chopping, crushing, throwing and loading of plants at one
time. Its main operating loads and state quantities include feeding load, chopping roll speed, crushing roll
speed, throwing fan speed, crop loss, crop height, etc. The operation characteristics of forage harvester (high-
order nonlinearity, time variation, large inertia, pure time delay, parameter drift, asymmetry, etc.) are complex.
In order to obtain better control effect, it is necessary to design and configure the automatic control system for
the overall load of the harvester (Ni et al., 2009), according to the actual working conditions reflected by the
load data in the operation process, with the help of real-time optimal control of appropriate operation
parameters. That is, the transmission belt pressure detection system detects the transmission belt load data
in real time during the operation process, and timely feeds back the actual working conditions expressed by
the data to the overall load of the harvester and the crop feeding control system. With the help of real-time
control and adjustment of appropriate operating parameters, the control system realizes further automatic
optimization and adjustment of the quality and efficiency of operations such as chopping, flattening and
throwing, and reduces failures such as rotor blockage, wear and energy consumption, and ensure that the
overall load of the harvester is in the best state for a long time (Zhao, 2009). Table 1 shows the main operating
parameters of the harvester. The rated productivity is 17x103 kg-ht, about 4.72 kg-s1. Since the cutting width
of 535 mm is similar to the effective width of the chopping roller of 560 mm (feeding transverse length), the
crop feeding volume per unit (cutting transverse) length was regularized to 5 kg/(m-s) in the field test.

The composition of main operation units of forage harvester is shown in Figure 2. The figure shows the
specific installation and layout of the modules of each main operation unit of the forage harvester and the
actual sample of the cutter roll of the shredding operation unit. The power transmission system structure of
forage harvester is shown in Figure 3. The figure shows the power transmission system structure of the forage
harvester, which is composed of belt transmission and hydraulic transmission.

s 4 3 2 1

e

Fig. 2 - The main unit of work location and chopping unit diagram

1. Throwing device; 2. Grain crushing roller; 3. Chopping roller; 4. Fixed knife; 5. Upper feeding roller;
6. Lower feeding roller; 7. Chopping bottom arc plate

‘
8 | | | | |
TCE B < */> ( @ A
(DGO
10 11 A8
Fig. 3 - Schematic diagram on drive system for Forage Harvester
1. Hydraulic pump; 2. Engine pulley (largest); 3. Throwing device pulley (largest); 4. Lower grain crushing roller pulley;

5. Upper grain crushing roller pulley; 6. Chopper pulley; 7. Upper feed roller sprocket hydraulic motor; 8. Upper feed roller sprocket;
9. Lower feed roller sprocket hydraulic motor; 10. Conveyor belt; 11 Lower feed roller sprocket; 12. Tensioner wheel

6 5 4 3 2 1
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The overall structure of the forage harvester operation load model is shown in Figure 4.
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Fig. 4 - Load model structure of the forage crop harvester

Figure 4 shows that the main operating loads of the forage harvester test stand are, feeding load,
chopping load, flattening load and throwing load, etc. The engine power is given to the main operating loads
with reasonable algorithmic control distribution.

The functions of the control system are shown in Figure 5.
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Fig. 5 - Functional Block Diagram on Fig. 6 - Forage harvester load control system
structure drawing
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The PID and other control systems of forage harvester operation are designed according to Fig. 5 and
Fig. 6. The information of operating loads such as feeding, chopping, squashing and throwing are collected by
the corresponding sensors and transmitted to the DSP information processing module of the main control
board of the lower computer, and after the overall calculation, the control commands such as speed and torque
are output to the engine through CAN bus to make the operating system run controllably in a stable and efficient
way.
Minimum dynamic model and optimization objective

The power allocated to each operation unit in real time is the minimum, which can be equivalent to the
minimum functional value of the objective function of the rotation angle and thrust of the main shaft of each
operation unit of the harvester (Gu et al., 2011). The objective function and constraint conditions of the rotation
angle of the main shaft of the unit are:

Jues = min Ji(Aax, Af ,5) = z(d;’;" fo,j)Af + dd?/v (foi)Af +s Qs+AaTQAaJ (1)
j=0 ] ]
The constraints are:
st s+ B(ao)Af +ai(s(a)f weao-Ac =U—Bao)fo @)
@ f=fo
fmin/p_fOSAfomax/p_fO (3)

A nin— Qo < A < O mx— QLo
Aamin SAaSAan’m
where, Ji is the index value for the reduction of total power energy consumption of the unit; fo is the spindle

thrust from the previous time's work unit; p is the force reduction factor (Johansen et al., 2004); a is the spindle
thrust angle; S is the spindle thrust error; The | operation period; M total of job periods; W is to minimize
energy consumption; Q is the change rate of spindle thrust; Q is the change rate of thrust azimuth angle of
main shaft; U is the thrust command, and the first order inertia link of the low-pass filter is applied to it. Based

on this objective function model, the dynamic and kinematic equations of each operation module and the whole
machine of the equipment are established respectively.
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The objective function and constraints of the spindle thrust of the work unit are:
min {Ji = f"WF +sTQs} (4)
st. B(a)f =u+s )
fon< <o
Af min < T — fo<AF ma
Where, Ji is the optimal target value of the energy consumption reduction index of the work unit, f is the unit

spindle thrust. Since the thrust azimuth of the main axis of the element o = ato + Acx can be calculated, the
elements in the matrix B(a) are constant. In order to simplify the real-time calculation, U is a unit spindle thrust

command with recursive relationship, so that the constraint conditions B(a)f =U+S are linear equations,

which can avoid errors when the constraint conditions are linearized.

According to equations (2) and (5) below, the cutting operation unit of forage harvester is taken as the
research object, and the control constraints of optimization algorithm are applied to the maximum value of real-
time output of the cutting load division operation section, so as to reduce the load of the cutting operation
system, reduce the energy consumption and locked rotor rate under the constant load, and finally improve the
effective efficiency, where is the real-time load value of the operation; It is the load threshold of each divided
operation segment. Therefore, it is proposed to optimize the control trajectory of the workload as shown in
Figure 7.

Optimized

o x1 x2 x3 x4 Xemax X5 x

Fig. 7 - Schematic diagram of load control trajectory before and after optimization

In Figure 7, PID simplifies the design of the control system, and the traditional PID control algorithm

expression is: u(t) = Kee(t)+ KiEe(X)ix+ KddZEt) . where u(t)is the output of the controller at t time, e(t),

KiJ:e(x)jx v Ka dZEt) are the load control error, accumulation error and error change rate of the shredding and
other operating units at time t respectively; Ky, Ki, Ka are the proportional, integral and differential parameters
of PID control respectively. The fuzzy algorithm can enable the control system to define complex working
conditions or have the strong robustness function of replanning definition and adaptation, and the predictive
performance can eliminate the time delay in the operation process and save the system time to a certain extent.
The above traditional algorithms adjust the control system according to deviation, deviation accumulation or
deviation early warning value, and the internal constraints are small. Modern control is to adjust the
performance of the system by entering and adjusting the characteristic values of the equation of state of the
system, imposing constraints on both internal and external factors. The PID algorithm and fuzzy prediction
algorithm with undivided task threshold load are pre-optimization algorithms. The fuzzy prediction algorithm of
task threshold load segmentation is the optimization control algorithm of this study. The optimization control
goal is that the load and energy consumption borne by the cutting knife with the same feeding amount at the
same time are increased and reduced after optimization compared with before optimization.

Design of the chopping threshold load divider
Fitting and segmentation of engine external characteristic curve

The least square method is used to fit the fifth-degree polynomial of the dynamic characteristic curve,
the equation derivation is used for quantitative prediction and segmentation, and the functional optimal
trajectory algorithm is used.

The method steps are as follows:

Least square polynomial fitting equation of dynamic external characteristic curve. The least square
fitting equation of engine speed torque external characteristic curve is obtained by Matlab:
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f(x)=5.804x10"*x° —4.378x10°x* +1.293x10°x* -0.019%* +14.2x — 3874
f'(x)=2.902x10*2x* ~1.7512x10°x* + 3.879x10°x* — 0.038x +14.2 6)
f"(x)=1.1608x10™"'x* ~5.2536x10°x* +7.758x10 °x—0.038

f"(x)=3.4824x10""x* ~1.05072x10" X+ 7.758x10"°

Boundary value calculation and segmentation. Calculate the inflection point value of the above torque

acceleration equation as the boundary value of the following functional prediction segmentation:
a. Boundary value calculation and segmentation
Calculate the inflection point value of the above torque acceleration equation as the boundary value of
the following functional prediction segmentation:

The engine torque f value corresponding to the positive engine torque acceleration f : ( f 0 = 343.1,
f'0=0); (f1=488.9, f'1=0); (f2=497.3, f'2=0.061); (f3=507.8, f'3=0.122); (f 4 =525.9, f '4 = 0.182);
(f5=562, f’5=0.182).

The engine torque f value corresponding to negative engine torque acceleration f': (f0=562,f'0=
0); (f1=561.6,f'1=0); (f2=555.8, f'2=-0.102); ( f 3=538.5, f'3=-0.203); (f4 = 486.6, f '4 = -0.305);
(f5=343.1, f’5 =-0.305).

Adopt the forecast segmentation method:

The engine torque f value corresponding to the positive engine torque acceleration f’: [343.1-525.9][0-
0.182]; [488.9-525.9][0-0.182]; [497.3-525.9][0.061-0.182]; [507.8-525.9][0.122-0.182]; [525.9-525.9][0.182-
0.182].

The engine torque f value corresponding to negative engine torque acceleration f ' : [525.9-437.5][-
0.305-0]; [561.6-437.5][-0.305-0]; [555.8-437.5][-0.305--0.102]; [538.5-437.5][-0.305--0.203]; [486.6-437.5][-
0.305--0.305].

Regularize the above segmentation into values in the interval [0,1] and [-1,0]:

Forward engine torque f and torque acceleration f’: (x1,x2)=[0,0]; [0.65, 0]; [0.93, 0]; [0.95, 0.33]; [0.97,
0.67]; [1, 1].

Negative engine torque f and torque acceleration f ’: (x1,x2)=[0,0]; [0.20, 0]; [0.28, 0]; [0.27, -0.33];
[0.23, -0.67]; [0.11, -1]; [O, -1].

The power distributed to the shredder roll in real time is the minimum, which is converted into the
minimum index function of the throttle thrust and angle of the diesel engine. The system state equation is set
as: Xl(t)zxz(t) , )'(z(t)z u(t); Boundary condition: the threshold load of shredding is measured through test,

and it is also regular as 1 for convenience of programming and calculation; Initial state of engine torque f and
torque acceleration f: [xi(0), x2(0) ], final state [xa(tr), X2(tr)] -

b. Solution of optimal control trajectories of load functional

The fuzzy nonlinear predictive PID control with task threshold load segmentation is adopted. First, the
shredding load algorithm is segmented and each boundary value is obtained. Then, the time-varying system
is approximately simplified into a linear constant system through the generalized Lipschitz continuity condition
(the minimum coefficient is taken in the test) and spline interpolation function applied in the prediction
algorithm. Finally, the optimal control trajectory of each segment is solved using the minimum energy control
principle. Construction of Hamiltonian function:

The control system is approximately a discrete steady system with fixed and free ends; According to
equations (1), (2), (4) and (5), in order to avoid solving differential equations and singular structural terms,
under the action of thrust reduction coefficient, p etc., to minimize the energy consumption, control constraints

\u[t)\ <1 are taken to determine the optimal control of all output solutions u*(t), and achieve the minimum
energy performance index of equations (1) and (4). It can be equivalent to the shredding performance index:
tr .
Jqdes =L Uz(t)dt =min

Sectional condition, boundary condition and law of variation H (Hu,2007):

X(to)=Xo, X(t)=x, H*(t*)=0 @)
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In order to turn the functional extremum with equality constraints into the functional extremum without
constraints, according to formula (7), the Lagrangian multiplication operator is used to construct the
Hamiltonian function H(x, u, 4, t)=L(x, u, t)= A"(t) f(x, u, t), and the following results are obtained:

2
H =U2+/11X2+/12U= U+Eﬂ,2 +/11X2—E/122 (8)
2 4

which:

iclt" —lczt2 +Cst+C.
12 4

£C1t2—£Czt+Cs (9)
Xz 4 2

1

—(Ct—-C.
Lct-c.)
_8H _6H
L ox.' X 4
where, X1(t) is speed, Xo(t) is torque, u(t) is control quantity, ii € R" is Lagrange multiplier vector, H is

Hamiltonian function, and Cj is undetermined coefficient.
From the minimum condition:

+1, At) < -2
u(t)= —%Az(t), |A:(t) <2

-1, A:t)> 2 (10)

The optimal control is determined by the combination of the optimal trajectory change law and the final

state conditions, so that the forage crops are fed from the known initial state, the equal quality processing is
transferred to the control target set, and the fuel consumption is:

Forward sectional load: J= —W( f)—) min
Segment | boundary conditions:  x{0]=0, X;{0]=0; x{t|=1 x(t)=1;

Segr;ent VI boundary cond.itions: x(0/=0.97, x{0]=0.67; x/t|=1 Xt )=1.
Load of each section in negative direction:
Segment | boundary conditions:  x{0]=0, x;(0/=0; x{t|=0, x(t)=-1;

Segment VI boundary conditions: xl[O] =0.11, x2[0] =-1, Xl[tf] =0, Xz( f)= -1.
After checking the u(tf):%(cltf —C:) of each segment, the conditions of [0,t]and |u(t) <lare metin

the |/12(t] <2 segment, and x. (¢)= Iu* (¢)dt is obtained for each segment; x: (¢)= IXZ* (t) dt optimal
control trajectory equation.

Application of splitter

The structure of the shredding threshold load undivided Kalman fuzzy nonlinear generalized predictive
controller (Fan et al., 2017) is shown in Figure 8a. The structure of the chopped threshold load split Kalman
fuzzy nonlinear generalized predictive controller is shown in Figure 8b. This structure is based on the former
with an optimization control algorithm module.

Fuezy
Centroller

Nonlinear generalized
prediiction algorithm

Nerlirear generalized
prediction algorithm

w0k} Output

AW
' utk) speed
Ineremental Fay <7 Kalman
054 O e
controller
deick
ac(i) -

Control Measuring
nterferen

i roise
I (k) | e intererence

a Fuzzy Predictive PID Control Model b Fuzzy Predictive PID Optimal Control Model

Fig. 8 - Structure diagram of Emmerich Kalman-fuzzy nonlinear generalized predictive controller
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In the optimization control model, the shredding threshold load segmentation algorithm module is placed
between the fuzzy algorithm module and the prediction algorithm module. After the fuzzy shredding load
parameters are input. The output and prediction algorithm modules feedback control the shredding operation
cycle. The function graph lines of each segment after segmentation are shown in Figure 9a, and the optimized

Original load trajectory

trajectory graph lines in slope load control are shown in Figure 9b.
1 Wu,ﬂ'\Wl““
wnrih

x1a*

Ly fIrTm W’H“ Optimize workload trajectory
ok
o 1 2 3 4 5 6 7 0 50 100 150
Time Time

a Function lines of each segment after segmentation b Optimal trajectory in slope load control

Function lines for each segment

200 -150 -100 50 0 50 100 150

Optimal control trajectory diagram

Fig. 9 - Split diagram and control application diagram

Figure 9a shows the optimal control trajectories of each load segment based on the segmentation and
minimum energy principle algorithm, and the linear segments with different approximate slopes. Figure 9b
controls and adjusts a slope load simulation optimization algorithm with random input, and compares the graph
and line conditions before and after the optimization control, showing the control adjustment of the same load
at the same time, which is finally reduced compared with that before the optimization.

RESULTS
Simulation analysis

Under normal operation state, the simulation of steady state and disturbance transient response under
PID control, fuzzy prediction (cutting threshold load is not divided) control, fuzzy prediction (cutting threshold
load is divided) optimization control of forage harvester's cutting threshold load. After the normal operation is
stable for a certain period of time, apply quantitative step and slope disturbance signals to the three working
conditions respectively, detect the response of system parameters to the disturbance, and compare the
operation effects before and after optimal control.
Steady state simulation of PID control, fuzzy predictive control and optimization control

The PID load feedback control system is used to control the cutting threshold load of the forage
harvester. Under the condition of a certain amount of crop feed input, after a long enough time, the steady -
state values of the engine, the feed roll and the cutting roll are detected, and the steady-state control results
are obtained, as shown in Figure 10.

©
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a) Rotation speed of closed-loop feeding roller and crop feeding b) Closed loop engine speed and crop feed
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¢) Rotation speed of closed loop chopper roll and crop feeding rate d) Closed loop population estimation load and crop feeding

Fig. 10 - Steady-state simulation diagram of closed-loop speed

The test results are shown in Figure 10. Engine: when the crop feeding amount is small, the controller
automatically increases the speed of the chopping roll to obtain a larger feeding amount. When the crop feeding
amount is less than 8 kg/(m=s), the engine speed changes little. When the crop feeding amount exceeds 8
kg/(m=s), the controller will gradually reduce the speed of the chopping roll, which will make the feeding amount
tend to keep at the required level for operation. Feeding roller: the rotating speed is basically constant at about
55 r/min; The engine speed is still basically constant at about 1605 r/min; The speed of the chopping roll is
basically constant at about 1295 r/min. Influenced by the real-time evaluation of the overall load estimator in
the model, the feed roll speed, engine speed and chopping roll speed fluctuated during the stabilization
process. See Table 2 for steady state deviation of feed roll, chopper roll and engine speed.
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Table 2

Steady-state simulation deviation of operating unit speed for each model

Steady state Steady state deviation Steady state deviation
Model type deviation of feed of chopping roll speed of engine speed
roll speed (r/min) (r/min) (r/min)
PID control 0.393 5.16 0.23
Fuzzy predictive control 0.340 3.70 0.25
Fuzzy predictive optimal control 0.300 4.33 0.07

The steady state deviation of the feed roll speed, the optimal control<fuzzy predictive control<PID
control; Steady state deviation of chopping roll speed, fuzzy predictive control<optimal control<PID control;
Steady state deviation of engine speed, optimal control<PID control<fuzzy predictive control. The steady-state
error of the overall optimal control is the smallest, and the steady-state error of the PID control is the largest.

PID control, fuzzy predictive control and their optimal control Simulation of transient response to step

disturbance:

Positive disturbance feeding: First, the harvester shall be at 5 kg/(m=s). And then apply 2 kg/(m=s) at
15 s. Feed loaded, test the transient response of the harvester engine speed, chopping speed and feed roll
speed. Negative disturbance feeding: The harvester shall be at 7 kg/(m=s) for stable operation under feeding
of, subtract 2kg/(m=s) feed load, test the transient response of the harvester engine speed, chopping speed

and feed roll speed.

The simulation results are shown in Figure 11.
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Fig. 11 - Closed-loop simulation of step-positive and
negative-disturbance transient response of crop feed per unit length

The torque corresponding to each speed is calculated according to equation (6), and the product of the
load disturbance response time is obtained. The energy consumption of each model for load control is shown
in Table 3.
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Table 3
Speed and disturbance response time of model engines
Chopper roll Chopper roll Chopper roll Cgr(])grplng
Model type disturbance disturbance disturbance consumg);ion
speed (r/min) torque (N-m) response time (s) (104J‘))
PID control 1308.2 535.57 12.2 3.296
Fuzzy predictive control 1292.2 532.85 15.2 3.913
Fuzzy predictive optimal control 1292.4 532.89 11.0 2.575
Energy .consumptlon . Fuzzy predictive optimal control<PID control<fuzzy predictive control
comparison of shredding

According to the disturbance simulation analysis of steady state and positive and negative feeding
loads, in terms of improving the maximum operating capacity, the optimal control>PID control>fuzzy predictive
control; For the response time of disturbance load, the optimal control<PID control<fuzzy predictive control; In
terms of control robustness, optimal control<fuzzy predictive control<PID control; In terms of disturbance
energy consumption, PID control is superior to fuzzy predictive control, and optimal control is superior to PID
control. It can be seen that the optimization algorithm based on fuzzy predictive control plays an obvious role.

Test and result analysis

The test crop is corn straw, and the forage harvester test bench is first set at 2.5 kg/(m=s). After stable
operation for a period of time, increase to 5 kg/(m=s), implement the feedback control of the forage harvester's
operating load, and test the relationship between the steady state and transient responses of the harvester's
engine speed, feed roll speed and the pressure load change of the chopping drive belt, as shown in Figure 12.

X

a) Quantitative weighing of b) Quantitative feeding of corn straw c) Chopping transmission belt
corn straw pressure detection mechanism and
optimal control of processed straw

Fig. 12 - Corn stalk chopping and other work load feedback control experiment

The initial design speed of the engine is 1000 r/min, the initial design pressure of the liquid suspension
jacking roller of the chopping drive belt is 2.04 MPa, the input value of the chopping drive Belt pressure is 3.28
MPa, and the different PI controller parameter input values (Kp, K;) of the control model in different time periods
are shown in Table 4. The operation control verification of the pure mechanical operation, PID control, fuzzy
predictive control, and fuzzy predictive optimization models is carried out.

Table 4
Ko and Ki input values for different time periods
Time [0,18465] [18466,35757] [35758,47102] [47103, 50268]
Control Pure PID control Fuzzy predictive Fuzzy predictive optimal
Ko, Ki (0, 0) (0.72, 0.23) (0.58, 0.14) (0.80, 0.26)

The speed disturbance response of the work unit under the control of each model on site is shown in
Table 5, the steady state deviation of the speed of the work unit is shown in Table 6, the speed change and
response time of the work unit are shown in Table 7, and the maximum disturbance tracking deviation of the
speed of the work unit is shown in Table 8.
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Table 5
Speed and disturbance response time of model engines
Control model Feed roII_ speed Chopper r(_)II speed Engine _speed
(r/min) (r/min) (r/min)
Pure machinery 54.77 798.2 911
PID control 54.83 708.0 906.5
Fuzzy predictive control 54.86 676.4 919
Fuzzy predictive optimal control 54.86 679.1 906
Table 6

Steady-state simulation deviation of operating unit speed for each model

Steady state Steady state deviation of Steady state
Control model deviation of feed chopping roll speed deviation of engine
roll speed (r/min) (r/min) speed (r/min)
Pure machinery 1.368 24.0 8.05
PID control 0.668 26.5 14.22
Fuzzy predictive control 0.892 21.2 16.40
Fuzzy predictive optimal control 1.793 18.6 6.12

Table 5 and Table 6 show that the engine speed under optimal control is the lowest, and the steady
state deviation of the shredding unit and the engine is the lowest.

Table 7
Simulation of operating unit speed change and response time disturbance under each model
Control model Spged variation qf Choppqr roll speed Englpe speeq Response time
feeding roller (r/min) variation (r/min) variation (r/min) (s)
Pure machinery 2.28 67.0 17.1 195.7
PID control 6.62 73.4 17.6 172.1
Fuzzy predictive control 9.55 58.6 13.3 196.5
Fuzzy predictive 14.40 87.6 9.4 129.6
optimal control
Table 8

Maximum disturbance tracking error for model units

Control model

Maximum
disturbance
tracking deviation of
feed roll speed

tracking deviation

Maximum
disturbance

of chopper roll

tracking deviation

Maximum
disturbance

of engine speed

The disturbance
deviation of
engine speed is
more than the
steady-state

optimal control

(r/min) speed (r/min) (r/min) deviation (times)
Pure machinery 0.684 7.97 68.3 8.48
PID control 0.205 5.55 37.3 2.62
Fuzzy predictive 1.792 10.72 235 1.43
control
Fuzzy predictive 0.915 13.34 46.3 7.56

According to Equation (6), the torque corresponding to the chopped disturbance speed and the energy
consumption of each model for load control are shown in Table 9.

Table 9
Speed and disturbance response time of model engines
Minimum speed of Chopper roll Chopper roll Chopping energy
Control model chopping roll disturbance disturbance consumption
disturbance (r/min) torque (N-m) response time (s) (1079)
Pure machinery 728.6 272.3 195.7 1.453
PID control 634.6 139.8 172.1 1.490
Fuzzy predictive control 617.9 110.3 196.5 1.388
Fuzzy predictive optimal 591.5 59.7 129.6 1.382

Energy consumption
comparison of
shredding

Fuzzy predictive optimal control<fuzzy predictive control<pure machinery<PID control
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Finally, the comparison and analysis of energy efficiency between field operation disturbance control
and simulation of each model are shown in Table 10.

Table 10
Comparison of model control performance
Test method Step simulation | Practical Operation
Feed roll speed (r/min) v2=v3=v4 vi=v2=v3=v4
engine speed (r/min) v2<v4<v3 v4<v3<v2<vl
Chopper roll speed (r/min) v2<v3<v4 v4<v3<v2<vl
Steady state accuracy of operation (r/min) p4>u3>p2 p4>u3>p1>p2
Operation disturbance accuracy (r/min) M3>p2>u4 M2>u1>u3>p4
Response time of operation disturbance (s) t4<t2<t3 t4<t2<t1<t3
Feeding tension load (MPa) F3<F2<F4 F1<F2<F3<F4
Energy consumption of feeding roller (J) Q4>Q2>Q3 Q4>Q3>Q2>Q1
Maximum pressure value of chopping drive belt (MPa) P3<P2<P4 P2<P1<P3<P4
Average pressure value of chopping drive belt (MPa) p4<p2<p3 p4<p3<pl<P2
Energy consumption of | Short operation time 04<02<Q3 Q4<0Q2<Q3<Q1
shredding roll (J) Operation duration Q4<Q3<Q2<Q1
Maximum operation capacity (N) N3<N2<N4 N2<N1<N3<N4
Production efficiency (%) M3<M2<M4 M2<M1<M3<M4
Overall energy consumption (J) Q4<Q2<Q3 Q4<Q3<Q1<Q2

Note: 1 - pure machinery; 2-PID control; 3 - Fuzzy measurement control; 4-Fuzzy predictive optimal control

From the above analysis, it can be seen that the trend of field test and step disturbance simulation
results is basically the same. Under the same conditions of other input parameters of each model, when
optimizing control, the maximum value of the pressure of the chopping drive belt increases, which increases
the chopping threshold load. The overall performance of the optimization control system is a good control
performance with the highest efficiency, the lowest energy consumption and the shortest disturbance response
time. The experimental results were in line with the characteristics of optimal control effect and the processing
quality of corn straw was good. However, it was also found in the study that the simulation results in Table 3
showed that the optimized control obtained fuel savings of about 21.9% compared to the traditional PID control,
which theoretically exceeded the 18% already achieved in the actual production of John Deere 8000 series
silage harvesters (Wu, 2021) and 10.6% of CLAAS JAGUAR 800 series silage harvesters (Li, 2021).

However, the field test results in Table 9 showed that the actual fuel savings obtained from the optimized
algorithm control alone are about 7.2% compared to the conventional PID control and only about 4.9%
compared to the pure mechanical operation, both of which are still far less than 18%, indicating that other
aspects of forage harvester research need to be continuously optimized in parallel with this.

Through the above research, it is concluded that: 1) optimal control is the largest and PID control is the
smallest in terms of maximum operation capacity. 2) In terms of control robustness, the operation time is longer,
the PID control is lower than the fuzzy predictive control, the operation time is shorter, and the fuzzy predictive
control is lower than the PID control; The optimal control combines the advantages of PID control and fuzzy
predictive control, and has strong adaptability to the changes of operating load parameters, the fastest
disturbance response, and the best robustness. It tends to be suitable for the control characteristics of long-
term and continuous uncertain load operations. 3) In terms of control accuracy, crops are subject to sudden
change feeding operation for a long time, and the disturbance accuracy of fuzzy predictive control is better
than that of PID control. For short-term slope feeding operation, the disturbance accuracy of PID control is
better than that of fuzzy predictive control. The disturbance accuracy of optimal control still needs to be further
studied and improved. 4) In terms of overall energy efficiency, the optimal control of the shredding unit
operation has realized greater operational capacity (threshold load) of the forage harvester, higher production
efficiency and less total energy consumption per unit operation.

CONCLUSIONS

An optimal control algorithm for reasonably dividing the task threshold load, that is, in the control
process, the threshold load is divided into parts, the system output is efficiently transferred from any initial
condition to another terminal condition in a limited time, and hierarchical closed-loop control is implemented
so that the system output controllability is enhanced, the task threshold load is improved, and the operation is
simplified and the output value is stable.
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The simulation results of PID control, fuzzy predictive control, and fuzzy predictive optimal control
system show that the system disturbance responsiveness and energy efficiency are better than those of PID
control and fuzzy predictive control. The optimal control algorithm can improve the maximum operating
capacity of the forage harvester again based on the original control effect.

Finally, the above algorithms were applied to the forage harvester workload optimization feedback
control operating system, which to some extent made up for the shortage of simply relying on traditional
algorithms to control the workload, and realized the timely and reasonable supply of power required by the
operation units such as shredding. Through the on-site actual machine test, the maximum operating capacity
of the equipment was significantly improved.
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ABSTRACT

In traditional Chinese Baijiu (white wine) brewing factory, most processes were usually done manually. In order
to promote industrial automation in liquor brewing industry and alleviate highly repetitive manual labor, an
industrial robot operating system equipped with machine vision was designed to accomplish caldron feeding
process during the distillation of Chinese Baijiu. Firstly, Modified D-H method was used to establish robot
kinematics model. Shovel actuators and peripheral devices were designed to spread and transport grains
during caldron feeding process. After that, an online detection system based on machine vision and master
computer were designed to control key parameters of caldron feeding process, including grains height, caldron
pressure, robot speed and waiting time, etc. Finally, multiple brewing experiments were carried out on crushed
grains and spent grains. The experimental results showed that robot system maximum working space was
3.15 m, which could feed 3 caldrons at the same time. During Chinese Baijiu distillation, air pressure average
error in caldron was 8.28 %. High proportion of first-class liquor and second-class liquor was obtained, which
met engineering production requirements.

WE

FE FEGEHT FBIRE ), Kb 7 T Z i FEd B aAe N T 55 79 T 082 FIIBBRIE Tl 9 T 1 5 KT s
IR HRANEMIN TG AT T— 1B 35 Bl s A1) LAl LS A B F R GEARE e (] 1 I 75 1
HILERLFE e B SR CH 1) D-H T7i5 X PLas BT A E R il T8 AT LR RIS i 5 1 T L B FE
PR IR . ZRIGTFR THE T PLas 0T i 26 152 0 R R LALHLATXS LB B ) KA 4 #
EEE s BRI [ (T 5 RIa X KA RIS LA T 2 ARG 5L 42 . 44T
REH: FRE LI N R R A LAFZ i 3. 15m, ATJJRIXS 3 T BT L8 TG L FE P R P U
FHIRZEDy 8. 28%. 77 H — IR RN PIE a7 6 LFEAE 2ok

INTRODUCTION

The six major distilled spirits in the world are brandy, whiskey, rum, vodka, gin and Chinese Baijiu (Xie
J. et al, 2022). Chinese Baijiu uses solid-state fermentation and distillation process, which allows alcohol
molecules in the fermented spirits to be distilled and purified. Through this process, flavor substances with
special aromas are preserved intact (Zhang G. Y. et al, 2017). Caldron feeding process, as one of the core
process steps in Chinese Baijiu brewing process, directly determines output rate and quality of liquor. In
caldron feeding process, workers spread brewing ingredients in layers, evenly and loosely inside caldron to
ensure that steam permeates upward from the bottom layer by layer to distill alcohol. Steam leakage or
accumulation during spreading process will affect the quality of Chinese Baijiu (Li Y., 2015).

In traditional Chinese Baijiu brewing factory, caldron feeding process still required a lot of manual work
(Zhang J.S., 2017). The process requires cooperation of two skilled operators, one of whom shovels
ingredients from pile into dustpan, while the other spreads brewing ingredients from dustpan into 3m2 caldron

1) ZhongLing Xia, M.S. Eng.; WeiHan Chen, M.S. Stud. Eng.; Hang Zhao, M.S. Eng.; WeiDong Son,; Prof. Eng.;
Ling Yang, Prof. Eng.; MingJin Yang, Prof. Eng.
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in layers. During the 35-40 min process, workers often have to repeat the shoveling and spreading action
hundreds of times, and the total mass of brewing ingredients handled exceed 2000kg (Yang Y. et al, 2021). In
addition, manual work was also accompanied by poor working conditions and inconsistent quality (Qing Y. H.,
et al, 2020). In recent years, industrial robots based on machine vision have been widely used to meet the
automation and intelligence requirements of intelligent manufacturing. As the field of robotics continues to
expand, it is possible for industrial robots to replace manual labor in caldron feeding process (Jiang W.Y.,
2022). However, the caldron feeding machine on the market still suffers from poor accuracy in detecting the
surface temperature of fermented grains, poor uniformity in spreading ingredients, and difficulty in controlling
path planning and feeding time, etc. (Li L.H. et al, 2018).

In this paper, based on the traditional caldron feeding process and actual working requirements, an
industrial robot operating system equipped with machine vision was designed, including robot arm, shovel
actuator, machine vision system, master computer and control module, etc. According to layout of caldron and
receiving port, the corresponding robot arm type and specification were selected. Modified D-H method was
used to establish robot forward kinematics model. Then, applying Monte Carlo method to calculate robot
working space to verify that the selected robot met caldron feeding requirements. An online detection system
based on machine vision were designed to ensure quality of caldron feeding process. Finally, multiple brewing
experiments were carried out on crushed grains and spent grains to verify feasibility of engineering application
of intelligent robot caldron feeding system scheme.

MATERIALS AND METHODS
Mechanical system
Robotic arm and shovel actuators

The palletizing robot ABB IRB 660 was mainly composed of fixed base, rotary table, large arm, small
arm, gripper mounting flange, joint drive motor, hydraulic cylinder and connecting rod. As shown in Fig. 1, IRB
660 with a 4-DOF parallelogram mechanism had 4 motors, driving rotary table rotation, large and small arms
pitch, and gripper rotation, respectively. The working range of the four rotating parts was shown in Table 1. In
addition, three links formed a double parallelogram mechanism, which was designed to always keep end-
actuator parallel to the ground, so that palletizing robot gripped or placed objects smoothly. The stiffness to
mass ratio of the robot was improved indirectly, then its weight and drive power were decreased.

Small arm

Hydraulic cylinder-7"

Large arm

Gripper mounting flange v | @
D ¢ : 2\
rive motor @
Rotary table
Fixed base !;——

Fig. 1 — IRB 660 model drawing

Table 1
IRB 660 Performance Parameters
Type: 660-180 Max. load: 180 kg Reach distance: 3.15 m Number of axes: 4
Sport performance
Axis 1 Axis 2 Axis 3 Axis 4

Rotation Max. Rotation Max. Rotation Max. Rotation Max.
range of B1 velocity range of 32 velocity range of 33 velocity range of B4 velocity
[’ [*/s] [*] [*/s] [°] [*/s] [’ [/s]

-180 ~ 180 130 -42 ~ 85 130 -20 ~ 120 130 -300 ~ 300 300
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Shovel actuators were connected to robot arm by flanges. Fermented grains entered actuator at A, then
they were transported by a conveyor belt at the bottom of actuator, and finally they spread by dispersing device
at B. As shown in Fig. 2, the size of actuator was 475mm*600mm*400mm.

475

400

600

Fig. 2 — Shovel actuator model

Peripheral Institutions

Peripheral Institutions were equipped with cache hopper, fermented grains operating platform, closed
cooler, auto-turning lid, auto-turning caldron, discharger and transfer conveyor. The 3-D diagram of system
was shown in Fig. 3 (a), and physical diagram of system was shown in Fig. 3 (b).

Transfer conveyor

Discharger

Robotic arm Cache hopper

Closed cooler
Auto turing lid

Auto turing caldron Fermented grains operating

(a) 3-D diagram (b) Physical diagram
Fig. 3 — Caldron feeding system

Control system
System device

The control system mainly included IPC, robot controller, PLC (Siemens, S7-1200), demonstrator (ABB).
Machine vision system included ultrasonic rangefinder, 3D camera and infrared thermal imager, etc. IPC was
responsible for receiving data from others to coordinate entire workstation. S7-1200, as the main motion control
device, interacted with the robot via the profinet protocol. Ultrasonic rangefinder feeds detected distance data
back to IPC or PLC to adjust the height of caldron feeding process. Three caldrons shared a common machine
vision system, and inspection device was fixed on stand, which could rotate above caldron respectively. The
machine vision device and spatial layout of caldrons were shown in Fig. 4(a). The installation height of device
was 4.5m. As shown in Fig. 4 (b), the outermost feeding radius of caldron Rrma.x was calculated by:

V2L, +D,
2

Rirac = (1)

Where:

Rrmax is max feeding radius, [mm]; L. is the distance between caldron, [mm]; D, is the inner diameter of
caldron, [mm]. Rfmax is 3.06 m.
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3200
<———————— Machine vision device
? Caldron A Caldron B

- By
1950 % Ultrasonic rangefinder

4500

Daqu
1800

I
=
=l Infrared thermal imager
! | 2 a

(a) Machine vision device and spatial layout of caldrons (b) Bird’s view of caldrons

Fig. 4 — Machine vision device and layout of caldrons

Master host
During caldron feeding process, master host controlled robot operating parameters. Main parameters

included total height, layer height, current layer number, chain plate velocity, robot velocity and waiting time,
etc. Auxiliary parameters included time for stopping feeding in advance and adjustment times. Minimum,
maximum and stable air pressure in caldron could be adjusted by master host. In addition, master host
monitored running status of robotic arm parameters, such as feeding cycle status, robot power status, shovel
actuator coordinate position and manual operation interface. The cooperation of manual operation interface
and teach pendant could replenish fermented grains at air leakage area after feeding. The flow chart of control

system was shown in Fig. 5.
Start |

‘ Receive start command

Initialize device

Load parameters

| Receive fermented grains Move to set position
‘ Height detection Temperature detection

Scrape fermented grains }7

‘ Spread fermented grains Update data

‘ Reset parameters }4—{ Stop caldron feeding }4—

Fig. 5 - Control system flow chat

Check device connection

'

Caldron feeding process completed

No

RESULTS

Motion model
According to above the analysis of palletizing robot IRB 660, a simplified structural diagram of robot

was shown in Fig. 6 (a). 1, 6> and 65 are rotation angles of rotary table, large arm and small arm respectively;
L, Ly, L3, Ly and Ls are lengths of waist, large arm, small arm, wrist and actuator link, respectively. Using
modified D-H method to establish 4-DOF robot coordinate system, as shown in Fig. 6 (b), where ¢;=300mm,
a>=1280mm, a3=1350mm.

38



Vol. 69, No. 1 /2023

INMATEH - Agricultural Engineering

7, th

(a) Robot structure diagram (b) D-H coordinate system

Fig. 6 - Robot structure diagram and D-H coordinate system

Forward kinematics was applied to solve posture of actuator in Cartesian space through the value of
movement or rotation of each joint of robot arm. According to Modified D-H method, a homogeneous

transformation matrix i'liT was used to represent transformation from coordinate system i-1 to i. The i'liT
was determined by (Rong S. L. et al, 2010; Craig J. J. 2006):

co, -0, 0 a4
i—li-l- _ sbca;, cOco, —sa, —Sa,d 2)
sOsa;, cOsa,, Co, Ca
0 0 0 1

where c6;= cos(6)), s6; = sin(6;), ca; = cos(q)), sa; = sin(a;).

According to Fig. 6 and Table 1, robot modified D-H parameters were listed in Table 2.

Table 2
Modified D-H parameters
Joint i aiq ai1 di 6 Range
1 0 0 0 61 -180° ~180°
2 /2 an 0 62 -132 ~-5
3 0 az 0 63 20° ~160°
4 0 as 0 64 -62 ~ 63

When data in Table 2 were substituted into Eq. (2), the homogeneous transformation matrix between
four coordinate systems were expressed as:

c -s6, 0 0 co, -s¢, 0 aq
o7 = s§ c6 00 o 0 0 -1 0
10 0 10| ? |sB, c4 0 O
0 0 01 0 0 0 1
C : @)
co, -s0, 0 a, cd, -s¢, 0 a
) s¢, ¢, 0 0], sg, c6, 0 O
T, = T, =
0 0 1 0 0 0 10
| O 0 0 1 0 0 0 1]

The homogeneous transformation matrix of the end link relative to base coordinate system was defined
as:

T, =TT, T,°T, (4)
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CCus €Sy S G (al 856, + azcz)
o-|-4 _ 5104 S8 G 51(a1 T80y + azcz)
Sy Coa 0 83573 T 8,5,
0 0 0 1

where s234=sin(0;+0:+03), c234=cos(01+0:+0s3), s:3=sin(0:+03), c23=cos(0:+65).

In addition, the positional relationship between shovel actuators and end link of robot was plotted in
Fig.1. The posture matrix of shovel actuators was expressed as:
CCpy —CSp S G (al +85C, + azcz) +260
o7 = $1C S5 G S, (a1 +85C, + azcz)
=
Sy Coas 0 38,3 + A5, — 247
0 0 0 1

(6)

Meanwhile, the general representation of end link posture matrix was defined as (Li J. L. et al, 2021):

nX OX a)( p)(

T50 — ny Oy ay py (7)
nZ OZ aZ pZ
0 0 0 1

Simultaneously solve Eq. (5) and Eq. (6), the forward kinematic equation was calculated by:

N =CCpy |0, ="CSpy |& =S Py =G (a1 +85C,5 + 6.202) +260
N, =8Cpy 10, =555, 8, =-C p, =S, (al +a,Cp + azcz) (8)
N, =Sy 0, =Cp a, = 0 P, =88, &5, - 247

When the motion conditions of each joint are known, posture of robot IRB 660 in base coordinate system
can be calculated by Eq. (7).

Workspace and static moment
In order to express the working space of the robot visually, the Monte Carlo method in numerical method
was used to calculated, and then MATLAB 2020b was used to draw a spatial point map to realize the
visualization of working space of robotic arm. The detailed steps are as follows:
1. Forward kinematics equation was used to obatin transformation matrix of actuator in base coordinate
system, where Py, P,, and P: represent position in space.
2. The random function Rand (j) in MATLAB was used to generate N numbers between 0 and 1 over each
point motion range. The random values of each joint variable are represented as:
6, =6, n + (60 — 6 min)><Rand(]) 9)

i imin

where 6; min and 6; max correspond to the minimum and maximum value of i-th joint variable, respectively.

3. Considering the influence of stop block and avoid mutual interference between members, there is a
mutual constraint relationship between joint angles 6. and 63, as shown in Fig. 7 (a).

4. Marking the position of actuator in coordinate system to form three-dimensional point cloud image of
the working space. The more random points there are, the closer to the actual working space of caldron feeding
robot.

In this paper, the value of random point was set to 7000. The x-z plane and spatial result were displayed
in Fig. 7 (b) and (c) respectively. There was no obvious hole in simulation, indicating that robot arm could move
to various positions within working range. In the horizontal direction, the farthest distance that robot arm could
reach was 3.15 m, which met the outermost caldron feeding radius 3.06 m. At the same time, in order to
maximize production efficiency, three caldrons were arranged in working space to operate simultaneously.
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Constraint relationship between 6, and 8, Workspace — xz plane

Workspace
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(a) Mutual constraint relationship between

(b) Result of x-z plane (c) Spatial result
joint angles

Fig. 7 — Workspace of robot

When the shovel actuator was fully loaded, maximum weight was 150 kg. Static moment analysis of the
robot was obtained according to Fig. 6 (a):

F, =F, =F =1500N
M, =F x(L, sin(-4,) + L, cos 3, +0.26) = 1500(1.35cos S, —1.28sin S, +0.26) (10)
M, = F x(L,cos 3, +0.26) =1500(1.35cos 3, + 0.26)

where F, F», I3 are the forces on wrist, large arm and small arm respectively, [N]; M-, M; are the hinge point
moments of large arm and small arm respectively, [kKNm].

As shown in Fig. 8, MATLAB was used to draw the state moment of hinge point. The maximum torque
of large and small arm was 4.33 kNm and 2.42 kNm, respectively. The robot could operate safely within the
preset range.

Moment analysis of large arm hinge point Moment analysis of small arm hinge point

4000 2000
3000
2000

1000

-1000.

2000
2

Fig. 8 — Hinge Moment Analysis

Online detection system

The online detection system of the intelligent caldron feeding system was divided into machine vision
and air pressure monitoring system. The infrared thermal imager was used to monitor temperature of
fermented grains surface inside the caldron in real time. When the surface occurred leaking gas, master host
located position timely and accurately. Then the robot was controlled to feed fermented grains at leaking gas
position. Simultaneously ultrasonic range finder and 3D camera worked together.

(a) Infrared image at start feeding (b) 3D image at start feeding (c) RGB image at start feeding
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(d) Infrared image at midway feeding (e) 3D image at midway feeding (f) RGB image at midway feeding

Fig. 9 — Online machine vision system

As the height of the fermented grains increased, the area of lower temperature region photographed by
infrared camera also increased. The fermented grains were spread evenly without air leakage on the surface,
as shown in Figs. 9 (a) and (b). The increased blue area in Figs. 9 (b) and (e) taken by 3D camera also
represented height increased. In addition, high resolution RGB photos of Figs. 9 (c) and (f) made it easy for
operators to know feeding process of the caldrons.

Pressure monitoring system was shown in Table 2. Air pressure values in three caldrons were set in
intelligent caldron feeding system and monitored every 10 minutes. According to Table 2, the average error of
air pressure in caldron was 8.28 %, which met requirements of Chinese Baijiu production.

Table 2
Air pressure monitoring value
Caldron Current | State Max. Min. Set Error
number E);:f]sure {:::f]sure {:::f]sure F;:;sure F;:;sure [%]
1 2.2 2 2.2 1.7 2 10.00
1 2.05 2 2.2 1.7 2.2 6.82
1 1.98 1.8 2 1.7 1.8 10.00
2 1.97 17 2 1.6 2 1.50
2 1.84 17 1.8 1.5 1.8 2.22
2 1.8 17 1.8 1.5 17 5.88
3 1.17 1 1.2 0.9 1.2 2.50
3 1.07 0.8 11 0.7 0.8 33.75
3 1.12 0.8 11 0.7 11 1.82

Production test

The actual production application of the intelligent caldron feeding system was shown in Fig. 9. The
states that fermented grains started to feed, feed in the midway and feed completed were shown in Fig. (a),
(b) and (c) respectively.

(a) Feed starts (b) Midway of feeding (c) Feed complete

Fig. 9 — Caldron feeding process
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Finally, the surface of fermented grains was paved, and caldron lid cover preparation was done for the
distilling, and the distilling process lasted 1h approximately. Taking feeding process of caldron 1 as an example,
the sets of some operating parameters in master host were shown in Table 3.

Table 3
Sets of parameters of master host
Feed Inner-ring Mid-ring Outer-ring Ac?ual Pre.set Cu.rrent
number frequency frequency | frequency weight weight | height
[Hz] [Hz] [Hz] [kdl [kdl [mm]
1 38 42 67 60.0 45 42
2 35 40 70 68.5 45 84
3 38 42 70 70.1 45 129
4 30 40 70 71.3 45 174
5 30 44 72 67.1 45 219
6 30 44 72 65.2 40 264
7 33 45 72 64.8 40 309
8 33 45 72 65.6 40 354
9 33 45 72 64.2 40 399
10 33 45 72 64.7 40 444
1 33 45 72 66.6 40 489
12 33 45 72 64.2 40 534
13 33 45 72 64.2 40 579
14 33 45 72 63.6 40 624
15 33 45 72 66.5 40 664
16 33 45 72 61.7 40 704
17 33 45 72 66.4 40 741
18 33 45 72 65.8 40 778
19 33 45 72 66.6 40 815
20 33 45 72 65.8 40 820
21 33 45 72 65.8 40 825
22 33 45 72 64.5 42 850
23 33 45 72 68.7 42 885
24 33 45 72 70.6 42 920

There were two raw materials in the actual distillation, namely crushed grains and spent grains, and
they were distilled several times separately. The grade of Chinese Baijiu was analyzed. Figs. 10 (a), (b) and
(c) represented liquor production curves of crushed grains. Figs. (d), (e) and (f) represented liquor production
curves of spent grains. As distillation proceed, the temperature in caldron increased and reached 100°C
eventually. The quality of Chinese Baijiu was mainly manifested in different compound aromas, and ethyl
caproate was the main component. According to the Chinese national standard GB/T10781.1-2021 (China
National standardizing committee, 2021), Chinese Baijiu was divided into first-class, second-class, and third-
class liquor, respectively (Wu W. Y. et al, 2022). As shown in Fig. 10, 3 minutes after the distillation, temperature
stabilized at around 85°C and caldron began to produce first-class or second-class Chinese Baijiu. When the
temperature increased above 85°C, caldron started to produce third-class liquor. The total curve showed that
output time ratio for first-class and second-class was much higher than for third-class, so the intelligent feeding
system met the actual Chinese Baijiu production requirements.
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Temperature (°C)

(a) Caldron 1 for crushed grains (b) Caldron 2 for crushed grains (c) Caldron 3 for crushed grains

%

Temperature (°C)

(d) Caldron 1 for spent grains (e) Caldron 2 for spent grains (f) Caldron 3 for spent grains

Fig. 10 — Chinese Baijiu brewing analysis

CONCLUSIONS

In this paper, an intelligent Chinese Baijiu caldron feeding system was designed, including industrial
robot selection, machine vision system construction, shovel actuator and peripheral device design, etc. The
actual brewing experiments of crushed grains and spent grains were carried out and analyzed. Main
conclusions were drawn as follows:

(1) Modified D-H method was used to establish robot kinematics model. Monte Carlo method was used
to analyze working space of robotic arm. The robot IRB 660 reached 3.15 m in horizontal direction, which was
larger than the outermost caldron feeding radius 3.06 m. The maximum torque of large and small arm was
4.33 kNm and 2.42 kNm respectively. The robot IRB 660 met space and moment requirements of caldron
feeding.

(2) An online detecting system with machine vision and air pressure monitoring was built. The caldron
feeding process was displayed clearly in master host. There was no air leak on the surface of fermented grains
in the feeding process. The air pressure monitoring result showed that air pressure inside caldron was stable,
and average error between actual and set value was 8.28%.

(3) The crushed grains and spent grains were brewing in intelligent caldron feeding system. The first-
class liquor and second-class liquor were produced around 85 °C, accounting for a high proportion of total
curve, which met the actual requirements of Chinese Baijiu production and saved a lot of manual work cost.
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ABSTRACT Purwoceng (Pimpinella pruatjan Molkenb) is a medicinal plant native to Indonesia known as
Indonesian Viagra from Java. The decline and scarcity of Purwoceng is an important obstacle in meeting the
demands of harvesting from the original habitat without conservation and the extreme climatic conditions in
the Dieng plateau. Therefore, it is necessary to apply controlled cultivation technology, namely hydroponic
technology with drip irrigation in the greenhouse, to increase the yield and quality of Purwoceng. This study
aimed to obtain the effect of hydroponic methods and hydroponic nutrition (EC) on the yield and quality of
Purwoceng. The study was conducted from December 2020 to March 2021 at a greenhouse of + 1500 m
above sea level. The experiment used a randomized block design with three replications. Each replication
consisted of 15 plants. Hydroponic type, which was recirculating drip, non-circulating drip, and nutrient
concentration which were 1000 ppm, 1500 ppm, and 2000 ppm. The harvest weight (aerial part and root),
moisture, ash, crude fat, crude fiber, water extractive, and ethanol extractive content, and the contaminant
(microbial and heavy metal) content, were analyzed. In conclusion, to produce high-quality Purwoceng, a
hydroponic system could be used using recirculating drip and 1000 ppm nutrient dose.

ABSTRAK

Purwoceng (Pimpinella pruatjan Molkenb) adalah tanaman obat asli Indonesia yang dikenal dengan nama
Viagra Indonesia dari Jawa. Penurunan dan kelangkaan Purwoceng merupakan kendala penting dalam
memenuhi tuntutan panen dari habitat aslinya tanpa konservasi dan kondisi iklim ekstrim di dataran tinggi
Dieng. Oleh karena itu, perlu diterapkan teknologi budidaya terkontrol yaitu teknologi hidroponik dengan irigasi
tetes di rumah kaca, untuk meningkatkan hasil dan kualitas Purwoceng. Penelitian ini bertujuan untuk
mengetahui pengaruh metode hidroponik dan nutrisi hidroponik (EC) terhadap hasil dan kualitas Purwoceng.
Penelitian dilakukan pada bulan Desember 2020 hingga Maret 2021 di rumah kaca + 800 m di atas permukaan
laut. Percobaan menggunakan rancangan acak kelompok dengan tiga ulangan. Setiap ulangan terdiri dari 15
tanaman. Jenis hidroponik yaitu recirculating drip, dan non-circulating drip, serta konsentrasi nutrisi 1000 ppm,
1500 ppm, dan 2000 ppm. Berat panen (bagian udara dan akar), kadar air, abu, lemak kasar, serat kasar,
ekstraktif air, dan ekstraktif etanol serta kandungan kontaminan (mikroba dan logam berat) dianalisis.
Kesimpulannya untuk menghasilkan purwoceng yang berkualitas, sistem hidroponik dapat digunakan dengan
menggunakan recirculating drip dan dosis nutrisi 12000 ppm.

INTRODUCTION

Purwoceng (Pimpinella pruatjan Molkenb) is a medicinal plant native to Indonesia from the highlands of
Central Java, Indonesia (Syahid et al., 2005; Nuryadin and Nabiila, 2018). Traditionally, Purwoceng is used as
an aphrodisiac and increases stamina. This traditional knowledge was supported by the report that Purwoceng
extract tends to increase testosterone levels in male rats, indicating its functions as an aphrodisiac (Arjadi et
al., 2019; Bhagawan and Kusumawati, 2020). In addition, Purwoceng has diuretic, anti-bacterial, and anti-
fungal properties and can increase stamina, similar to ginseng plants (Anwar, 2001).
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However, Purwoceng plants are currently experiencing scarcity due to using Purwoceng without any
efforts to conserve/rejuvenate Purwoceng (Balittro, 2000; Nuryadin and Nabiila, 2018). This triggers
fluctuations in Purwoceng production, which becomes a problem in meeting demand.

Purwoceng planted in open land in its natural habitat also has problems with the frost season, which
can kill plants, and now Purwoceng is categorized as a rare and protected species (Bhagawan and
Kusumawati, 2020). Therefore, the application of cultivation technology to increase the production and
continuity of Purwoceng needs to be done as a development effort. In vitro cultivation started in 1990 to
produce callus for both cultivation and in-vitro conservation, especially using root induction techniques (Malda,
Suzan and Backhaus, 1999; Srivastava et al., 2022). However, the seed supply and suitable land to apply the
ex-vitro root induction techniques in in-vitro culture are still constrained.

Our team used hydroponic technology and planted the Purwoceng in greenhouses. The greenhouse
is provided a controlled environment for increasing yield and quality and reducing the scarcity of Purwoceng.
Hydroponic technology is a cultivation technology that gets the best results, is controlled, and can be harvested
according to plan (Giurgiu et al., 2014). Hydroponic technology has also been used for medicinal plants
(Ahmadi et al., 2021; Zarinkamar et al., 2021), including Purwoceng (Sumarni et al., 2017).

Hydroponic technology with drip irrigation watering techniques can be an option for planting
Purwoceng on medium plains. Drip irrigation is a technique of watering and providing nutrients for plants that
are economical in a hydroponic system. Drip irrigation was proven to give the highest yield for zucchini plants
(Safata et al., 2012) and also Purwoceng, which reached 511 grams at the age of 70 days after planting (DAT)
(Sumarni et al., 2017), and it is necessary to develop hydroponic techniques to obtain hydroponic techniques
suitable for Purwoceng plants. Hydroponic applications with drip irrigation provide water and nutrient savings
and high yields (Morgan and Kadyampakemi, 2012). From the things mentioned above, it is necessary to study
the application of hydroponic techniques with drip irrigation for Purwoceng production in medium plains in the
context of continuity, conservation, and increase in yield and quality.

The principle of drip irrigation is to provide water and nutrients in the form of drops that drip
periodically according to the plant's needs through a PE pipe with the help of a pressure pump. According
to Wang et al., (2020), a drip irrigation system can save water use due to soil evapotranspiration reduction.
Droplets on the system are directed right at the root area of the plant so that the plant can directly absorb
the water and nutrients provided. Drip irrigation systems can be divided into recirculating drip irrigation
and nonrecirculating drip irrigation. Recirculating drip irrigation is a system that utilizes runoff nutrient
solutions to be reused as nutrients for plants. Meanwhile, nonrecirculating drip irrigation is a drip irrigation
system that does not reuse runoff solutions as nutrients for plants. This study aimed to obtain the best
hydroponic methods and hydroponic nutrition (EC) to produce a high-yield and quality Purwoceng.

MATERIALS AND METHODS

The study was conducted from December 2020 to March 2021. The research location was in a
greenhouse on the Lembang medium plain + 1500 m above sea level. The experiment used a randomized
block design with three replications. Each replication consisted of 15 plants. The factors were hydroponic type
and nutrition concentration as seen in Table 1.

Table 1
The experiment design
Nutrition concentration (ppm) (D)
Hydrophobic type (N)
1000 (D1) 1500 (D2) 2000 (D3)
Recirculating drip (N1) D1N1 (4C) D2N1 (4B) D3N1 (4A)
Non-circulating drip (N2) D1IN2 (3C) D2N2 (2B) D3N2 (1A)

The Purwoceng seedlings were obtained from Dieng Plateau farmers in Central Java which was 1.5
months old. Seedlings were given acclimatization treatment for four days before being transplanted into the
installation to be used for research. The type of hydroponics used is presented in Figure 1. The controlled
conditions during planting in the greenhouse are the growing media, nutrient volume, temperature, and light
intensity. After 240 days after planting (DAP), the aerial part and roots of Purwoceng were harvested. The
growth and yield of Purwoceng plants which included plant height, number of leaves, harvest data (fresh weight
of plants, fresh weight of aerial part, fresh weight of roots, dry weight of aerial part, dry weight of roots, and dry
weight of plants) were analyzed by F test. and Duncan's Multiple Distance Test (DMDT) level 5%.
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Fig. 1 - The hydroponic type in this research. Left: nonrecirculating drip, right: circulating drip

The harvest materials are divided into two parts, the aerial part, and the root part, which are traditionally
used. The dried harvest materials were then used to determine their quality, such as the moisture content, ash
content, fat content, fiber content, water extractive content, and ethanol extractive content.

For Moisture Content Determination, the sample was kept in a hot air oven at 105 °C until dried. After
cooling, the sample was placed in a desiccator and weighed to determine the moisture content.

For total Ash Content Determination, the sample is burned and put in a furnace at 45°C for about three
hours till no more organic components. Then, the ash's weight and content are determined (WHO, 1998).
Crude Fat Determination, samples are refluxed with petroleum ether for 6 hours at 40—-60°C in a Soxhlet
extractor. Then, the extract was dried and weighed. The extracted content is the fat content.

Crude Fibre Content Determination, samples extracted with petroleum ether. The remaining residue
was then boiled with 2% H2S04 and NaOH solution for 30 minutes. The mixture was then filtered, and the
residue was washed with boiling water and dried at 130 °C for two hours. Finally, the residue was ignited at
550 °C and weighed. The water extractive and ethanol extractive content were measured using the cold
maceration method (WHO, 1998). About 4.0g sample was macerated with 100ml of the solvent (water for
water extractive content and ethanol for ethanol extractive content) for 24 hours. The filtrate then separated
and evaporated to dryness on a water bath; continue with the drying process at 105°C for 6 hours. After
cooling, the rest extract was weighed.

The safety of the harvest plant materials is also determined. It includes microbial safety, arsenic, and
heavy metal safety. The microbial safety was determined based on WHO method no 18 (Determination of
microorganism, WHO 1998), including total viable aerobic count (total plate count, TPC), yeast, and coliform.
The arsenic and heavy metal content were determined using the WHO method no 17 (Determination of arsenic
and heavy metal, WHO 1998).

RESULTS

1. Growth of Purwoceng plants cultivated in highland greenhouses

Purwoceng could grow well in hydroponic (drip recirculating and drip nonrecirculating) systems in
altitudes only 1500m above sea level (asl). The growth performance is comparable with Purwoceng
planted in the highlands as their natural habitat (higher than 2000 m) (Figure 2). The number of leaves
and the number of branches is comparable. The leaves number, branches number, and leaves area of all
groups are almost identical.
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