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Abstract: This article is devoted to the adaptive cyclic control of an industrial robot manipulator 

on the example of moving objects with a positional trajectory. The specific features of applying the 

principle of adaptive cyclic control to industrial robots are also presented. The kinematic scheme 

describing the movement of the robot working body with the adaptive cycle control system and the 
transition states of the working body based on limited positions in space are presented, the sequence of 

movement of the manipulator links and the selection of information about the actions at individual levels 

of mobility, control in the case of a variable sequence of links by positional coordinates the formation 

of programs was considered. During the control process, a model describing the transition states of the 

robot working body movement zone according to the positional coordinates corresponding to the cyclic 

control signals was developed, and mathematical models reflecting the interdependence of each state 

were presented. Based on the mathematical models that describe these transition states and reflect the 

interdependence of each state, an algorithm for controlling the movements of the industrial robot 

manipulator with high accuracy and speed has been developed. 

Keywords: industrial robot, cyclic control, control algorithm, kinematic scheme, working body 

zone, positional coordinates of the cycle, control signals of the cycle, transition states. 

 

Аннотация. Ушбу мақола позицион траекторияли ҳаракатланувчи объектлар мисолида 

саноат робот манипуляторининг адаптив циклик бошқаришга бағишланади. Шунингдек 

адаптив циклик бошқариш тамойилини саноат роботларига қўллашнинг ўзига ҳос хусусиятлари 

келтирилган. Адаптив циклли бошқариш тизими билан робот ишчи органининг 

ҳаракатланишини тавсифловчи кинематик схемаси ва ишчи органининг фазода чекланган 

позициялари бўйича ўтиш ҳолатлари келтирилган бўлиб, манипулятор звеноларининг 

ҳаракатланиш кетма-кетлигини ҳамда ҳаракатчанликнинг индивидуал даражаларидаги 

ҳаракатлар тўғрисидаги маълумотларни танлаш, позицион координаталар бўйича 

звеноларнинг ўзгарувчан кетма-кетлиги бўлган ҳолатда бошқариш дастурларини 

шакллантириш кўрилган. Бошқарув жараёнида циклик бошқариш сигналларига мос робот ишчи 
органи ҳаракатланиш зонасининг позицион координаталари бўйича ўтиш ҳолатларини 

тавсифловчи модели ишлаб чиқилган ва ҳар бир ҳолатнинг ўзаро боғлиқлигини акс эттирувчи 

математик моделлари келтирилган. Ушбу ўтиш ҳолатларини тавсифловчи ва ҳар бир 

ҳолатнинг ўзаро боғлиқлигини акс эттирувчи математик моделлар асосида саноат робот 

манипуляторининг ҳаракатларини юқори аниқликда ва тезкорликда бошқариш алгоритими 

ишлаб чиқилган. 

Калит сўзлар: саноат роботи, циклик бошқариш, бошқариш алгоритми, кинематик 

схема, ишчи орган зонаси, циклнинг позицион координаталари, циклнинг бошқариш сигналлари, 

ўтиш ҳолатлари. 

 

Аннотация: Данная статья посвящена адаптивному циклическому управлению 

манипулятором промышленного робота на примере движущихся объектов с позиционной 
траекторией. Представлены также особенности применения принципа адаптивного 

циклического управления к промышленным роботам. Представлены кинематическая схема, 

описывающая движение рабочего органа робота с адаптивной системой управления контуром 

и переходные состояния предельных положений рабочего органа в пространстве, рассмотрены 

выбор последовательности движения звеньев манипулятора и информации о перемещениях 

отдельных уровней подвижности, формирование программ управления в случае переменной 

последовательности звеньев по позиционным координатам. В процессе управления была 

разработана модель, описывающая переходные состояния зоны движения рабочего органа 

робота по позиционным координатам, соответствующим циклическим сигналам управления, и 
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представлены математические модели, отражающие взаимозависимость каждого состояния. 

На основе математических моделей, описывающих эти переходные состояния и отражающих 

взаимозависимость каждого состояния, разработан алгоритм управления движениями 

промышленного робота-манипулятора с высокой точностью и скоростью. 

Ключевые слова: промышленный робот, циклическое управление, алгоритм управления, 

кинематическая схема, зона рабочего тела, позиционные координаты цикла, управляющие 
сигналы цикла, переходные состояния. 

 

Introduction 

The accuracy and speed of position-trajectory 
moving objects depends on the principle of their 

control. Important characteristics of objects moving 

along the trajectory, such as displacement, speed and 
acceleration, describe their quality indicators [1,2]. 

The process of adaptive loop control of position-

trajectory moving objects can be seen in the example 

of multi-link manipulators. In the case of position-
trajectory moving objects, the cyclic control system 

of robots with an intermediate position is 

characterized by a number of features, using various 
technological devices with expandable stops and 

complex control logic of individual parts of the 

manipulator [1,3]. The main principle of application 
of cyclic control to industrial robots is to determine 

the position of the manipulator in terms of spatial 

coordinates, and also includes the following specific 

features in the control process: 
- programming of logical and technological 

process data of a discrete type, which determines the 

sequence of movement of the flexible links of the 
manipulator, the position according to space 

coordinates and determines its duration; 

- selection of information about actions at 
individ levels of mobility indicated by means of stop 

points or position sensors with the help of an 

adjustment regulator; 

- comparison of the set and real state of the 
manipulator links through position sensors installed 

on mechanical parts; 

- open loop management; 
- extended parking spaces are managed; 

- practical application of algorithms for braking 

robot links when approaching a parking place; 

- formation of technological programs in the 
case of a variable sequence of links according to 

positional coordinates; 

- quick blocking in case of emergencies. 

 

Research methodology 

A characteristic feature of a trajectory-moving 

robot with a cyclic control system is that the 
manipulator handle is located at a limited number of 

points in space, that is, with a cyclic control system, 

the area in which the manipulator handle can move 

can be limited [1,3,4]. If the manipulator has 𝑘 

degrees of mobility, each of them contains 𝑝𝑖 points, 

𝑖 = 1,2, . . . , 𝑘, where the corresponding link can be 

located, then the number of points 𝑛 that can be 

gripped is written as follows: 𝑛 = ∑ 𝑝𝑖
𝑘
𝑖=1 . 

Manipulators of this class are equipped with 
information sensors, which inform about the entry of 

the internal 𝑖 − moving link into each permissible 

position with a 𝑑𝑗
𝑖 signal. Then, for each mobility 

level 𝑖, a separate control signal 𝑢𝑗
𝑖 can be given, 

which will move this level to the desired state [1,3,4]. 

Class 1 manipulators can then be defined as finite-

state automated robots with the following attributes: 

𝑈 = {𝑢𝑗
𝑖},               𝑋 = {𝑝𝑖},              𝑍 = {𝑑𝑗

𝑖}. 

The type of functions 𝑓(∙) and ℎ(∙) is 
determined by the kinematic scheme of the 

manipulator. Fig. 1 a and b show the structure of a 

typical kinematic scheme of the manipulator and the 

working movement zone [2,5]. Each stage has two 
positioning points. The mathematical description of 

the manipulator as a control object looks like this: 

𝑈 = {𝑢1
1 , 𝑢2

1, 𝑢1
2 , 𝑢2

2 , 𝑢1
3, 𝑢2

3}, 
𝑋 = {𝑝1, 𝑝2, … , 𝑝8},          𝑍 = {𝑑1

1, 𝑑2
1, 𝑑1

2, … , 𝑑2
3}. 

It can be described on the example of the state 

diagram of the manipulator as a cyclic control object 

(Fig. 2). 

    
a        b 

Fig. 1. Manipulator with cyclic control system: a – kinematic scheme; b – working movement zone. 
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Fig. 2. State diagram of a manipulator with a cyclic control system 

Analysis and results 

Using this state diagram, as we mentioned 

above, it is possible to express a limited number of 

cases of a position-trajectory moving robot part or 
technological equipment with cyclic control [4,5]. 

Therefore, considering the model of these states as 

limited automaton states, they can be described by 
finite state equations: 

𝑥𝑝[𝑡] = 𝜑𝑞 𝑘𝑝(𝑥𝑞 [𝑡 − 1], 𝑢𝑘[𝑡 − 1]); 

𝑦𝑟 [𝑡] = 𝜓𝑞𝑘𝑟  (𝑥𝑞  [𝑡], 𝑢𝑘)   

  (1) 

𝑝 = 1, ⋯ , 𝑛; 𝑟 = 1, ⋯ , 𝑚; 𝑞 = 1, ⋯ , 𝑛;  𝑘 =
1, ⋯ , 𝑢𝑟; 

where 𝑝 − number 𝑥1𝑝 is the position of the 

manipulator moving along the 𝑥 coordinate; 

transition state of the 𝑖 − th link 𝑥𝑞  with number 𝑞; 

𝑦𝑟 − output signal 𝑟 − with number; output signal 𝑢𝑘 

with number 𝑘; 𝑟 = 𝐼, ⋯ , 𝑁 − moments of time in the 

motion cycle; 𝜑𝑞 𝑘𝑝 − transition functions; 

𝜓𝑞𝑘𝑟 − state transition output functions can be 

represented. 
Using the state diagram of the manipulator 

shown in Figure 1, the kinematic diagram describing 

the directions of movement in an expanded [6,7] 
manner and the states of the positional coordinates of 

the movement zone of the robot working body 

corresponding to the cyclic control signals can be 

presented in Figures 3 a and b. 

 
Fig.3 a. Kinematic scheme of the manipulator 

 

 
Fig.3 b. Working movement zone of the 

manipulator handle. 

 

In this case, it is possible to construct a table of 
transition states for all possible coordinates of the 

working movement zone of the [3,7,8] manipulator 

handle presented in Figure 3-b (Table 1). The task of 
the finite state is to describe each of the elements 

included in equations (1). The functions 𝜑𝑞 𝑘𝑝 and 

𝜓𝑞𝑘𝑟  can be represented in the form of a transition 

table, the rows and columns of which are defined by 

the names of states and input signals. The elements of 

the transition table are the names of the new states 

that the robot will pass through (in 𝑡), as well as the 
names of the output signals [1,4,8].  

To represent manipulator movement, arrow 1 

represents half-angular rotation through the 

𝑥 coordinate, arrow 2 represents elevation through 

the 𝑦 coordinate, and arrow 3 represents the positions 

corresponding to the manipulator's links for linear 

motion through the 𝑥 coordinate. To perform 
movements, there are three positions to move forward 

along the directions of the 3 arrows, and Figure 3 

shows the positions resulting from the three 

movements. The points 𝑥1 , ⋯ , 𝑥12 − are the final 

position of the handle [3,9]. We usually do not take 

into account the correct movement of the handle. The 

total number of manipulator states is 𝑛 = 12. Limit 
switches, equal to the number of output signals, are 

represented by 𝑚 = 7, the number of direction 

sensors. The number of input signals is 𝑤 = 6 and 
describes the control commands of the mechatronic 
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modules that provide movements in the robot links 
with a cyclic control system.  

It can be seen from Table 1 that the input 

signals are: 𝑢1, 𝑢2 − for moving the manipulator to 

the right and left when turning; 𝑢3, 𝑢4 − to move up 

and down in the rise of the manipulator; 𝑢5, 𝑢6 − are 

given for moving the manipulator back and forth 

[4,7,10]. 

Let us assume that there is no motion when 

𝑢𝑘 = 0, but there is motion in the given direction 

when 𝑢𝑘 = 1. In that case, the execution of the 

commands is determined by the output signals 𝑦𝑗 

received from the direction sensors. 

Output signals: 𝑦1, 𝑦2 − signals received from 

the right and left turn sensors; 𝑦3, 𝑦4 − signals 

received from upper and lower lift sensors: 

𝑦5, 𝑦6, 𝑦7 − represent signals received from three 

transmission sensors.  

Table 1 
All possible transition states for a manipulator with a cyclic control system 

Positional coordinates of the cycle. 

Cyclic control signals 

𝑢𝑚[𝑡 − 1] 
𝑢1 𝑢2 𝑢3 𝑢4 𝑢5 𝑢6 

𝑥1 𝑥2   𝑥4 𝑥5  

𝑥2  𝑥1  𝑥3 𝑥6  

𝑥3  𝑥4 𝑥2  𝑥7  

𝑥4 𝑥3  𝑥1  𝑥8  

𝑥5 𝑥6   𝑥8 𝑥9 𝑥1 

𝑥6  𝑥5  𝑥7 𝑥10 𝑥2 

𝑥7  𝑥8 𝑥6  𝑥11 𝑥3 

𝑥8 𝑥7  𝑥5  𝑥12 𝑥4 

𝑥9 𝑥10   𝑥12  𝑥5 

𝑥10  𝑥9  𝑥11  𝑥6 

𝑥11  𝑥12 𝑥10   𝑥7 

𝑥12 𝑥11  𝑥9   𝑥8 

 

If 𝑦𝑟 = 0, the direction sensor of the 
manipulator has not been reached, then its signal is 

determined by the output signal 𝑦𝑟. When 𝑦𝑟 = 1, the 

manipulator is in this state.  

The elements of the transition table are the 

states 𝑥𝑝 = 𝑥𝑝[𝑡], from which we get the logical 

functions: 

𝑥1[𝑡] = 𝑥2[𝑡 − 1] ∙ 𝑢2[𝑡 − 1] + 𝑥4[𝑡 − 1] ∙ 𝑢3[𝑡 − 1] + 𝑥5[𝑡 − 1] ∙ 𝑢6[𝑡 − 1]; 
𝑥2[𝑡] = 𝑥1[𝑡 − 1] ∙ 𝑢1[𝑡 − 1] + 𝑥3[𝑡 − 1] ∙ 𝑢3[𝑡 − 1] + 𝑥6[𝑡 − 1] ∙ 𝑢6[𝑡 − 1]. 

Then, we omit the 𝑡 − 1 argument: 

𝑥3[𝑡] = 𝑥4 ∙ 𝑢1 + 𝑥2 ∙ 𝑢4 + 𝑥7 ∙ 𝑢6; 
𝑥4[𝑡] = 𝑥3 ∙ 𝑢2 + 𝑥1 ∙ 𝑢4 + 𝑥8 ∙ 𝑢6; 

𝑥5[𝑡] = 𝑥6 ∙ 𝑢2 + 𝑥6 ∙ 𝑢3 + 𝑥1 ∙ 𝑢5 + 𝑥9 ∙ 𝑢6; 
𝑥6[𝑡] = 𝑥5 ∙ 𝑢1 + 𝑥7 ∙ 𝑢3 + 𝑥2 ∙ 𝑢5 + 𝑥10 ∙ 𝑢6; 
𝑥7[𝑡] = 𝑥9 ∙ 𝑢1 + 𝑥6 ∙ 𝑢4 + 𝑥3 ∙ 𝑢5 + 𝑥11 ∙ 𝑢6; 
𝑥8[𝑡] = 𝑥7 ∙ 𝑢2 + 𝑥5 ∙ 𝑢4 + 𝑥4 ∙ 𝑢5 + 𝑥12 ∙ 𝑢6; 

𝑥9[𝑡] = 𝑥10 ∙ 𝑢2 + 𝑥12 ∙ 𝑢3 + 𝑥5 ∙ 𝑢5; 
𝑥10[𝑡] = 𝑥9 ∙ 𝑢1 + 𝑥11 ∙ 𝑢3 + 𝑥6 ∙ 𝑢5; 
𝑥11[𝑡] = 𝑥12 ∙ 𝑢2 + 𝑥10 ∙ 𝑢4 + 𝑥7 ∙ 𝑢5; 
𝑥12[𝑡] = 𝑥11 ∙ 𝑢2 + 𝑥9 ∙ 𝑢4 + 𝑥8 ∙ 𝑢5; 

In the case under consideration, there is the 

following relationship in the form of logical functions 

between the output signals 𝑦𝑟(𝑟 = 1, ⋯ ,7) and the 

states 𝑥𝑝(𝑝 = 1, ⋯ ,12): 

𝑦1[𝑡] = 𝑥2[𝑡] + 𝑥3[𝑡] + 𝑥6[𝑡] + 𝑥7[𝑡]+𝑥10[𝑡] +
𝑥11[𝑡]; 

𝑦2[𝑡] = 𝑥1[𝑡] + 𝑥4[𝑡] + 𝑥5[𝑡] + 𝑥8[𝑡] + 𝑥9[𝑡] +
𝑥12[𝑡]. 

Then, we omit the 𝑡 argument: 

𝑦3 = 𝑥1 + 𝑥2 + 𝑥5 + 𝑥6 + 𝑥9 + 𝑥10; 

𝑦4 = 𝑥3 + 𝑥4 + 𝑥7 + 𝑥8 + 𝑥11 + 𝑥12; 
𝑦5 = 𝑥1 + 𝑥2 + 𝑥3 + 𝑥4; 
𝑦6 = 𝑥5 + 𝑥6 + 𝑥7 + 𝑥8; 

𝑦7 = 𝑥9 + 𝑥10 + 𝑥11 + 𝑥12. 

It can be seen from the 𝑦𝑟[𝑡] coupling formulas 

that they mean that the output signals 𝑦𝑟[𝑡] are 

separate from the input signals 𝑢𝑘[𝑡]. We should also 

not forget that the time period between moments 𝑖 and 

𝑖 + 1 is equal to the time of development of the next 

position of the manipulator and depends on its inertia 
and the mass of the load carried by the handle. In this 

regard, the duration of this period is not important 

[9,10,11]. Thus, instead of system (1), the state of the 
manipulator should be represented by a system of 

simplified equations. 

𝑥𝑝[𝑡] = 𝜑𝑞 𝑘𝑝(𝑥𝑞 [𝑡 − 1], 𝑢𝑘[𝑡 − 1]); 

𝑦𝑟[𝑡] = 𝜓𝑞 𝑘𝑟(𝑥𝑞 [𝑡]),    (2) 

where 𝑝 = 1, ⋯ ,12;  𝑟 = 1, ⋯ ,7;  𝑞 = 1, ⋯ ,12;   𝑘 =
1, ⋯ ,6, represent the values of transition states. From 

the transition table, we get a set of arbitrary [7,12] 

logical functions 𝑢𝑘[𝑡] = 𝐹𝑝𝑘(𝑥𝑝[𝑡], 𝑥𝑝[𝑡 + 1]): 

 

𝑢1[𝑡] = 𝑥1[𝑡] ∙ 𝑥2[𝑡 + 1] + 𝑥4[𝑡] ∙ 𝑥3[𝑡 + 1] + 𝑥5[𝑡] ∙ 𝑥6[𝑡 + 1] + 𝑥8[𝑡] ∙ 𝑥7[𝑡 + 1] + 𝑥9[𝑡] ∙ 
∙ 𝑥10[𝑡 + 1] + 𝑥12[𝑡] ∙ 𝑥11[𝑡 + 1]; 
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𝑢2[𝑡] = 𝑥2[𝑡] ∙ 𝑥1[𝑡 + 1] + 𝑥3[𝑡] ∙ 𝑥4[𝑡 + 1] + 𝑥6[𝑡] ∙ 𝑥5[𝑡 + 1] + 𝑥7[𝑡] ∙ 𝑥8[𝑡 + 1] + 𝑥10[𝑡] ∙ 
∙ 𝑥9[𝑡 + 1] + 𝑥11[𝑡] ∙ 𝑥12[𝑡 + 1]; 

𝑢3[𝑡] = 𝑥3[𝑡] ∙ 𝑥2[𝑡 + 1] + 𝑥4[𝑡] ∙ 𝑥1[𝑡 + 1] + 𝑥7[𝑡] ∙ 𝑥6[𝑡 + 1] + 𝑥8[𝑡] ∙ 𝑥5[𝑡 + 1] + 𝑥11[𝑡] ∙ 
∙ 𝑥10[𝑡 + 1] + 𝑥12[𝑡] ∙ 𝑥9[𝑡 + 1]; 

𝑢4[𝑡] = 𝑥1[𝑡] ∙ 𝑥4[𝑡 + 1] + 𝑥2[𝑡] ∙ 𝑥3[𝑡 + 1] + 𝑥5[𝑡] ∙ 𝑥8[𝑡 + 1] + 𝑥6[𝑡] ∙ 𝑥7[𝑡 + 1] + 𝑥3[𝑡] ∙ 
∙ 𝑥12[𝑡 + 1] + 𝑥10[𝑡] ∙ 𝑥11[𝑡 + 1]; 

𝑢5[𝑡] = 𝑥1[𝑡] ∙ 𝑥5[𝑡 + 1] + 𝑥2[𝑡] ∙ 𝑥6[𝑡 + 1] + 𝑥3[𝑡] ∙ 𝑥7[𝑡 + 1] + 𝑥4[𝑡] ∙ 𝑥6[𝑡 + 1] + 𝑥5[𝑡] ∙ 
∙ 𝑥9[𝑡 + 1] + 𝑥6[𝑡] ∙ 𝑥10[𝑡 + 1] + 𝑥7[𝑡] ∙ 𝑥11[𝑡 + 1] + 𝑥8[𝑡] ∙ 𝑥12[𝑡 + 1]; 

𝑢6[𝑡] = 𝑥5[𝑡] ∙ 𝑥1[𝑡 + 1] + 𝑥6[𝑡] ∙ 𝑥2[𝑡 + 1] + 𝑥7[𝑡] ∙ 𝑥3[𝑡 + 1] + 𝑥8[𝑡] ∙ 𝑥4[𝑡 + 1] + 𝑥9[𝑡] ∙ 
∙ 𝑥5[𝑡 + 1] + 𝑥10[𝑡] ∙ 𝑥6[𝑡 + 1] + 𝑥11[𝑡] ∙ 𝑥7[𝑡 + 1] + 𝑥12[𝑡] ∙ 𝑥8[𝑡 + 1]. 

 

 
Fig.4. Cyclic control algorithm of industrial robot 

manipulator 

The desired control algorithm can be 

constructed using the given transition table, and in 

this case, the formulas 𝑢1[𝑡], ⋯ , 𝑢6[𝑡] are used, 

excluding [1,13,14] unnecessary links from the right 
side. The set of formulas obtained in this way 

represents the cyclic control algorithm of the robot 

and is also a control model (Fig. 4). The signals 

𝑢1[𝑡], ⋯ , 𝑢6[𝑡] presented as input signals of the finite 

transition state are the signals of the tasks of moving 

the output elements by the mechatronic module with 

three degrees of freedom of movement for the 
manipulator. Robot control levels and the operation 

of technological equipment can be described by 

decision tables containing 𝑦𝑟 decision fields 𝑢𝑘 and 

𝑥𝑝 states [6,15]. These tables do not contain all 

possible transitions between 𝑥𝑝 and marked only, 

since they are less complete for marked transitions 

than transition tables. Therefore, adaptive loop 
control models are convenient for accurately 

expressing important characteristics of robots moving 

along a trajectory [3,16], such as displacement, 
velocity, and acceleration, and their quality 

indicators. 

Conclusion 

In the article, the structure and algorithm of 

adaptive cyclic control of an industrial robot 

manipulator is considered as an example of moving 

objects with a positional trajectory. As well as a 
kinematic scheme describing the movement of a 

robotic working body with a cyclic control system, 

which presents transition states on the space-limited 
positions of the working body, allows obtaining the 

movement sequence of manipulator zvenos and 

information about movements at individual levels of 
mobility. The kinematic scheme of the manipulator 

reflecting all possible transitions in positions and the 

transitions in limited positions of the working body in 

space are considered. Using the given state scheme, a 
model describing the transition states of the robot 

working body movement zone according to the 

positional coordinates corresponding to the cyclic 
control signals in the control process and 

mathematical models reflecting the interdependence 

of each state were developed. Based on these 

mathematical models, an algorithm for controlling 
the movements of an industrial robot manipulator 

with high accuracy and speed has been developed, 
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which allows simulating the cyclic control of the 
manipulator using high-level programming 

languages. This serves to prevent and eliminate errors 

in the management process.  
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