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Abstract. The article presents the results of studying the steady state of a balancing robot when the control is
carried out in a closed state. The synthesis of the controller's coefficients was carried out by estimating the root of
the characteristic equation and the linear quadratic regulator. Under the action of the PID controller, algorithms for
controlling the robot servos were compiled. The results of the experimental studies allowed us to construct transient
characteristics in a closed robot control system while balancing the state of the robot in a steady state and in motion.

Evaluation of the stability of the robot. The control system of the balancing robot is asymptotically
stable if its steady-state value at the time of its movement or at the moment of stopping will tend to zero

regardless of the initial conditions, in the absence of input influences: Me—e X(£) =0 [t is assumed that

the movement of the robot is described by a standard equation of the form: x(t) = Ax(t) + Bu(r) [1].In
order for the robot to be asymptotically stable, it is necessary and sufficient that the real part of all the
eigenvalues of the matrix be negative [2-6].

Feedbacks object state control. Let us consider that the robot under the study of a control object is a
closed system, the block diagram of which is shown in Figure 1. The feedback control action is
determined by the product of the proportionality coefficient K and the difference between the desired
values and the measured values.

Figure 1 Feedback control

The control action and the status of SIS threads shown in Figure 1 describe the following equations:

u(t) = K@) — x(t),
x(t) = (A— BK)y(t) + BKx(t). (D)

It is necessary to maintain the system under the study of a steady statem by dividing by thecount
value of the matrix K. Changing these valuesentails a change of b-governmental numbers of the
matrix (4 — B *K). For sustainable regulation of a closed robot system, it is necessary for it to be
controlled. The system will be controllable if the rank of the matrix M coincides with the rank of the
matrix 4. Here M, = [B, AB, ..., A" 1B] you can use the ctrb command to determine manageabilityinthe
ControlSystemToolbox environment. There are 2 main methods for calculating feedback coefficients:

1) Calculation of the desired roots. The method describesthecalculation of the coefficients K with
the creation of the desired eigenvalues of the matrix 4 — B * K.Inthe ControlSystemToolbox for the
calculation, you can use the place function.
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Example 1. K coefficients are  describedin the  first communication system  with  closed
CONCRETE and GOVERNMENTAL parameter values A = [0,1; -2; -3] and B = [0;1]. Pole values are
[-5, -6].

» A =1[01,-2,—3];B = [0, 1];
> poles = [-5,—6];
>» K = place (A, B, poles)
K = 28,0 8,0

2) Linear square regulator M is received by calculating the coefficients of the matrix K on the basis of
minimizing the value of the functional J calculated in the following form:

J= [ @ @rex© +u@ Ruende
v . Parameters are adjusted by selecting the weight matrices of the
state Q and the input action R, which are selected on the basis of the physical nature
of the processes. The ControlSystemToolbox application can  use the Iqr functionsto ~ calculate a
controller.
Example P 2. A=10,1; -2, -3], B=[0; 1], Q=[100, 0; 0, 1]; R=1.

» A =1[0,1,-2,-3]; B = [0,1];
> Q =[100,0;0,1];R = 1;
» K =1qr (A,B,Q,R)

K =8,198 2,137

The control of the servos of the robot is carried out to generate the desired movement of the robot.
For this purpose, the PID controller is most often used [16], i.e. a device in the feedback circuit used by an
open-loop control system to generate a robot control signal. The PID controller generates a control signal
which is the sum of 3 terms, the first of which is proportional to the input signal, the second is the integral
of the input signal and the third is the derivative of the input signal.

The purpose of the PID controller is to maintain a given value x0 of a certain value x by changing
another value of u. The value of x0 is called the “setpoint”, and the difference e = (x - y) is called the

“non-residual” or mismatch. The output signal of the regulator u is determined by three terms:
[

d
u(t) = F+.f+ﬂ=.ffje(t'}+.ifl.f e(t)dr + .ifu_E
' > de )

where K ,, K ;, K 4, are proportional, integral and differential components of the regulatorrespectively.

X |'H ¥
%= 4x+Bu =LE}——r

Figure 2 - PID controller
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Figure 3 Model Parameter Designation

Figure 3 shows the model parameters indicated for robots: mobile robots of the “Motobot” type [2]
and a balancing robot of the “Segway” type [3]. For use in specific studies below are the values of their
parameters:

g=9.81 (m/ s2) acceleration of gravity;

m = 0.03 (kg) wheel weight;

R =0.035 (m) wheel radius;

Jw=mR2 /2 (kgm2) the moment of inertia of the wheel;

M = 0.6 (kg) body weight;

W =0.14 (m) body width;

D = 0.04 (m) body thickness;

H =0.144 (m) body height;

L =H/2 (m) distance to the center of mass from the axis of the wheels;
J¥=2 (M *L)/3 (kgm2) the moment of inertia of the body is tilted;
Jo=M (W2 + D2)/ 12 (kgm2) rotational moment of inertia;

Jm = 10-5 (kgm2) the moment of inertia of the engine;

Kb =0.468 (V * s/ rad) is the counter-emf constant;

Kt=0.317 (N * m/ A) is the motor torque constant.

Now we know everything to compile the source code of the program for organizing the movement of
the robots. Let's call this program “Segway”. First of all, we compose the main control circuit of the robot.
The diagram shown in Figure 4 reflects the main window of the program. The key blocks of the program
are described above when they conducted an experimental study on assembling a Motobot robot. The rest
of the schemes are contained in the nxtway appblock.
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Figure 4 - The program «Segway» (left)
for the organization of the movement of the robot with the controller (right)
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Figure 5 shows a general diagram of the model with all adjustable registrable inputs/outputs.
Shown here are the signals that transmit data on the record, which is conducted via Bluetooth protocol.

(1)

Husboodh

Eimral Buide

Figure 5 - Control generator diagram

The results of the study made it possible to examine some of the constituent blocks of the robot
model in details. ReferenceGenerator is a unit that transmits and limits control actions on the controller.
The “Controller” shown in Figure 4 is the block designating the NXT controller. On the left side there are
blocks that serve to receive data from sensors, encoders and Bluetooth.On the right side there are blocks
that serve to transmit signals to the engines and Bluetooth (Figure 6). The controller unit operates in the
discrete time system, and the model unit operates in continuous time mode; therefore, it is necessary to
convert the transmitted values.

Figure 7 shows the “NXTway-GS” subsystem, consisting of sensors, drivers, and a linearized model
of the robot. It converts the type of input data signals into real values. The subsystem calculates the
dynamics of the robot, and displays the recorded data of the results after performing the data sampling
procedure. This subsystem defines the parameters of the environment of the robot.
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Figure 6 - Circuits of ADC and DAC blocks in models for signal conversion
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The block shown in Figure 7 “Actuator” is a subsystem that converts the power set by the controller
to the voltage supplied to the motors. Designated block «Planty is the model described by equations of
double inverted pendulumtaking into account the calibration of the gyroscope.

The “Sensor” block converts the values obtained on the state of the model into the output signals of
the sensors. Additionally, the distance to obstacles obtained from the ultrasonic distance sensor is
calculated. This information may be used for detecting obstructions and avoid collisions with them.
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Figure 8 - Drive subsystem
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Figure 9 - Model Subsystem
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The “Data”, “Store”, and “Memory” blocks are used as general blocks for distributing data between
subtasks. Block “task ts2” is responsible for detecting obstacles of Corollary robot and evading them.The
“task ts3” block is responsible for counting the time and checking the battery level of the robot.

Block “task ts1” serves for calibration and balancing the gyroscope and for controlling the sound
level and writing data. Balancing and control start after calibrating the Osprey Gear. The calibration time

is saved as “time_start”.

Further, in the constructed schemes, the subsystems of balancing and control are presented. In the
circuit shown in Figure 17 is a block “DiscreteDerivativeBlock”, which calculates the time constant of
reverse differentiation block and “DiscretelntegratorBlock”, which calculates the time integral by Euler

method.
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Figure 11 - Operation scheme nxtway_gs controller applications.mdl
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Figure 14 - The task _ts3 subsystem is responsible for counting time. and check the battery level of the robot
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Figurel5 - The task_ts1 subsystem is used to calibrate the gyroscope and balancing, as well as for managing and recording data
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Figure16 - Controller model for control in balance mode
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Figurel7 - Blocks of the controllers «Discrete Derivative» and «Discrete Integrator Block»

Figure 17 also contains the

Figure 18 shows the method for

Subsystem shown in Figure 19 calculates the state of the system using the sensor output signals. Long
"girodrifta" (gidrodreyfa), and a low pass filter is used for removing
away move speed signal. The subsystem shown in Figure 20 is responsible for calculating the supply of

gyro data is used to remove

blocks responsible for the calculation of the signal level, and with the use
of a low pass filter for reducing surges caused by abrupt changes in speed of the generated signal.

calculating the generated controls.

the required power to the servo drives.
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Figure 19 - Monitoring and monitoring the state of the model as a closed system
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Figure 20 - Procedure for calculating p and the power supplied to the robot servo

The simulation results. The use of the utility “NXT GamePad” can register and record the value of
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an angle of inclination of the robot of the gyroscope and the robot regarding to the beginning of the
movement using the values of the encoder of one of the servomotors. Figures 21 and 22 show the results
of experimental research in the form of a graph of the data obtained by balancing the robotin a steady state
and in a motion, respectively.
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Figure 22 - Simulation resultsinmotion

Findings. The article addresses the problems of stability of a balancing robot in motion in accordance
with the laws of TAU. The stability of a closed system on the basis of feedback has been investigated. The
coefficients were synthesized using the following methods: calculation by the desired roots and the linear
quadratic regulator method. According to the defined parameters of the PID controller, functional
diagrams are compiled for controlling the robot servos. The results of experimental studies of balancing a
robot in static and dynamic conditions were obtained using the NINXT GamePad utility, taking into
account the value of the tilt angle of the robot from the gyroscope relative to the start of movement, using
the encoder value of one of the servomotors. Registered statistics for specific values of the parameters of
the controller of the robot show the degree of compliance with its stability when the robot moves in the
closed state.
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'Waldemar Wojcik, C.A. Kyasmamupos?, K. M.Anuvkanosa’,
JL.M.Anmmkanosa’ , A.M.AxmeroBa’, B.A.Kapiokun’

! Tr061MHCKHMIT TEXHONOTHYECKUIT YHHBEPCUTET;
Kasaxckuii HAMOHATBHBII YHHUBEpCHTET UM. alib-Papadu

UCCJIEJOBAHUE YCTOMYUBOCTH PETYJIATOPA
BAJTAHCHUPYIOIIEI'O POBOTA NI MINDSTORMS

AnHoTanusi. B craTtbe mpejcraBiieHbl pe3yabTaThl UCCIEOBAHHS YCTOMYMBOTO COCTOSIHUS OaJlaHCHPYIOLIETO
poboTa, Korja yNpaBJeHHE OCYLIECTBISETCS B 3aMKHYTOM cCOCTOSSHUM. CHHTE3 KOA(QQUIMEHTOB peryssrtopa
OCYIIECTBIISIICS OLICHKOW KOPHSA XapaKTepHUCTUUECKOTO YpaBHEHHS M JMHEHHOTO KBaJpaTHYHOTO peryssitopa. [Ipn
neiicteun [T ]/]-perymsaropa cOCTaBIeHBI alTOPUTMBI YIIPAaBICHHS CEpPBONMpUBOAaMHU poborta. Pe3ynprarTs
MPOBEJCHHBIX AKCIIEPUMEHTAIBHBIX HCCIEIOBAHMNA II03BOJIMIM MOCTPOUTH MEPEXOIHbIE XapaKTEePHUCTHUKH B
3aMKHYTOH CHCTEME YIpaBJIeHUs] pOOOTOM IpH OalaHCUPOBAHUH COCTOSHUSA poOOTa Ha MECTE U B JIBHIKECHUH.

'Waldemar Wojcik, C.A. Kyasmamupos?, K. M.Aanm:kanosa’,
JL.M.Aaum:kaHoBa’ , A.M.AxmeTosaz, B.I/I.Kaplmcnﬂ2

! 106 TH06IMH TEXHOTOTHAIBIK YHHUBEPCHUTETI;
29n—<1>apa6n ATBIH/IAFbI Ka3aK YITTHIK YHUBEPCUTETI

POBOT NI MINDSTORMS PEI'YJIATOPABIH
TYPAKTBUIBITBIH 3EPTTEY TEHAECTIPY

AHHoTauus. Maxkanaga TEHIECTipy POOOTBIHBIH TYPAKTHl KYWIH 3€pPTTEYyIiH HOTIKEJepl KeNTIpiIreH, o
Gaxpray KaOBIK JKarnaiiia opeiHAaNan6l. Perreym koo uuueHTTepai CHATE3NeY TOHAIK TeHACYIiH TYOIpiH XKoHe
CBHI3BIKTBHIK KBJIPATTHIK PETTETIIITI Oaranay apKbUIbl jKy3ere achlpbuiasl. PID koHTposutepiHiH opekeTi OoibIHIIA
pobOT cepBepiiepiH Oackapy aaropuTMIEpPi Kacaiaaasl. DKCICPUMECHTTIK 3ePTTEYJICPHiIH HOTHXKeIEpi 013 pOOOTTHIH
Kal-KyHl MEH KO3raily jKar[JallblH TEHECTIpy Ke3iHAe »aOblK LHUKIIBIK poOOTTHl Oackapy KyleciHie eTrmeni
cUnaTTamanap/ibl Kypyra MyMKIiHIIK Oep/i.
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