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STUDYING TRANSIENT CHARACTERISTICS OF ELECTRICAL CIRCUITS IN ROBOT DRIVES

The article deals with the issues of mathematical analysis, mathematical modeling, creating an analytical foundation for constructing hardware and
algorithmic support for the drive device for launching aircraft by robots in order to determine the optimal choice of structure and parameters of the
control loop. The article examines equivalent circuits for control loops in the form of RL circuits and RLC circuits. Mathematical modeling for the
drive functioning is carried out by considering first- and second-order differential equations. The article determines the transient characteristics of
control loops as a response to the supply of a single step function and estimates the time parameters for reaching a steady state mode when using P and
PID controllers. The article adopts an equivalent circuit for a DC motor in the form of a series circuit of active resistance R and inductance L and uses
typical ratings R and L of the motor and power source E in conjunction with regulator type. The article presents recommendations for choosing engine
type for launching an aircraft and choosing regulator type.
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K. T. KOI[KAJIO

JOCILIKEHHSA NEPEXITHUX XAPAKTEPUCTHUK EJIEKTPUYHUX KIJI B TIPUBOJAX POBOTA

Po3ristHYTI NMUTaHHS MaTEeMAaTHYHOrO aHalidy, MaTEeMAaTHYHOrO MOJCIIOBAHHS, CTBOPEHHS aHAIITHMYHOTO OOTPYHTYBAaHHS JUI I100YHOBH
anapaTypHOro i alropUTMIYHOro 3abe3IeueHHs MPHCTPOIO NMPHBOAY 3aIlyCKy JIITAJIbHUX amapartiB poOOTaMHM, 3 METOI BH3HAUYCHHS ONTHMAJbHOTO
BUOOpY CTPYKTYpH i HapaMeTpiB KOHTypa peryitoBaHHS. PO3MIISHYTO CXeMH 3aMillleHHs KOHTYpiB ynpasniHHsa y Burisiai RL-xinm i RLC-kin,
3IIHCHEHO MaTeMaTHYHE MOJENMIOBAHHS (YHKLIOHYBaHHS NPHBOIY LUIIXOM PO3MIAAY IM(GEpeHLIHHUX DIBHSHb IEPIIOro i APYroro MOpPSIKiB,
BU3HAUCHI NMEPeXifHi XapaKTePHCTUKH KOHTYPIB yHPABIiHHA SK PEaKIlil0 Ha IOJady OJIMHHUYHOI CTyneHeBOi (yHKIIi, OL[iHeHI 4acoBi mapameTpu
BHUXONYy Ha cranmuidl pexum npu Bukopuctansi I1 i1 IIIJ] perynsropi. IlpuiiHATa cxema 3aMillleHHS JABUTYHa IOCTIHHOTO CTpyMy y BHIJISAI
MIOCIIIIOBHOIO KOJIa aKTHBHOro oropy R i inxykTuBHOCTI L, BUKOopucTaHi TunoBi HoMiHami R i L mBuryHa i jukepena sxusieHHs E B cykynHoCTi 3
BHKOPUCTOBYBAHHUM TUIIOM peryJsitopa. [IpejcrasieHi pekoMmeHaalii Juist BUOOPY THITY IBHUIYHA IPHBOJA 3aIyCKY JITAIBHHUX araparis i BUOOPY THITY
peryssitopa.

KurouoBi cioBa: pobOTOTEXHIKa, YIPABIIHHS, PEryIsaTop, ABUTYH HOCTiiHOro ctpymy, RL-komo, RLC-kono, nepexifHi npouecu, nepexigHa
XapaKTEePHCTHKA, allepioHYHI IPOLECH, KOJIMBAIbHI MPOLIECH, MATEMaTHYHA MOAEIb, MATEeMaTHYHE MOJICTIOBAHHS.

Introduction. The relevance of using robots in the
modern world is beyond doubt. Such robots are used in
places that are either dangerous to humans or inaccessible
to humans. In any case, the positioning accuracy and
accuracy of the robot’s actions directly affect the
efficiency of performing the tasks assigned to the robot.

The object of study was a robot used in robotics
competitions. An image of this robot is shown in Fig. 1.

Considering that this device is used in robotics
competitions, which are traditionally held in the United
States and other countries around the world, similar
devices are widely used in various industries, military and
agriculture. Therefore, the importance of studying the
presented object and the processes occurring in it is
beyond doubt.

The presented robot contains seven DC motors and
each of them is equipped with an individual drive (a
gearbox system for transmitting rotations from the motor
to the actuators):

- four wheel drive motors (one motor per wheel);

- two motors for the robotic arms;

- one engine for launching a drone (aircraft).

The study of transient processes in an object is based
on the study of transient characteristics of electrical
circuits in a robot. Transient characterization involves
studying the behavior of electrical circuits when
transitioning from one state to another, for example, when
a robot motor starts, stops or changes direction [1].

To control DC motors, each motor drive contains a
gearbox system and an electrical control system. P

(proportional component), Pl (proportional and integrating
components), PID (proportional, integrating and
differentiating components) regulators are wused as
regulators in control systems [2].

Fig. 1. Research object image — a robot

The research work analyzes the engine control
system for launching a drone (aircraft). The operation of
the drone launch drive is demonstrated in Fig. 2.

The final actuator element for the drone launch drive
is two wheels, which eject the aircraft by counter-rotation.
These two wheels acquire counter-rotation from a DC
motor through a gearbox system.
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Fig. 2. Drone launch drive operation

The actuating elements themselves, their look and
design are presented in Fig. 3 and Fig. 4.

Fig. 4. Appearance of the actuating elements

Research purpose and methods. The control
system is equipped with a P-regulator to fulfill the
condition of maximum performance (minimum reaction
time to start the engine and minimum time to reach a
steady state).

A generalized block diagram of the object control
channel is shown in Fig. 5 [2].

The scheme (Fig. 5) shows:

X —input signal;

Y - output signal;
R - regulator;
P — regulation object (DC motor).

X

V<

Fig. 5. Control channel block diagram

Parameters estimation of the electrical control circuit
is possible through mathematical analysis and
mathematical modeling. That would require replacing the
real control circuit with a corresponding equivalent
circuit. Only after this the mathematical apparatus can be
used and data verification and conclusions can be
made [3].

To analyze the parameters of the electrical circuit
during transient processes in the drive of the drone
launcher, an equivalent circuit of the electrical control
circuit was used, which is shown in Fig. 6.

The equivalent circuit of the electrical control circuit
was used (Fig.6) to analyze the parameters of the
electrical circuit during transient processes in the drive of
the drone launcher.

Fig. 6. Control scheme of equivalent circuit for the drone
launching device drive

Fig. 6 illustrates the following symbols:

E — electrical power supply;

L, R — a DC motor equivalent circuit that includes a
resistor R and an inductor L;

S — a key for supplying electrical voltage to the DC
motor;

I, U_ — electric current in the electric circuit and
electric voltage on element L of the electric circuit RL,
respectively.

Fig. 6 shows the diagram where initial parameter
values are determined:

E=25V;L=0.2H;R=100 Q.

The purpose of analytical research is to analyze the
transient characteristics of electric current | and electric
voltage U, (Fig. 6) in the electric circuit RL after closing
the key S and, accordingly, applying electric voltage E to
the electrical circuit of the drive.

The classical method of transient processes is used as
a research method, based on differential equations taking
into account the laws of commutation. The transient
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characteristic is the time response of the electric current |
parameters and electric voltage U after applying a unit
step function 1(t) to the circuit input. A differential
equation is an equation that can be used to describe any
physical processes occurring in nature.

Analysis of transient processes in the control
scheme of equivalent circuit for the drone launching
device drive by a robot.

Using a first order differential equation. According
to Kirchhoff’'s second law [4], the sum of the circuit
voltages in Fig. 6 is equal to zero.

The voltage across the resistor is determined by
Ohm's law [4]:

Ug = IR,

where | — value of electric current in the circuit;

Ur — value of the electrical voltage drop across the
resistance R.

Inductor voltage [4]:

U =L m
where U, — value of the electrical voltage drop across the
inductor (V);

L — inductor inductance value (H);

t — time (sec).

Based on [5], the diagram presented in Fig. 6 can be
described by a differential equation of the form:

di .
L—+iR=E, 1
ot @)

where i — instantaneous value of electric current in a series
circuit of a simplified equivalent circuit (Fig. 6).

Formula (1) describes the processes in the circuit in
Fig. 6 and is basic for describing RL electrical circuits [6]
and is a first-order linear inhomogeneous differential
equation.

The authors analyze how electric current behaves
when the power is turned on depending on the circuit
parameters R and L. It requires solving the differential
equation (1) with respect to the variable i. The solution to
this equation, in general form, is the current, which has
two components:

i =iy +i, @)

where i; — particular solution of a non-homogeneous
differential equation. The physical meaning is the current
value that is established after the end of transient
processes;

i, — general solution of a homogeneous differential
equation. The physical meaning is the change in current
during a transient process.

To solve equation (1), the corresponding
homogeneous equation is defined in the form:
Lﬂ+ iR=0.
dt
Hence
Lﬂ =-iR
dt

After separating the variables, integrating and taking
the logarithm of the resulting equation:
di_ Ry

- Iii:—ijdt - In|i|:—5t+c,
dt L i L L

we get an expression for the corresponding homogeneous
equation.
To do this, we perform the transformations:
R R
. —t+c -t
i(t)=e L =e L .e“.
Then we obtain the solution to the corresponding
homogeneous equation in the form:
- _Bt
i(t)=ce L.

Using the method of varying an arbitrary constant,

we look for a solution to the corresponding
inhomogeneous equation:
Ry
i(t)=c(r)-e L. €))
We perform a number of transformations:
R R
di -t R -t
A_cet -—A(t)e L,
dt L
R R Ry
Lc'e L —Rce L +cRAe - =E.
Hence
R
de _E. "
d L
E Ry E L Ry
c(t)=—[eb dt=—-—el +4. 4
() LI L R @)

Substituting (4) into (3) we get:

. E
Il:E

The final solution of equation (1), as the sum of the

particular and general solutions (forced and free
components), has the form:
R
. E -t
i=—+Ae L. 5
= (5)

To determine the constant A of the free component in
(5), it is necessary to use the initial conditions.
According to the first law of commutation [7]:

i(0-)=i(0+),
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where i(0-) — instantaneous value of the electric current in
the electrical circuit (Fig. 6) immediately before the
closure of the key S at some point in time t;

i(0+) — instantaneous value of the electric current in
the electrical circuit (Fig. 6) immediately after closing the
key S at some point in time t.

Since before the closure of the key S (at t=0) the
electric current in the RL electrical circuit (Fig. 6) was
absent, meaning it was equal to 0, then:

i(0-)=i(0+)=0,
which means that immediately after closing the key S and,

accordingly, turning on the drive motor of the drone
launcher, the electric current in the RL electrical circuit is:

i(t)=0.

Hence
. E
i(0+)=—+A,
(0+) -
. E
A=i(0+)——.
(0+) -
Then expression (5) takes the following form:
E E R
i=———e L. 6
=R (6)

To obtain the value of the electric voltage on the
inductor, we take the derivative of the electric current (6)
and multiply by L:

el =Ee L. )

Expressions (6) and (7) characterize the
instantaneous value of electric current i and electric
voltage u, in the RL circuit in general form. To determine
the behavior of the variables i and u_ in the control
scheme of the robot’s drone launching drive, it is
necessary to substitute known parameters of the robot into
expressions (6), (7).

Then expressions (6), (7) will take the form:

25 25
=2 20 602 =0.025(1—e_500t), ®)
100 100
100,
u =25-¢ 02 =25e7500t 9)

The transient process in electrical circuits is
completed within five time constants t [8]. For RL
circuits, the time constant ¢ is defined as

L 02

1=—=——=0.002sec.
R 100

Table 1 summarizes the data for i, and u, for real
values of E, R, L of the control scheme circuit of the drone

launcher drive for the time range [z, 51].
According to the results of Table 1, the transient

characteristics i = f(t), u_ = f(t) are made, which reflect the
speed at which the control channel elements of the device
drive under study reach the steady state of operation
(Fig. 7, 8).

Table 1 — Calculation data by formulas (8), (9)

T 1T 21 3t 41 5t
t 0.002 0.004 0.006 0.008 0.01
U, 0.920 0.338 0.124 0.046 0.017
i 0.016 0.022 0.024 0.025 0.025
i=f(t)

0,023

014

017

NJ br;.-ar_:;.‘ 0,004 0,006 0,008 0,01

Fig. 7. Transient characteristic i = f(t)

ul=f(t)
1,000
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0,800
0,700
0,600
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0,400
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0,200
0,100
0,000

0,002

UL

0,004 0,006 0,008 0,01

Fig. 8. Transient characteristic u, = f(t)

Using a second order differential equation. In the
equivalent circuit under consideration in Fig. 6, conditions
were set for using the P-regulator and neglecting the
presence of capacitance in the electrical circuit of the
engine. However, taking into account the motor
capacitance or using a PID controller will allow us to
consider a more complex DC motor drive equivalent

circuit. Such an equivalent circuit will have three
electrical parameters — R, L, C.
The equivalent circuit taking into account

capacitance C is shown in Fig. 9.
In the scheme:

E=25V;L=02H;R=100Q; C=4-10°F.

The equation that describes the circuit in Fig. 9 has
the form [9]:
Lﬂ+Ri+ifidt: E,
dt C
where L — value of inductor inductance (H);
C - capacitor value (F);
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i — instantaneous value of electric current (A);
R — resistor value (Q);

E — power supply voltage (V);

t — time (sec).

v

Fig. 9. Simplified equivalent circuit for the control scheme of the
drone launching drive taking into account the capacitive

component
In this equation:
. Uc
i=C—=, uc =—idt,
dt ' ¢ j
where uc — instantaneous value of the voltage drop across

capacitor C.
We take the derivative with respect to t on the right
and left sides of the equation. Hence
2. .
ﬂ+ Rﬂ+l =0.
dt? dt C
This is a second order differential equation that
describes the equivalent circuit in Fig. 9. This equation is
transformed by dividing the left and right sides by 1/L.
Hence [10]:

2. .
dfi  Rdi 1 _ (10)
dt2 Ldt LC

Based on (10), we form the characteristic equation:

2 R 1
+—p+—=0.
P L P LC

This equation is quadratic. We find its roots.
Discriminant:

Roots:

The general solution to equation (10) is presented as:

i= AePt 4 APt (11)
Ay, A, are determined from the laws of
commutation [7]:
uc (-0) =uc (+0);
Ic (—0 = ic (+0)
Hence
A+A =E; 12
{Al pL+ APy =0. (12)
Solving a system of equations (12):
A=-A-E,

(‘AQ—E)P1+A292=0 —Aop—Epp+Ap, =0

Ep;
~Py(py—p1)=Epy, Ap=—"—.
( ) P2 — P
Ep;
A=-——1 _E,
P2 — P
___Ep E(Po-m)_ -Ep-Epp+Ep _
P2 — P Po— P P2 — Pt
___Epp
P2 — P
Thus:
E E
A= P2 ’ PL_
P2—-P P2—P1

Let us substitute the obtained data into (11) taking
into account pyp,, we obtain:

E t t
i epl epZ
(pL=1p2) L(pL= P2 )
E t t
— epl epZ
L<p1:p2)( )
We find U, Uc.

_di__E Pt _ p eP2t 14
U= pl—pz(ple P ) (14)
1. t

U =—[idt = ePlt _gP2t)gt+E .
¢ Cj (pl—pz)g( )
t
Plt‘ pot
RS EUC T T
C(p—n2)| P P2
B [ieplt—iepzt—i+iJ E=
LC(p - p2)\ Pt P2 PP

Bulletin of the National Technical University "KhP1".
Series: Hydraulic machines and hydraulic units, no. 22024



ISSN 2411-3441 (print), ISSN 2523-4471 (online)

_ E pzeplt — plep2t B
LC(py—py) PLP2

- E [pl_pZJ+E.
LC(py—P2)\ PP2

Since pyp,=1/(LC) [11], then

Uc = (15)
¢ PL— P2

In the equivalent circuit in Fig. 9 there are two
possible options for transient characteristics:

- aperiodic (condition R > 2\/5 );

(pze'olt - plepZt)+E .

- oscillatory (condition R < 2\/5 ).
Considering that for the case under consideration:

R=100,L=0.2,C=4-10° then

0.2
4.10

100< 2-

5 100 < 447.214.

Therefore, the transient response has an oscillatory
character.

To form graphical dependencies i=f(t), u_=f(t),
uc = f(t) and further time analysis of transient processes in
the diagram in Fig. 9, we present equations (13), (14), (15)
in a more convenient form. To do this, we use the
algebraic and trigonometric form of representing these
equations.

To write equations (13), (14), (15) more compactly,
we introduce the following symbols:

1 s R _R?
0" Jic’' 2L N
R
B = arctg 2L

/L_Ri
LC 4L

Then equations (13), (14), (15) can be represented

as:
E s
I=—=¢e "sin(ot), 16
ol ( ) (19)
u, = Eﬂe_&sin(oat+90+[5), (17)
w
_ % -8t
uc = E—>e %sin(wt-90-p). (18)
(O]

Let us determine the numerical parameters w,, 6,
, B.
1 1

JLC  J0.2.4.10°8

o =1118.034,

5= =025,
2L 2.0.2
2 2
w:\/ 1 _R_:\/ ! - 1002 ~1089.725 ,
JLC 4L 0.2-4-10° 4.0.2
R
B= arctgL = arctgE = arctgi =12.898.
1 R2? ® 1089.725
LC 4L

Finally, the equations for constructing graphs, in
accordance with (16), (17), (18) have the form [12]:

i= ELe‘Stsin(mt) =0.011e>"sin (1089.725t) . (19)
()

u = E&e’&sin(mt+90+ﬁ) =
® (20)
= 2.565¢2°%"sin (1089.725t +102.898).
Ue = E 20 ¥sin(wt-90-B) =

© (21)
= 2.5+2.565¢ 2°%"sin (1089.725t ~102.898).

Based on equations (19), (20), (21), the Table 2 is
filled out.

Table 2 — Calculation data by formulas (19), (20), (21)

t 0.002 0.004 0.006 0.008 0.01
i 0.005 —0.004 0.001 0.001 —-0.001
ug -1.534 0.404 0.284 —0.346 0.135
Uc 2.210 3.361 2.009 2.523 2.664

According to the Table. 2 we build graphs that are
transient characteristics.

According to the obtained graphs (Fig. 10-12) it is
clear that the transient process, although with fluctuations,
takes half as much time. And this is very important for
increasing the speed of the robot's response to the launch
command. Thus, it is obvious that the capacitance in the
equivalent circuit of the robot drive as well as the use of a
PID controller can reduce the robot's response time to the
start command to 0.004-0.006 sec.

i=f(t)

0,006

N
0,004 \
0,002

*~ 0,000 :
0,002 \ 0,004
0,002

-0,004

-0,006

Fig. 10. Transient characteristic i = f(t)
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ui=f{t)

0,5
. / \ | /‘
0,002 / 0,004 0,006 \u.mz/o,m

-0,5

L/

Fig. 11. Transient characteristic u, = f(t)

uc=fit)

4,000
3,500
3,000
2,500
o ¥ N, —
1,500
1,000
0,500

0,000 ‘ ‘
0,002 0,004 0,006

uc

T
0,008 0,01

Fig. 12. Transient characteristic uc = f(t)

Research results. The transient processes that occur
in the electrical circuits in the control scheme of the
robot’s drone launching drive are analyzed in these
studies. This drive is necessary to eject the drone (aircraft)
at maximum speed. To do this, it is necessary to ensure
the fastest possible transitions of the electric current | and
electric voltage U in the DC motor, which is the executive
element of the specified drive, to new steady-state
values [13].

Considering that the drone (aircraft) is launched by
pressing a button, it is equivalent to applying a single step
function 1(t) to the input of the drive control circuit. The
output characteristic of the drive control circuit is the
transient characteristic; it is the response of the drive
device to a single step function. For the successful
functioning of the control scheme of the robot's drone
launching drive, the transient characteristic must be as
steep as possible, the transition to a new state must be
minimal in time [14].

The transition from the initial state to the specified
state in terms of electric current | and electric voltage U
occurs in 0.01 seconds in the robot under study. Note that
such a transition occurs along an aperiodic trajectory.
Examining the obtained formulas (8) and (9) it is easy to
see that an even steeper transient characteristic occurs
with an increase in R or a decrease in L [15]. The
implementation of this condition occurs due to correct
selection of a DC motor (with the necessary parameters)
in drone launching drive.

Another way to increase the transient characteristic
for i, and u, i is to use PID controllers. In this case,
capacitance C appears in the equivalent circuit of the drive
electrical control circuit, which can lead to transition to a

new steady-state value of the electric current | and electric
voltage U along an oscillatory path. And such a trajectory
can reduce the time of the transition process.

However, the presence of capacitance in an
equivalent circuit leads to an increase in the order of the
differential equation that describes such circuits.
Considering and analyzing a second-order linear
differential equation is much more difficult.
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