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Abstract: In the first part of the presentation detailed description of the modular technical
system built up of electric components and end-effectors is given. Each of these components
was developed at different industrial companies separately. The particular mechatronic
unit under consideration was constructed by the use of the appropriate mathematical model
of these units. The aim of this presentation is to publish the results achieved by the use of a
mathematical modeling technique invented and applied in the development of different
mechatronic units as drives and actuators. The unified model describing the whole system
was developed with the integration of the models valid to the particular components. In the
phase of testing the models a program approximating typical realistic situations in terms of
work-loads and physical state of the system during operation was developed and applied.
The main innovation here presented consists in integrating the conclusions of professional
experiences the developers gained during their former R&D activity in different
professional environments. The control system is constructed on the basis of classical
methods, therefore the results of the model investigations can immediately be utilized by the
developer of the whole complex system, which for instance may be an industrial robot.

Keywords: mechatronic, system investigation, industrial robot, DC servo motor, PID
control

1 Model of the Servo Motor

The first step was to design the model of a PM motor in order to perform the
analysis. The system model has two main parts and several smaller units.
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As a following step the control circuit was developed using the previous results.

Ube(t) = URa +UL3 +U1
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Interpretation of the blocks in system description
I

P

In ‘ Out
P

In ‘GAI Out

In,

In Out

Out:E

P
Out=In-P
outzj'ln-dt

Motor given by the system-model can be regarded as only unit

Un(®)

Mterh(t)

MOTOR

Q)

iﬂ(t)

Parameters of the motor used in simulation 80W

R,=0,360 [W] L,=0.1410"[H]
roror = 1,22°107 [kgm?]

K, =50,110" [Vs]

M, =0,301 [Nm]

K, =50,110" [Nm/A]
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Upe=U,=15V

B, clamping coefficient (viscosity) is not given in the cataloge. Let take the value
of B, so that in slow running, no-load current flows in the motor, Iy = 324 mA.

W, =286,78 rad/s. If [y = 310 mA then M;; = 0,05M, ! Then B, = (0,05.M,))/W, =
5,2310” [Nms]

L
Time constants of the motor: Ty = Ra =38-10"*s
a

R, -©
T i~ =1,7-10%s
KZ

emech —

For evaluation of the results presented in diagram.
Stepping the curves (leaving them as the results):

On the left side of the diagram is the sclaling. (€, o, leurents Uswitchs Leurrent) The first
number indicates the value belonging to the lower level of the rectangle which is
divided into parts by sections, the second number indicates the changing value
belonging to the upper level.

(In the case of those variables where the absolute value of these numbers is the
same, sing is differnt, the 0 axis can be foumd on the centre line of the rectangle.)

Time on the horizontal axis can be seen on each diagram in [s].

Voltage signals can be found in the lower field of the diagram. Current signals
situated symmetrically compared to the centre line (revolutions are the same exept
running-up curves).

The basic signal for the position can also be seen in the circles for the regulation
of the position. The torque signal (when it is not nul) there next to the diagram can
be found in a small coordinate-system.

Running up [M;=0, M=Mjy]
1 T 1 I

Q 0,00
300,00

Leurrent -50,00
50,00

Uswitch 0,00
100,00

M,

1ms t 1 1 1 1 1 1 1 1 |
0 Time 0,2

Figure 4
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a) Load M=0; t=200 ms; ,,=0,3105 A; Up=15 V; W, =297,1 rad/s
b) Load M=M,=0,3 Nm; t=200 ms; 1,=6,253 A; Up.=15 V; W,=254,46 rad/s

2 The Rotation Control Circuit

K M l0a (")
Qbasis Qfault | ¢ U U | e
1 delta be Q(t)
®r sum GAI ® SUM GAI
@ Qbasis
GAI
Ubasis
Figure 5
Qfault:Qbasis'Q(t) ( 1 0)
Uelta=Ko Qfaute (11)
As in the steady state oparation (M=at constant)

Ube/baSiS:Ui/Qbasis+Ia'Ra/Qbasis ( 1 2)

and U>>[,-R, inner voltage descrease is expedient, if

Ubasis:Kl 'Qbasis:Ui/Qbasis ( 1 3)
K-propertional coefficient of amplification influences the accuracy of control
when K, is increased the Qy,,, converges to 0.

Hereinafter the circle for revolutions control can be considered as an only unit.

Mlerh(t) Load

pasis motor for Qo
revolution |——
control
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Q -300,00
300,00

Uswitch 0,00

5,00E+3 |

Leurrent-5,00E+3
5,00E+3

Qbasis
200 Tg

100 T [~

Ims t
10ms

M=0; Kqa=200; t=9.99 ms; Q=100.001 r/s; t=20 ms 2=200.00 r/s

Q 300,00
300,00

Uswitch -20,00
60,00

Teurent 50,00 |4
50,00

Qbasis

200 T
100 % [T

1ms t
20ms

Revolution loop - unboundedly

i
Time 0,02

Figure 6

Revolution loop Ubeyjp, 215V

My=0; Ubelim +15 V; Kq=200; t=50 ms; Q=200.00 r/s

In Fig can be seen that following the unit jump the system wants to intervene
faster and in the result of it more kV (i.e. much more current) is taken up. With
real supply unit it is impossible to achieve. For rated voltage with unbounded

supply voltage.
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Revolution loop Kg =400

Q -300,00 I 1 I I 1 I I 1 I
300,00
Uswitch 20,00
60,00
Teurrent  -50,00
50,00

g_AJZLSIS —
100 T

1ms t

| 1 1 1 1 | | 1 |

0 1dé 0,02
Figure 8
M=0; Ubelim: +15 V; t=20 ms; Q =99.999 1/s; [,=104.6 mA; U,.=5.047
V; Kq =400

Under the same conditions in what has gone before Ko=1000. Non-damping
vibrations set in. By increasing the proportional coefficient of amplification the
accuracy of regulation can be increased, but problems of stability can arise.

Revolution loop Kg = 1000

Q 300,00 T T T T T T T T T
300,00

Uswitch  -20,00
60,00 [T -1

Laurrent  -50,00 [~ -1
50,00

Figure 9

Effect of drive inertia. Reduction on motor-axis.
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Effect of moment of loading inertia

Q -300,00 I I I I I I T T T
30000 | i
Uswitch  -20,00
60,00 .
Teurrent 50,00 m
50,00
] ﬂ‘“‘“—'—_
Qbasis i// -
1007
1 l
1ms t _L N
||
M, = .
My |
= | -
1ms t
1 1 1 1 1 1 1 1 1
0 Time 0.05

Figure 10
at t=50 ms; Up,.=7.209 V; 1,=6.092 A; 9=99.994 1/s; O=30,40r

On the basis of capacity:
1
Mr Ny :Mload "Nygaq " (14)
n

7 - transmission efficiency

Mr :Mload 'M:Mload ' (15)
Dmotor * M a-m
Kinetic energy:
1 2 1 2

E®load 'Qload :_®r Qm ‘M (16)

1
®r :®load T o (17)

n-a

In accordance with the relationship follows that in the case of reducers inertia of
the driven arm has less influence. If the reduced inertia can be compared with the
rotor inertia as it seen in Fig 6, regulation slows down (T increases) and the
current load of the armature considerably increases.

Building up the regulating circle for the position.

3 The Position Control

Feedback of the proportional regulating loop for the position is performed by
potentiometer.
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basis Ky | M, |a0
~ | dfau]t Qbasis Motor fOr Q(t) (X(t)
®rsum GAI revolution INT

’7 control

Figure 11

K, proportional coefficient of amplification influences accuracy and stability of
regulation. (Fig. 7, 8, 9)

As it seen from the diagrams that the proportional coefficient of amplification is
sensitive to the scale of amplitude in the base signal. The inertia of the driven arm
consideratly impackt on the quality of control, too.

The Whole circuit design Was concluded by the solution of the position control.

Funktion between Oigy (s) and Qyagis (S):

K.[zmm_%j s
s l+a-s-T,

where T; integration
Ty differential time constant
K  amplification factor
at a=1 or T4=0 PI regulation can be achieved

Position loop

Q 300,00 T T/ AN T T T T
2 /
300,00 ///\4\/
a -50,00 H .
50,00
Uswnch -20,00
60,00 H 7
74
Obasis ~ -50,00 -
50,00 |
Olbasis :
a0 |
Ims t 1 1 ] ] 1 1 1 1 1
0 Time 0,05

Figure 12

M; =0 influence of the proportional coefficient of amplification K,=300 aperiodic
K4=500 aperiodic with swing-off K,=1000 periodic, with damped vibration.
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K =300, change of amplitude of the basic signal

Q 30000 [T AT T T T T T 1
300,00

a -100,00
100,00

Uswiteh -20,00
60,00

Obasis  -100,00
100,00

Olbasis

Ims t

80ms | 1 1 | | 1 | | 1
0 Time 0,10

Figure 13
M=0 at t=100 ms; 0=19.899; Up.=-0.009 V; ,=-0.386 A

K, proportional factor of amplification should be the function of the basic signal
amplitude. K,=300 set in to the 40° junp at 90° jump results swing-off, by
decreasing of it the accuracy depreciates.

® = O,1r aperiodic swing-off free set in of the rotor.
® =30 o aperiodic set in of the rotor with swing-off

at t=50 ms; Up,.=0.028V; a=40.008°; 1,=0.095 A; Q =-0.043 r/s

K, = 300, loading inertia changes

Q -300,00 I I I NI I
300,00

a -50,00 -1
50,00

Uswuch -20,00 -
60,00

Obasis  =30,00 ~—
50,00

Clbases

Time 0,05

Figure 14

=}

If the inertia of the arm can be compared with the inertia of the rotor - so in that
case it has a great influence on the position regulating circle, too. The quality of
range changes under the same contitions and so does the range time.
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PD control change of amplitude of the basic signal

Q -300,00 — T T T T T T T 1
300,00

a -100,00
100,00

Uswitch -20,00
60,00

Qpasis  -100,00
100,00

Olbasis

1ms t
50ms
100ms | | 1 1 | | 1 1 1
0 Time 0,15
Figure 15

Parameters: K=100; T,~=107; a=0.05; M=0; t=150 ms; [=-0.006 A; U,
0.0028V; oo = 19.998°; Q= 10.0018 /s

® = O, her initial run-up takes place faster

® =30 101, then run-up is slower but the set-in (has the) same quality.

® = 30,40r at t=50 ms; U,=-0.025V; a=39.976°; Q=0.068 1/s

PD control; loadig inertia changes

Q -300,00 I I I 1 1 I I 1 I
300,00
a -50,00 H -
50,00
Uswnch ‘20,00 a
60,00 [7
pasis =30,00 |
50,00 K -
1 | | 1 1 1 1 1 1
-0 Time 0,05

Figure 16

Fig. 16 repetation of simulations Fig 14. with PD control
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PD regulator [, unboundedly current

a -50,00 I I I I I | 1 I I
50,00 | -
™
Uswnch -20,00
50,00 [
Icment -50,00
50,00 __// 7
Qosis -50,00 |
50,00 (- -
: V\.\\Mz\rm'wv_w
Obasis | _
30°
1ms t | 1 | 1 | | 1 1 1
0 Time 0,12

Figure 17

As it seen that in most part of reset time great amount of current falls to the
armature. At starting without current limit, cca 39 A peak current appears.
Amplification factor of PID member is: K=200

M=0 Amplification factor as the PID member should be decreased by K=80 for
stabilitys sake. Setting time increases signifcantly.

In the case of real load control into the positions station can be very quick, so in
every starting much current load to be reckoned wicht.

The motor in unable to bear in a long run. Current belonging to its nominal
moment is 6,1 A but at starting it is 5-6 times more.

PD regulator current bounded £15 A
. -50,00 T T T T T T T 1
50,00 | -

Uswﬁtch -20,00
60,00

Lurrent  -50,00
50,00

Apasis  -50,00
50,00

Olbasis

0 Time 0,8

Figure 18
Conclusions

In accordance with these principles the presentation is rich in illustrations selected
from the ample set of particular investigations. Though the limited size of this
paper does not make it possible to give the full description of the verification of
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the models applied, it is worthy of note, that via completing wide-spread series of
simulations and measurements the appropriate models have been verified.

The main aim of the here published development was to bring about an open
motion control system for a robot used for educational purposes.
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