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Abstract

Electromechanical dynamics analysis and simulation on a rollforming equipment with both sides

variable cross-section are discussed in this study. The system includes mechanical parts and electro-

magnetism parts, and it is a strongly coupled electromechanical system. Based on a virtual work

principle and given power, generalized forces of this system are obtained. By using Lagrange-Maxwell

equations, a model of electromechanical dynamics is established. Differential equations of two-phase

winding on d-q axis are obtained by Park transformation, which comes from three-phase winding

equations on the A-B-C axis. This system is solved with the 4th order Runge-Kutta’ s method, and

discrete solutions of all variables are obtained. Finally, by using Matlab language, the system is

simulated. The results show that the proposed method works very well.

Key Words: electromechanical dynamics, electromechanical coupling system, virtual work

principle, Runge-kutta’ s method

0 Introduction

The electromechanical dynamics model of a sys-
tem is the foundation of theoretical research to the sys-
tem. By establishing an electromechanical dynamics
model validly, motion characteristics of each part in
the system can be got, and the whole system can be
controlled accurately. The electromechanical dynamics
model is very complex, because it covers theoretical
basis of many fields, including mechanics, electricity
U3 Tt s from the

viewpoint of energy to represent the relation among

and their interdisciplinary subjects

movement parameters of each part, which can simplify
this problem. It is considered in electromechanical dy-
namics model that mechanical part and electromagnet-
ism part are unified. In motor model, the magnetic
field and electromagnetic energy are united with the

motion and kinetic energy in mechanical part.

1 Composition of the system and motion
analysis

Composition of the rollforming system equipment

is shown in Fig. 1. Four servomotors at the bottom are
the source of power to drive the whole bed frame trans-
lational motion or rotational motion. By screw pair, the
rotational motion of bottom two servomotors is turned
into translational motion, cover nut and gear rack link-
ing together. If the speed of bottom No. 1 servomotor is
equal to No. 1 servomotor’ s, the gear meshes with the
two gear racks at the same time, and they have the
same speed. At this time, the gear, bed frame on it

and its support will move along their track.

motor 1

motor 2

N\ N\
1.reducer 2.screw 3.covernut 4.gear 5. gear crack

Fig.1 Bottom schematic diagram of mechanism
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When speeds of two motors are not equal, the
gear meshes with two gear racks at the same time, and
their speeds are not equal. At this time, the gear and
its support will move along their track, but the gear
and bed frame on it will turn and move. Side schematic

diagram of mechanism is shown in Fig. 2.

4. gear 6. gear shaft
7. bed frame 8. gear support

Fig.2 Side schematic diagram of mechanism

The mechanism endures load F1, load F2, torque
T1 and torque 72, where F1 = - F2, T1 = - T2. Load
F1 varies with time, as shown in Fig. 3. Torque 71 also
varies with time, as shown in Fig. 4.
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Fig.3 Diagram of load F1 varied vs. time
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Fig.4 Diagram of torque 71 varied vs. time

2 System parameter and energy analysis

Parameters of the system is as follows, as shown

in Table 1.

Table 1 Parameters of component
Component Mass (kg) Inertia( kg - m*)
Motor -- 0.00017 (J,)

1 -- 7.6 (J;)

2 -- 0.007 (Jy)
3 and 5 35.3 (M) -

4 31.2 (M,) 0.27 (J,)

6 17.9 (M) 0.02 (Jy)

7 441.5 (M,) 55.73 (Jy)

8 211.4 (M) -

Electromechanical dynamics model of the system
is discussed from the viewpoint of energy in this paper.
Inertia of rotor is J,. Rated torque of motor is T,,. The
turning angle of four servomotor at bottom are ¢, ,¢,,
b5 ,¢,. Inertia of reducer is J,, and reduction rate is
20. Inertia of screw is J; and pitch is 8mm, u =
p/(21r). Inertia of bed frame, gear and support shaft
is J,,Js,Js, respectively. J = J, + J5 + J,. Radius of
gear is R. Total rotational kinetic energy TT, is as fol-

lows :
1

1 : 1 : 1 :
T, =711'¢T+?J2'¢f+7'm'f3'¢?

1 : 1 : 1
Fgh e B e g

1 u¢1 ”¢2 1 a1 )
+?] (5 2R - 20 ) 7J1'¢3+?J2'¢3
11 o1 o1 .
t o a0 b+ L b
1, 1 ud—uds,
vy tao0 b g )

(1)

Mass of cover nut and gear crack is M,. Mass of

bed frame is M,. Mass of gear is M,. Mass of support
shaft is M;. Mass of bottom support is Ms. Define: M
=M, + My + M, + M, Translational kinetic energy of

this system TT is as follows *! ;

1 1 N 2
IT, = 2 400 (ud)l) +* M1'<u'¢2)
1 u'qb1+u'd)2 2
oM 0 )
1 1 . 2
t o a0 (v ds)
1 1 . 2
t 7 ta00M (e de)
1 u s +u-d,,
oM ) (2)

Total kinetic energy T is as follows:
T =TT, + TT, (3)
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sortting out ;

1 1 1 1 2
T= (Gl + 5+ 5 0o ]‘ ?'1g00
+17. u2 ]+ LLZ.M)Q’)?
2 16()0 R? 240 : !
1 1 1 u?
+ (5 J2 2 2007 Y2 "1600 M

u2 1

1w 2
*2 e0-m T2 Ta M) 4

2

2

. ) o
M 1600 =7 g0 - m2) TP ¢
1 1 1 1 1 u*
Gy 00ty T te00 M
+L.7u2 .J+L.u72. ).4)2
2 1600 R 2 Tap0 M ¥
1 1 1 u?
(Gt J2 2 200 T2 1600 M
u2 1 u?

1w 12
2 00 k2 a0 M)

2

. . o
M q600 = 00 w2 TP ()
Define :
1 1 1 1 1 u?
Jo =+ * 5 000 B 2 1600
M
1 u’ 1 u?
Y le00 -k T2 a0 M
2 2
:M- u — .ui
Jo 1600 I 1600 - R*

Substituting into Eq. (4) as follows:
T:]11.¢?+]11.¢§+J12'¢1 d’z
+Jy (75% +Jy ‘?bi +Jy d)% (754 (5)

The magnetic energy of this system W, is, as fol-

m

W = 5 Yabe * Lub(‘l * Label + l/,ub(‘l * Label

+ 7%11)02 : Luch * laea + wa[mZ * labe
+ 5 3 ° L(lbc3 * Lapes + 'Wba/)fﬁ * lapes
+ Slae * L * Lapes (6)

current and

* Labes + dlal)&l

Ly Ly and ¢, are inductance,

flux linkage of stator on motor 1.

3 Differential equations of the whole system

Lagrange-Maxwell equations; *®'.

d, oL aL  oF
9y UL = 1,2,
dt(aek) aek + aek Uk (k 1< ’n>
d oL oL oF .
—— () - — — = . = 1 2 e
dt(aqj) o, *aq O @ 2,

J

where Lagrange function L is
L=T+W, (8)

The dissipation function is F', as follows

1. . 1. .
F = 71’:&‘1 : Rsl * Label + ?L:/)cz : Rs2 * lue
1 : .
+ ?Bl d)l B 4)2 2 um “Ry iy
1. . 1 1 :
+ TLZ‘[JM : Rs4 * Labea + 733 : ¢§ + ?B4 ° (bi

(9)
where B, R, are viscous damping and resistance of mo-
or. According to Lagrange-Maxwell equations, deriva-
tive calculation to Lagrange function L and dissipation
function F are carried out as follows:

oL .
8iubt.1 = Labcl : labcl + lllabcl

oL oF :
e =0 T =B

: d dh
dt ( alab(‘l ) 7( L abrl + l//abz‘l ) t(djabnl )
oF

=R -
aial,,;l s Labvl
oL _ i oL i 9
r:)d)l abel ad)l abel abe a(l)l
_2‘]tl d)l +Jt2.d)2
d <1>1
di(i) =2J, b, + Jo* b,
d

Substituting into Eq. (7) as

d )

5( '70(11761) + Rs : La[u‘l = Urz[)[‘l

: : T oL .
2Jp b+ ot by - (llbcl : 67991 * Label
oy .
+ La/u] GTD:) +B, ¢, = Q,
(10)

Motor 1,2,3,4 are taken into account, the La-
grange-Maxwell equation is
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d .
E(Ir/jabcl) + Ry = Uya

= 0,
d .
E( lzbalurz ) + Rs laba =

2J:1 4)4 + ]:2 d)z -
= 04

: : ) oL . )
2/ b+, by - (L:bcl Laper T+ lfbcl
dob,

(ifbc4 aL Labes + lal)z4
I, s

W, )+

o, B, &,

abc2
: : oL . o O :
20y + o by - (L:/)CZ @L(JJQ + LZI;& ?é) + B, ¢,
= Qz
L) 4Ry = U
d ¢ abc3 s abc3 abc3
. . .7 (~)L . T alﬂ/ .
2 + — (s g + iy —) + B
Jo s +J, by (Laln?) b Labes T babes ad)l) 5§
= Qs
Ay, ) +Ri,, =U
d t abcd s abc4 abcd

Wy B, g,

(11)

Based on the work theory of mechanics of materi-

als, the generalized forces Q,

lated as follows

By Park transformation,

’ Qz ) Q} ) Q4 are calcu—

oW, 1 1 u
O =5, =2 0+t a0
_gp _usFl w7l
T 07 40 T40-R
oW, u 1 u
Qz_(Sd)z_To_ LT R ST BT
_gp _uwcFl w7l
T 0T 40 T 40-R
oW, 1 u 1 u
Q3‘5¢3‘T0_2F2 20 "% 20 &
_T_u-FZ u-T2
T 07 40 T40-R
5W3 1 u 1 u
Q4‘5¢3 lo=5 2= 125 " 20k
_T_u'FZ u-T12
T 40 40-R
(12)

Larange-Maxwell equa-

tions under d and ¢ axis are obtained ;

* L, iql ¢,

Lq4lq4 + R§4Lq2 +p-

2], d)l +Jo sz - szqlwﬂ +B(b1
_T_u-F1+u-T1
S0 40 40R

. . 3 .
20y +Jo by - ?P%z‘//_/z + B ¢,
-7 _uFl u-Tl
S 40 40R
2], ¢)3 +J, ¢4 - 2Ph,3¢/2 +B§b3
-7 _u-F2+u-72
- 40 40R
2], (§b4 +J, ¢z - 2qu4lzbf4 + B¢4
-7 _uF2 u-T2
e 40 40R

where P is number of pole-pairs of stator.

q4i(l4 ¢, +p - 1/’/4 b, =

Lyiy + Ryiy = p = Uy
qui + R\Iqu +p- quidl (i)l +p- ¢/1 ‘.b] = Uy
Lptyp + Roip —p - Lpip ‘i)z = Ugp
quiqz + Rs‘ZiqZ +p- quidz (i)z +p -y 4)2 = Up
L(BidS +Rgsipy —p - Ldziqs ‘i)s = Ugs
Lq3iq3 + Rs3iq3 +p- Lq3id3 433 +p- ¢/3 4’3 = Ug
L(mi(m +Ryiy —p- Ld4iq4 4)4 = Uy

uq4

(13)

Uy, U, are

voltage of d and ¢q axes. They are controlled and can be

obtained by program, which is shown in Fig. 5. Cur-

rents of d and ¢ axes are i, and i,. L, ,

of rotor of d and ¢ axes.

L, are inertia

4 System Parameters and controlling prin-

ciple.

Parameters of servomotor MKE047 is as follows,

as shown in Table 2.

Table 2  Parameters of the servo motor

Name value
Rated speed of revolution (rpm) 6000
Rated angular moment ( NM ) 2.7
Phase resistance( ()) 1.8
Rectangular axis inductance (H) 0. 005
Each permanent magnet flux (Wh) 0.09
Inertia of rotor (kg + m*) 0.00017
Number of pole-pairs of stator 4
Coefficient of viscous damping of rotor 0
Voltage of stator (V) 400
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Control model of i, = 0 is used in this study,
where electromagnetic force is directly proportional to
i [o-11]

F, =%P'iq'd/ﬂ

The flow chart of controlling and solving program
is shown in Fig. 5.
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v

Initial value of differential equation
(¢, &, &5, &, 0, 0,, 0,
Dy bs Cps Ln Ss By B Bgs 1)

coefficient Kp. Ki

@4 ‘q12
Utilizing ODE of Runge Kutta
to slove differential equation

q3°

step to slove differentia
equation at fasten time

Reference current irq
From PI controller

:

I

I

I

I

I

I

I

|

| Utilizing irq and id=0
to count three phase

I reference current

|

I

I

|

I

I

|

I

A

Utilizing hysterics modulation|
to obtain voltage od dq axis

Utilizing Evaluation Function,
controlling function to slove
differential equation

Fig.5 Chart of controlling program and solving

5 System simulation' >’ .

The rollforming system carries loads shown in
Fig.3 and Fig. 4. It shows that the effects of load F1
and torque 71 to No. 1 and No. 2 motors are different in
Fig. 1, which makes their motion parameters different.
Solutions of Eq. (13) are obtained by using the 4th or-
der Runge- Kutta method in Matlab language. The sim-
ulation result of electromagnetic torque is shown in
Fig. 6. The electromagnetic torque of No. 1 motor spin-
dle is shown with solid line, while No.2 is shown with
dash line. They are very different, when external loads
are added to the system, electromagnetic force is var-
ied. When the processing pieces go through the

equipment, the electromagnetic force tends to be con-
stant.

60
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=»» motor two
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N w
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Time(s)

Fig.6 Figure of electromagnetic torque vs. time

Changes of angle of the motor spindles versus time
are shown in Fig.7. The angle of No. 1 motor spindle
is shown with the solid line, while No. 2 is shown with
the dash line. They are very different.

0.07------------_-I----------.--? ---------- i -----------
0.06 i 3 I
0.05 I I I
0.04
0.03
0.02
0.01
0
-0.01

motor one
me

Angle of motor rotate (rad)

i i
0 0.05 0.1 0.15 0.2 0.25
Time(s)

Fig.7 Figure of motor rotate angle vs. time

Changes of angle velocity in motor spindle versus
time are shown in Fig. 8. It shows that the angle veloc-
ity of motor spindle changes obviously as the loads
change, which is accordant with practice situation.
The angle velocity of No. 1 motor spindle is shown with

0.7

© © © © o o
N W R U N

Angular velocity of motor (t/s)

' Time(s)

Fig.8 Figure of angular velocity vs. time
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solid line, while No. 2 is shown with dash line. They
are different greatly. Comparing the solid line in Fig. 7
with that in Fig. 8, the relationship between angle dis-
place and angle velocity is attained.

Changes of angle acceleration of motor spindle
versus time are shown in Fig. 9. The angle acceleration
of No. 1 motor spindle is shown with solid line, while
No. 2 is shown with dash line. They are different obvi-
ously. Comparing Fig. 6 and Fig. 7 with Fig. 8, the re-
lationship of angle displace, angle velocity and angle
acceleration is attained.
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Angular acceleration of axis on motor (t/s%)

Time(s)

Fig.9 Figure of motor acceleration vs. time

The current of axis d and ¢ is shown in Fig. 10,
where the current of axis d is fluctuant around zero, the
current of axis ¢ is proportional to electromagnetic
torque in accordance with the adopted control model of

i, =0.

25

20

15

10

d-q axis current (A)

Time (s)

Fig. 10 Chart of d-q axis current vs. time

The current of axis A-B-C is shown in Fig. 11.
The three phase current is a sine curve broadly, con-
sistent with the requirements of the motor.

30 T

20f7 i
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...................................................
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'
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= }
0 0.05 0.1 0.15 0.2 0.25
Time(s)

Fig.11 Chart of A-B-C axis current vs. time
6 Conclusion

(1) The composition and motor process of each
member in this system are discussed in this paper.

(2) A dynamic model of mechanism is structured
in this system, where the generalized force is obtained
on virtual work principle.

(3) Electromechanical dynamics model is estab-
lished by Lagrange-Maxwell equations.

(4) By four Runge-Kutta’ s method in matlab, so-
lution of differential equations are obtained. From sim-
ulation result, the model and its solving process are
correct and reasonable.
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