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Abstract: For the same frequency, a vibrating screen usually can only achieve a circular or linear
motion trajectory, which will lead to the phenomenon of screen clogging. The compound frequency
vibrating screen can achieve various motion trajectories according to different frequency ratios, thus
perfectly solving this problem. Thus, the multi-frequency control synchronization problem of the
dual induction motor-driven vibration system based on the fixed speed ratio was studied. Firstly, by
establishing an electromechanical coupled dynamics model of the vibration system driven by dual
induction motors, the response equation of the fixed speed ratio vibration system was derived. Then,
the master—slave control strategy was used to control the two induction motors through PID control
optimized by a genetic algorithm. The slave motor tracked the main motor through the speed ratio
method and achieved fixed speed ratio control synchronization. The simulation analysis showed that
the two induction motors vibration system could not achieve self-synchronous motion with a fixed
speed ratio, but by using the back propagation proportion-integral-derivative control (BP PID, PID
based on BP neural network), we were able to achieve control synchronization with a fixed speed
ratio. Herein, the arbitrariness of the fixed speed ratio parameter is also discussed, and controlled
synchronous motion of the vibration system with a non-integer fixed speed ratio was realized. Finally,
the simulation results were verified through experiments with the fixed speed ratio parameter n = 1.5,
which verified the validity of the synchronization theory of fixed speed ratio control in vibrating
systems and made it possible to apply it in compound frequency vibrating screens.

Keywords: multiple frequency vibrating screen; fixed speed ratio parameter; control synchronization;
BP PID; dynamical model

1. Introduction

Vibrating machines have a wide range of applications in industry, such as vibrating
screens, vibrating feeders, vibrating conveyors, etc. [1-3]. This type of vibrating machinery
generally depends on a motor with eccentric rotors (ERs) to achieve the screening and
transportation of the materials, so a certain relationship is required between the eccentric
rotors. The application of vibration synchronization theory in industrial production and
the vibration synchronization motion of machines such as vibrating screens and vibrating
feeders has been achieved [4-6]. And it has also effectively solved the problems existing in
engineering. Compound frequency vibrating screens use a variety of excitation frequency
vibrations in the screening operation. And this leads to different forces on the material
particles on the screen’s surface, so that the screening rate of the material increases and the
degree of screen blockage is reduced [7-9]. This paper studies the synchronization problem
of multi-frequency control of dual induction motors based on a fixed speed ratio and apply
it to compound frequency vibrating screens.

The phenomenon of synchronization is widespread in nature and human life, such as
in the chirping of summer insects, the marching of military exercises, and the playing of
concerts in unison. In the early days, Huygens observed that two pendulums suspended
from a beam would swing in opposite directions with the same frequency when they
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reached a steady state, and then the problem of synchronization attracted widespread
attention and research in the scholarly community. Blekman [10] gave the first exact defi-
nition of vibration synchronization and applied it to his theoretical study by combining
the multiscale method with the vibration model. Wen et al. [11,12] further investigated
the vibration synchronization theory of dual induction motors in a vibration system. They
performed a highly dynamic coupling characteristic analysis of the whole vibration system,
and used the averaging method and Hamilton’s principle to derive the synchronization
conditions and stability conditions of the vibration system in a stable synchronization state.
Inoue [13] et al. proposed that vibration systems can achieve not only synchronization of
same-frequency vibrations, but also synchronization of vibrations with different frequencies
when certain conditions are satisfied. Zhao et al. [14] proposed the small parameter averag-
ing method based on the averaging method by introducing the small parameter regression
method. Li et al. [15] introduced a mathematical model of an induction motor in a vibrating
system with two eccentric rotors, thus establishing an electromechanical coupling model of
the vibrating system that investigated the electromechanical coupling mechanism of self-
synchronous vibration and vibration synchronous transmission using numerical methods.
With the development of vibration synchronization theory, researchers found a common-
ality, that is, vibration synchronization theory involves synchronization conditions and
stability conditions. When the vibration system cannot meet the synchronization conditions
or stability conditions, vibration synchronous motion cannot be achieved, so individuals
began to introduce control methods into the synchronization. Fang et al. [16,17] studied
the self-synchronization of three induction motors in space, making a comparative analysis
of the control effects of different influencing factors in vibration synchronization through
a cross-coupled control strategy. Based on the self-synchronization of two motors, Kong
et al. [18-20] used the adaptive sliding mode control algorithm to control the induction
motor, which synchronized the control of the two motors and achieved a phase difference
of 0 using the improved master—slave control strategy. Huang et al. [21,22] investigated the
velocity and phase problems of two eccentric rotors in a vibrating system of two induction
motors using the improved master—slave control strategy. They designed a velocity and
phase controller using an adaptive sliding film control algorithm, achieving the synchro-
nization of phase and speed control through a cross-coupling strategy. Jin et al. [23] studied
the vibration system with two induction motors and proposed a commanded filtered back-
stepping scheme with full-state constraints, using a control algorithm of neural networks
to realize the convergence of the tracking error and synchronization error in the system. Jia
et al. [24,25] adopted the control method of fuzzy PID to achieve vibration synchronization
of induction motors in the control synchronization and compound synchronous control
processes of multiple motors, achieving the zero-phase difference, compound, controlled,
and synchronous motion of three and four induction motors with different distributions
using the master—slave control strategy.

From the above literature, it can be seen that the synchronization of multi-frequency
control in vibrating systems and the application to compound frequency vibrating screens
have not been extensively covered. With the former problem, a fixed speed ratio method is
firstly represented. Then, the master—slave controlling strategy combined with the BP PID
controlling method is proposed. This paper studies the synchronization problem of multi-
frequency control of two induction-motor-driven vibration systems based on a fixed speed
ratio, and the article is structured as follows. Section 2 combines the kinetic model with the
asynchronous motor model to establish the electromechanical coupling model, and gives
the response equations for each of the three directions of x, y, and 1. Section 3 describes the
control strategies used and provides a detailed description of the control methods. Section 4
verifies the effectiveness and stability of the proposed method through simulations and
experiments. Section 5 summarizes the findings and draws some conclusions.
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2. Electromechanical Coupling Model for Vibrating Systems
2.1. Dynamic Model of Dual Induction Motor Vibration System

As shown in Figure 1, the vibration system is composed of the following parts from
the bottom to top. Firstly, a steel frame base is fixed on the ground. Four linear springs
which are symmetrically distributed about the center point o of the body are used at each
of the four corners of the steel frame to support the rigid shaking table. The y-axis is the
center of the symmetric placement of two induction motors. The right side is motor 1;
the left side is motor 2. According to the Lagrange equation, the dynamics equation of
multifrequency-controlled synchronization is shown as follows [26].

2
MX + fex +kyex = ¥ mlr(q)lz cos ¢; + ¢; sin ¢;)
i=1

. ) 2 2. .
My + fyy +kyy = Azl mr(@; sin ¢; — ¢, cos ¢;)
1=

. . 2
J+ fop +kypp = ;1 mirlo( 7 sin(@; — 6;) — §; cos(¢; — 6;))

hﬁ:‘:ﬁ +f1€:01 =T —Tn
29, + fa, = Teo — T2

Figure 1. Dynamic model of vibration system driven by two induction motors.

The symbolic meanings in the formula are listed in Table 1. M = mj + my + m.
] = ML? = Jp+ (my +ma)(Ig?> +7%). J1 = myr?,J» =~ myr?, where the load torque is
expressed as follows.

Tr1 = myr(y cos ¢ — xsin @1 + lot,b2 sin(¢g1 — 61) + loyp cos(p1 — 61)) @)
T, = mzr(j/' Cos ¢ — X sin @2+ oy Sil’l(q)z — 92) + loy COS((pz — 92))

Table 1. The nomenclature table of the symbols.

Symbol Explanation

M The total mass of the vibration system

m The mass of the rigid body

my, my The eccentric rotor mass of 1 and 2 motors
r The radius of eccentric rotor

The distance between the center of the body and the rotation center of the
eccentric rotor
le The equivalent rotation radius of the vibration system
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Table 1. Cont.

Symbol Explanation

] The moment of inertia of the vibration system

Jp The moment of inertia of the rigid body

i, ]2 The moment of inertia of two eccentric rotors

fr fys fy The stiffness coefficients of the vibration system in the x, y, and ¢
f1.f2 The damping coefficient of two induction motors
kx, ky ky The spring stiffness of the vibration system in the x, y, and ¢ directions
Te1, Ten The electromagnetic torque of two induction motors
Tr1, Tro The load torque of two induction motors

Subscript s Stator

Subscript r Rotor

d-, g- The d- and g- axes in rotor field-oriented coordinate
i,u, R The current, the voltage, and the resistance

L Self-inductance of the stator

L, Self-inductance of the rotor

L Mutual inductance of the stator and rotor

T, A rotor time constant

Lis Stator leakage inductance

Ry Equivalent stator resistance

1y Pole logarithm of induction motor

60 Synchronous flux angle

w Mechanical angular velocity

ws Synchronous electrical angular velocity

2.2. Model of Asynchronous Motor

A mathematical model of the induction motor in vibration system was established.
We selected variable w — is — ¢, where i; is divided into i;y and is; and ¢, is divided into
¢rq and ¢rq. Therefore, the equation of state of the induction motor in the d — g two-phase
rotating coordinate system can be obtained as follows [27].

di . R, L .
Lis dfgd = Ugg — Ryslsqg + 752 + wstslsq

L

L disg Ry err L

ks qF — Usq — Rkslsqg = Tp w0 — Wslkslsd
d‘Prd — 1

dt _L TT(Lmisd7¢rd) (3)
dd _ Lmlsg
dr — rPrd + w
T, = 3Lm¢rdlsq

» Zomyrdsq

- 2L,

Because this paper uses a squirrel-cage induction motor, the rotor coil inside the induc-
tion motor is a short circuit: u,; = u,;. When the system is in a steady state, ¢,; = constant
and ¢,; = 0. The symbols” meanings in the formula are listed in Table 1. T, = L;/R;.
Lis = Ls — L%/ Ls. R = Rs + Ly?R, /L2

2.3. Controlled Synchronization Response Analysis

According to the literature [22], the model in Figure 1 cannot achieve multi-frequency
self-synchronization. Thus, for this part of the impossibility, multi-frequency control
synchronization can be achieved by adding a control algorithm to the self-synchronization.
Based on the theory of nonlinear dynamics, the speed ratio of the two excitation motors
in the fixed-speed-ratio synchronous motion can be expressed as pp; — g9, = 0, where p
and g are prime numbers of each other. Let ¢; = (p + &1)wo, ¢, = (9 + €2)wp, ¢; = 1wy,

¢, = &wy. Then, the speed of the two excitation motors in the vibration system at this time
can be expressed as

w = [y ¢y(t)dt/ Ty

4
w2 = [ a1t/ T @
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Substituting Equation (4) into (1), we can obtain the response equations of the vibrating
system in the three directions: x, y, and .

cos(@1+7x1) 4 ’7C05(§”2+%¢2)]

x = Tt in( P ) _ (sz )
_ sin(¢1+7y1 7sin(g2+7y2
y= —TmT'[ Hyl + Hy2 ] (5)
_ 7(rmrlr)[sm(fp1*91+w1) n ’75111(<P2—92+7¢2)]
le Hy1 Hy2

where wy? = ky/M, w,? = ky/M, wy? = ky/], rm = mi/M, 1, = lo/le, 1 = ma/my,
Sx = fx/(2VkxM), Sy = fy/(zv kyM)/ gg = flp/(z\/kl,T])/ Pyi = 1— sz/wiz(i =1,2),
pyi =1— w2/ w(i=1,2), pyi = 1 — wy?/wi(i = 1,2), tan vy = 25xwy/ pyiw;(i = 1,2),
tan y,; = 28ywy/ pyiw;(i = 1,2), tanyy; = 28pwy / pypiw;(i = 1,2).

Substituting Equation (5) into (1), we applied the small parameter method. Inte-
grating over the minimum common multiple periods of the two induction motors gave
the following.

Jiewwo + fiwo(p+&) =T — Ty

- - e (6)
Jogrwo + fowo(q+8) =T —Tro

where the electromagnetic torque Te1 = To01 — ke1€1, Te2 = Te02 — keo282. The load moment
of the vibration system can be written in the following form:

Tu = mlrzwo(ﬂnél + pbuE + p*ri)
Try = myr?wo(ang; + qbn + 4°K2)

)

where
a11 = —[Fm COS Y1/ Ha1 + m COS Yy1 / Hy1 + it €OS Yy / py] /2
b1y = Wolrm SINYa1 /ot + T SN Y1/ gt + TitF SIN Yy / g ]
K1 = WolFm SIN Y1/ Hat + i SINYy1/ Pyt + F? 7 sinyyn / pga] /2 @)
ax = =121 COS Yxa/ fxa + ' COS Yy / Hya + Tm?? €OS Yy / y2] /2
by = 72w [rm SIN a2/ phaz + T SIN Y2/ pya + Tt SN Yo/ Hyo)
K2 = 72w [P SIN Yy / Pao + T SINYy2 / phyp + TintT SN Yy / yo] /2

Bringing the electromagnetic torque and load torque of the induction motor into
Equation (6) yields Equation (9).

Ag=Be+v ©9)

a’11 0 b/11 0 T - - o\T _ — T

where A = ( 0 a122>/ B = ( 0 b/22 U= (Ul U2) ;€= (81 82) s €= (‘Sl 52) ’
a'yp=1+an, b = —(fi/mir® + ket /mir?wo + pbir), Voo = —(fo/mir? + keoa/

2 o _ 2 2 o - 2

myrewo + qbaz), a'so = 11+ axp, v1 = Teo1 /myr<wp — f1p/mirs — p=ky, V2 = Teo2/myr=wp —
2

f2q/mqr — K.

2.4. Motion Characteristics Analysis of Vibrating Systems

The response of the vibration system was analyzed in the previous section, and this
section describes the characteristic analysis of synchronous motion conducted by changing
the motion parameters of the vibration system. By theoretical derivation, the expression of
r; can be obtained as follows:

T = \/ iy (10)
m(Jp + [(1 4 )my (1§ +72)])

When the two induction motors are symmetrically distributed about the center of the
body, Iy = 0.5 m remains the same. Due to y = my/m;, the purpose of changing the masses
of eccentric rotors 1 and 2 can be achieved by changing the parameter of 7, thus obtaining
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the graph of r; as a function of r,,. As shown in Figure 2, r,,, increased when the value of

mj increased; however, r; monotonically decreased.

1.1004 smmey =1
g e, =08
i 7, =06

1095 {~0~20 L 7, =04
-\\\_\_\\\‘ ..... 7. =02

10901 NI e

y 1085

1.080

1,075

1.070 . : : ;

0008 0.012 0016 0.020 0.024
r

m

Figure 2. Function relation graph of r,, and ;.

Keeping the mass of the eccentric rotor 1 constant and adjusting the distance /j from
the two induction motors to the center of the body, we obtained the graph of 7; as a function
of Iy. After that, we adjusted the parameter #, and the graphs of eccentric rotors 1 and
2 at various masses could be obtained. As shown in Figure 3, the distance from the two
induction motors to the center of the body grew farther and farther with the increasing Iy,

and r; increased monotonically.

6-
54 —.‘_—.
4 e

1
. =038
% . =0.6
=04
24 =02
14

0005 1.0 1520 25 3.0 35 4.0 45 50
ly

Figure 3. Function relation graph of Iy and r;.

When the vibration system met the synchronous stability condition, v = 0, we substi-

tuted it into Formula (9) to obtain:
At = Be

(11)

If the determinant of matrix A is not zero, and then the matrix A is reversible, so that

D = A~ !B. Then, Formula (11) can be expressed as:
£=De
According to |AI — D| = 0, the eigenvalue equation is:

M +diA4+dy=0

(12)

(13)

where dy = D1/Dy, dy = Dy /Dy, Dy = a'11a', D1 = —a’'nb'11 — a’'116'20, Dy = b'116' 2.
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In order to achieve stable synchronous motion, it is necessary to meet the Hurwitz
condition so that the synchronous state stability conditions of two eccentric rotors can be
obtained as follows:

di1>0,d,>0 (14)

The coupling terms of the moment of inertia matrix and stiffness matrix between the
eccentric rotors of the two motors were 0, which shows that there was no coupling relation-
ship between the two exciting motors in the vibration system with a fixed speed ratio.

3. Design of the Control System

To achieve arbitrariness of the control system, let p/q = n, with the ratio n as the
target variable. A PID control method based on BP neural network (BP PID) was used
to realize the synchronization of fixed-speed-ratio control. Therefore, in this section, a
master—slave control strategy is first proposed. Based on this, we then describe the BP PID
control method.

3.1. Design of the Electromechanical Coupling System

As shown in Figure 4, motor 1 is the master motor and motor 2 is the slave motor;
motor 2 tracks motor 1 with a fixed speed ratio parameter n. The reason for selecting the
master—slave controlling strategy was that a near-resonance phenomenon appeared firstly
because of the approximate frequency between the speeds of two motors and the rigid body.
This phenomenon resulted in the phase difference being unable to always keep a fixed
value when the system was in the stable state. With the proposed master—slave controlling
strategy, only if motor 1 worked for the former operation would the phase difference keep
the same constant. The rotor flux-oriented control (RFOC) and the controlling method were
introduced into the electromagnetic system. w; represents the target speed, which was
input into motor 1 as a given speed. The stator current of the g-axis was then controlled
by a modified BP PID control method to control the RFOC. In this way, the output signal
of the inverter acted on motor 1, achieving a speed w; for motor 1. wj had two roles: one
was to feed back to motor 1 to obtain the speed error for motor speed control adjustment,
and the other was used as a speed input and transmitted to motor 2 so that the speed w»
of motor 2 could be obtained. Similarly, the control process of motor 2 was the same as
that of motor 1, as the speed of motor 2 could be obtained from motor 1. Then, through
feedback, it was possible to achieve control of the rotational speed inner ring of motor 2,
thus realizing the control synchronization based on the fixed speed ratio.

j)’ BP PID ’lﬁ RFOC }iH Motorl 'ﬁ»
qu uabc wz
- BPPID —»  RFOC > Motor2 —

Figure 4. Control flow chart of the vibration system.

The RFOC in Figure 4 is shown in Figure 5. Because the control variable which was
chosen was current, the RFOC was a current control. With the difference value between the
initial speed w; and the feedback speed wj, the controlling method was adopted to acquire
the electromagnetic torque T,, which was used to calculate the stator current is; on the
g-axis. The input on the left in Figure 5 is the current, and iy; on the d-axis can be derived
from equation igy = ¢y/ L. ¢y, is the target value of the initially given magnetic chain;
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Ly, is known for a given value. In this way, we obtained U,; and Us, afterwards through
PI control. The synchronous magnetic chain angle 0 could be derived from the following

Equation (15):

0= /(w+ws)dt (15)

Three
phase
inverter

. Speed
estimation
IR )

Figure 5. RFOC: rotor flux-oriented control.

The symbolic meanings in the formula are listed in Table 1, where ws = Ly isq/ ¢ Ty

3.2. Design of the BP PID Method

A BP neural network is a multilayer forward neural network that is trained accord-
ing to the error back propagation algorithm. It can map arbitrarily complex nonlinear
relationships, thus making up for the shortcomings of traditional PID controllers in the
nonlinear domain. The structural block diagram of the BP neural network PID controller is
shown in Figure 6. The BP neural network in this paper was designed as a 3-5-3 structure,
where the input layer contained three neurons, the hidden layer contained five neurons,
and the output layer contained three neurons. The given, error, and actual values of the
system were used as inputs, and the three parameters, k;, k;, and k;, of the PID were used
as outputs. The specific structure is shown in Figure 7.

Learning
algorithm

_> (_

03 —> Motors —»

- PID
controller

Figure 6. Structure block diagram of PID controller based on BP neural network.
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output [

r(k) (
input j

hidden layer i

Figure 7. The structure of BP neural network.

First, we chose the sigmoid type activation function. The hyperbolic tangent function

was chosen for the implicit layer, which had the following expressions and derivatives:
eX—e "
eX +e ¥

flx) = fl(x)=1-f(x) (16)

The nodes of the output layer were k, k;, and k4, which are all numbers that cannot be
less than 0. Thus, the non-negative hyperbolic tangent function was chosen for the output
layer, which had the following expressions and derivatives:

ex

g(x) = gy g (x) = 2g(x)[1 - g(x)] (17)

We sampled the system set value r(k) and the actual output value y(k) at the k moment,
in turn calculating e(k), input layer input, implied layer input, implied layer output, output
layer input, and output layer output, in that order.

The inputs into the input layer j were as follows:

ol =x(j) (j=1,2,3) (18)

The inputs and outputs of the implicit layer i were as follows:

net ): w ](1)
= (19)
ol (k) = f(netl@ (k) (i=1,2,3,4,5)

The inputs and outputs of the output layer ! were as follows:

netl(B)( ) = Z wll ; )(k)

ol (k) = g(net( ) (k )) (1=1,2,3) (20)
kp _ 053) ki _ 53) kd _ O§3)
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Then, by substituting the values of outputs ky, k;, and k; into the formula for in-
cremental digital PID, we calculated the control value u(k) of the PID controller output.
The increment of control was only related to the system deviation signal at k, k — 1, and
k — 2 times. The equation for calculation was as follows:

u(k—1) =ky-e(k—1) +k; - kzle )+kq [e(k—1) —e(k—2)] (21)
j=0

The selected performance indicator function E (k) was indicated as follows:

E(K) = 3 [r(k) — y ()] 22)

&)

By adjustment of connection weights w;;” in the output layer and connection weights

o)
convergence speed of the BP neural network algorithm and obtain better dynamic and
static characteristics, the inertia term with p as the inertia factor was added. According to
the negative gradient rule, when the learning rate is ¢, the amount of adjustment of the

output layer connection weights can be optimized as:

in the implicit layer, the BP PID control method was improved. To improve the

aeofd (k) = ~0 "W 4 ool 1) 23)
aw,(l)
Among which,
AE(K)  OE(K)  ay(k)  aru(k) 90 (k) onet® (k)
(k) _9E(K)  ay(k) | adu(k) 3o (k) met o
aw  oy(k) —auk) 503 k) anetP (k) dwl) (k)
Furthermore,
aAu ( )
anetl< (k) B 2 (25)

w (k)

Because u(k) = u(k— 1) + 0\ (e(k) — e(k — 1)) + o§3>e(k) +05 (e(k) — 2e(k — 1) +e(k —2));

therefore,
E)Au(k) _ _ —
601 ((k)) =ek) —e(k=1)
dAu(k)
i _, ) (26)
aAu( L — (k) — 2e(k — 1) +e(k — 2)
803 ( )

Finally, through simplified approximation, we obtained the change amount of the
connection weight of the output layer after learning:

Ao (k) = prw (k— 1) + 850 (k) ”
51’(3) = elk )Sgn(a%(lz)) aaﬁ;((?)g (nEt( )(k)) )
1

The change amount of connection weights of the implicit layer after learning was:
sz?f) (k) = paw? (k — 1) + 850!V (k)

)= f/(net® ())z(s ' (k) )
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3.3. Step Summary of BP PID Control Algorithm

Through the autonomous learning of a BP neural network, the parameters of the
incremental PID controller were adjusted in real time, achieving control of the motors’
speeds and phases. The step summary of the BP PID control algorithm was as follows:

(1) Combined with the control object to determine the structure of the BP neural network,
we obtained the number of nodes in input layer and hidden layer. We selected a set of

initial random values (0, 0.5) for the connection weight wl(]-z) (0) of the hidden layer
and the connection weight wl(]-g) (0) of the output layer. The inertia coefficient p and
the autonomous learning rate @ of neural network were determined.

(2) We sampled the system setting value r(k) and the actual output value y(k) at the k
time, then calculated e(k) = r(k) — y(k).

(3) We sampled r(t), y(t), and e(t) (t = k, k —1, k — 2), respectively, as inputs into the
BP neural network.

(4) According to the Formulas (18)—(20), we calculated the inputs and outputs of each
layer of the neural network. Finally, the output values kj, k;, and k; of the BP neural
network were obtained.

(5) According to Formula (21), the output u(k) of the incremental PID could be obtained,
i.e., the control quantity accepted by the induction motor.

(6) According to Formula (27), we adjusted the connection weight of the output layer.

(7)  According to Formula (28), we adjusted the connection weights of the implicit layer.

(8) According to the Formula (22), if the performance index function E (k) was less than the
set value and the three parameters of the BP neural network satisfied the requirements
of the PID controller, we terminated the learning process. On the contrary, if k = k + 1,

we would have returned to step (2) and continued the learning process again.

4. Results and Discussion

In this section, the effectiveness and stability of the method are analyzed by simulation
in Matlab/Simulink, using the method of controlling the fixed speed ratio to achieve
the multi-frequency synchronous motion of two motors. After performing numerical
simulations, it was found that the fundamental frequency self-synchronization could not
realize the given fixed speed ratio under the dynamics model. Based on this phenomenon,
a numerical simulation of control synchronization based on a fixed speed ratio was carried
out for the vibration system by introducing a modified BP neural-network-based PID
control method. And the numerical simulation was performed again by changing the fixed
speed ratio parameter n. Finally, according to the numerical simulation results, it was
proven that the control method of BP PID can achieve controlled synchronous motion with
any fixed speed ratio under the dynamics model. The parameters used in the simulation
are shown in Tables 2 and 3. The « indicates the initial phase angle of two motors, and this
represents the two motors starting from a resting state. ay represents the phase difference
angles between two motors.

Table 2. Parameters of the two inductor motors.

Parameters Motor 1 Motor 2
Rated power P/kW 1.1 1.1
Pole pairs n, 3 3
Rated frequency fo/Hz 50 50
Rated voltage U/V 220 220
Rated speed n/(r/min) 950 950
Stator resistance R /() 40.4 40.5
Rotor resistance referred R, /Q) 12 12.813
Stator inductance Ls/H 3.92 3.92
Rotor inductance referred L,/H 1.222 1.222
Mutual inductance L, /H 1.116 1.116
Rated flux linkage A, /Wb 0.98 0.98

Damping coefficients f1 , /(Nms/rad) 0.005 0.005
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Table 3. Parameters of the vibration system.

Parameters Value
M/kg 246

Jp/ (kg.m?) 43.3
ky/(N/m) 129,332
ky/(N/m) 105,334
ky/(Nm/rad) 30,715
fx/(Ns/m) 615.5
fy/(Ns/m) 618
fp/(Nsm/rad) 180.2

ZQ /m 0.5
/(%) 0
01/(°) 30
02/(°) 150

my /kg 4

r/m 0.05

4.1. Numerical Simulation of the Multifrequency Self-Synchronization

Base-frequency self-synchronization can be considered as a special case of self-
synchronization at a fixed speed ratio parameter of n = 1, achieving synchronous motion
when the vibration system reaches a steady state, i.e., w; — wyp = 0. We can obtain the
formula wy /wy = 1 by transforming. Similarly, the same applies to the self-synchronous
motion with a fixed speed ratio. When the vibration system reaches the steady state, i.e.,
nwj — wy = 0, we can obtain the formula w;/w; = n by transforming and by controlling
the fixed speed ratio parameter n to achieve multi-frequency self-synchronization motion
with two motors. We set the frequency of the two motors to 30 Hz and 45 Hz, respectively.
As shown in Figure 8, (a) shows the speeds of the two induction motors of the vibration
system. The given speed of the main motor 1 was 60 rad/s. Due to the fixed speed ratio
parameter n = 1.5, the speed of motor 2 stabilized at 90 rad/s. (b) represents the phase
difference between the two eccentric rotors. From (b), we know that the phase difference
between the two vibration motors was not equal to a constant, and it is obvious that the
phase of motor 2 lagged behind the phase of 1.5 times motor 1. As shown in Figure 8c—e, the
motor moved in cycles, so the amplitudes appeared to superimpose and cancel periodically.
Finally, response curves in the form of the x, y, and ¢ directions appeared, revealing that
the wave peak and trough values of the response curves showed non-sinusoidal trends.
To sum up, it is known that the vibration system driven by two induction motors cannot
achieve self-synchronous motion with a fixed speed ratio.

4.2. Numerical Simulation of the Multifrequency Composite Synchronization

Since multi-frequency self-synchronous motion with a fixed speed ratio was not
realized, multi-frequency controlled synchronous motion with a fixed speed ratio was
realized by introducing an improved BP PID control method. According to the master—
slave control strategy utilized in this paper, the speed control of motor 1 and motor 2 was
carried out first, followed by the speed control of the whole vibration system. After the
speed of motor 1 was multiplied by the fixed speed ratio parameter 1, we used the speed
of motor 2 to track it. The simulation results are shown in Figure 9. In (a), the given speed
of the main motor 1 is 60 rad/s, and the speed fluctuates in a small range after stabilization.
Because of the fixed speed ratio parameter n = 1.5, the speed of motor 2 stabilized at
about 90 rad/s. (b) shows the load torque of the two induction motors. By enlarging the
graph, we can see that the load torque values of the two induction motors were between
—2 and 2, which means that the load torque values of both motors were less than the
electromagnetic torque; thus, they can operate normally without motor blocking or motor
destruction. To further demonstrate the accuracy of the speed control, as shown in (c),
it is shown that the speed of motor 2 reached 1.5 times that of motor 1, which is further
proof that the fixed-speed-ratio parameter reaches wy/w; = 1.5. (d) shows the phase
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100
80

difference between the two excited motors. The value of the phase difference no longer
varied constantly in the period range, but eventually converged to a constant value, which
was determined by the chaotic synchronization at the initial over-resonance. (e-g) show the
displacement responses of the vibrating system in three directions: x, y, and ¢, respectively.
It can be clearly seen that, unlike the self-synchronous motion at the same frequency, they
were no longer the standard sinusoidal curves, but the result of two different frequencies
superimposed on each other. Therefore, in summary, the BP PID control method in this
paper has good effectiveness and robustness for realizing the controlled synchronous
motion of the vibration system; the vibration system achieved multi-frequency controlled
synchronous motion with a given fixed speed ratio.
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Figure 8. Multifrequency self-synchronization with fixed speed ratio parameter of n = 1.5, where
«y = 0. (a) Speed; (b) phase difference between motors 1 and 2; (c) response in the x direction;
(d) response in the y direction; (e) response in the ¢ direction.
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Figure 9. Multifrequency control synchronization on fixed speed ratio parameter n = 1.5, where
ag = 0. (a) Speed; (b) load torque; (c) speed ratio between motors 1 and 2; (d) phase differences
between motor 1 and 2; (e) response in the x direction; (f) response in the y direction; (g) response in

the ¢ direction.
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In order to prove the generality of the control method in this paper, controlled synchro-
nization can be achieved under this dynamics model with any fixed speed ratio parameter
n, so the fixed speed ratio parameter n was changed from 1.5 to 1.2 to obtain Figure 10. As
shown in Figure 10a, the given speed of master motor 1 remained 60 rad/s. Because the
fixed speed ratio parameter changed to 1.2, the speed of slave motor 2 changed to 72 rad/s.
As can be seen from the enlarged graph, the speed values of both motors fluctuated up
and down with their respective target values. Figure 10b shows the load torque of the two
induction motors. Their values remained between —1 and 1 and did not exceed their own
electromagnetic torque. This principle is the same as n = 1.5 in the above case. The speed
ratio in Figure 10c also achieved a fixed speed ratio of w; /w; = 1.2. The phase difference
between the two excitation motors in (d) also gradually converged to a constant value.
However, due to the different parameters of the fixed speed ratio, the response curves also
varied accordingly, as shown in Figure 10e—g. It can be known that the control method
based on this paper is able to achieve multi-frequency controlled synchronous motion with
an arbitrary fixed speed ratio under the same dynamics model.
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Figure 10. Multifrequency control synchronization on fixed speed ratio parameter n = 1.2, where
ag = 0. (a) Speed; (b) load torque; (c) speed ratio between motors 1 and 2; (d) phase differences
between motor 1 and 2; (e) response in the x direction; (f) response in the y direction; (g) response in
the ¢ direction.

4.3. Experimental Verification

In order to verify the correctness of the simulation results, verification experiments
were conducted on a vibration test stand, obtaining the same results as the simulation. The
fixed speed ratio multi-frequency self-synchronization of the vibration system could not be
achieved. After adding a control method, the fixed speed ratio multi-frequency controlled
synchronous motion of the vibration system could be achieved. The parameters of the test
stand and the motor parameters were the same as those in the simulation. First, we utilized
an experimental shaking table and the experimental equipment shown in Figure 11. The
speeds of the two induction motors in the experiment were controlled by two inverters,
and the inverter model was chosen from Siemens MM440. The master—slave structure
control strategy in the vibration system was implemented using a PLC (programmable logic
controller), and the PLC model was Siemens S7-200. The acquisition of phase difference and
angular velocity signals was carried out by means of pulse encoders. The response of the
vibrating body and the transmission of the pulses were facilitated using three acceleration
sensors, data acquisition and signal processing instruments from the Oriental Institute.
Hall sensors were used to measure the phase difference between the two motors.
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Figure 11. Experimental equipment. (a) Vibration test bench; (b) programmable logic controller;
(c) acceleration sensor; (d) frequency converter; (e) hall sensor; (f) signal acquisition instrument.

4.3.1. Experiment of Multifrequency Self-Synchronization

In this experiment, motor 1 on the right was the master motor, motor 2 on the left
was the slave motor, and the given power supply frequencies of the two induction motors
were 30 Hz and 45 Hz, respectively. The experimental results are shown in Figure 12. In
(a), it is shown that the speeds of both motor 1 and motor 2 were slightly higher than the
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100

w/(rad/s)

given speed value and fluctuated up and down more significantly. The phase difference
between the two induction motors is given in (b), showing that the magnitude of the phase
difference varied over the period and did not converge to a constant. The response curves
of the vibrating system in the x and y directions are given in Figure 12c—e, respectively.
Comparing these three plots with simulated plots (c—e) in Figure 8, we can observe that they
have the same trend of variation. In summary, it can be concluded that the two induction
motors do not achieve fixed-speed-ratio, multi-frequency, self-synchronous motion, which
is consistent with the simulation results in Figure 8.

180
120

»,—1.5¢,/()
(e}

¥/ (m/s?)

20 40 60 80 100

n /(m/sz)

40 60 80 100 0 20 40 60 80 100
tls tls

(c) (d)

P,/ (m/s%)

20 40 60 80 100
tls

(e)

Figure 12. Experiment on self-synchronization with fixed speed ratio parameter n = 1.5, where

ag = 0. (a) Speed; (b) phase difference between motors 1 and 2; (c) response in the x direction;

(d) response in the y direction; (e) response in the 1 direction.
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4.3.2. Experiment of Multifrequency Control Synchronization

The conclusion of the simulation aiming to achieve fixed-speed-ratio, multi-frequency
control synchronization of two induction motors after adding a control method was verified
by experiments. In this experiment, two induction motors rotated clockwise, and the power
supply frequencies of the two induction motors, which were given by the frequency
converter, were 27 Hz and 40.5 Hz, respectively. The PLC used a high-speed counter and
recorded the number of pulse signals sent by the optical encoder through a timing interrupt,
and then the high-speed counter was cleared and recounted. Thus, the speed tracking of
induction motor 2 to induction motor 1 could be achieved. The experimental results are
shown in Figure 13. In (a), it is evident that the speed of main motor 1 was stable, while
motor 2 fluctuated slightly, but remained around the target value. In (b), it is shown that the
phase difference between the two motors after stabilization converged to a constant value.
In (c), it is demonstrated that the fixed speed ratio of the two induction motors fluctuated
up and down at 1.5 times the center and remained stable. (d—f) are the response curves of
the vibrating system, and comparing them with the simulation, it is clear that they showed
the same trend. This shows that the simulation was consistent with the experimental results,
which also proves that the vibration system achieved a fixed speed ratio w,/w; = 1.5.
In summary, the two induction motors in the experiment achieved synchronization with
fixed-speed-ratio multi-frequency control.

Figure 13. Cont.
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Figure 13. An experiment on control synchronization with fixed speed ratio parameter n = 1.5, where
ag = 0. (a) Speed; (b) speed ratio between motors 1 and 2; (c) phase differences between motors 1
and 2; (d) response in the x direction; (e) response in the y direction; (f) response in the ¢ direction.

5. Conclusions

The following conclusions can be drawn from the results of the simulations and
experiments in this paper. Under the kinetic model shown in Figure 1, the phase difference
of the two excitation motors with fixed speed ratios not equal to 1 was not a constant value.
The fixed speed ratio multi-frequency self-synchronous motion of vibration systems could
not be achieved, so the maximum amplitude and the required stable motion trajectory could
not be realized in the screening process of the compound frequency vibrating screen. By
incorporating a master—slave control structure and an improved BP neural-network-based
PID control method, when the vibration system tended to stabilize, the speeds of the two
induction motors were stabilized at the target value, achieving fixed-speed-ratio multi-
frequency control synchronous motion of the vibration system. After changing the fixed
speed ratio parameter, the above effect could also be achieved. Therefore, the application of
the control method in this paper can achieve an increase in the amplitude of the compound
frequency vibrating screen, which in turn is beneficial for the screening of materials and, at
the same time, can meet the stable motion trajectory of the screen body. Thus, diversity of
motion trajectory for a vibrating screen was realized, and the actual screening capacity of
the vibrating screen was improved.
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