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An Improved Nonlinear Cross-Coupled Control
Strategy for Dual-Motor System
Based on CM/DM Separation

Shuai Li"¥, Student Member, IEEE, Xuewei Xiang

Abstract—In dual-motor system, uncertain disturbance, param-
eter differences, and mechanical issues deteriorate the synchroniza-
tion. Moreover, motor collision problem arises in rigidly connected
systems because of poor synchronization and transient large im-
pact. Considering these factors, this article proposes a nonlinear
cross-coupled control strategy based on common mode differential
mode (CM/DM) separation to achieve position synchronization for
dual-motor system under speed control. By utilizing the CM/DM
separation method in cross-coupled control, the objectives of posi-
tion synchronization control and speed tracking control is decou-
pled. Taking into account the collision model, mechanical clear-
ance, disturbance, and real-time status of the dual-motor system,
a nonlinear controller is designed to achieve high-accuracy syn-
chronization and collision recovery. The stability of the dual-motor
system is proved by analysis of frequency domain and nonlinear
differential equations, and the tuning method for the proposed
controller is provided. By comparison with the traditional cross-
coupled control method, the effectiveness of the proposed control
strategy is validated by experimental results.

Index Terms—Cross-coupled control (CCC) strategy based on
common mode differential mode (CM/DM) separation, collision
recovery, CCC, dual-motor system, nonlinear control.

I. INTRODUCTION

ITH the development of modern industrial technology,
W equipment with only one motor can hardly satisfy the
power requirement. Thus, dual-motor system has been widely
used in various industrial applications, e.g., transmission, pro-
cessing, and manufacturing [1], [2], [3]. Moreover, synchronous
operation of two motors has extra advantages including higher
volumetric efficiency, balanced distribution of power and long
service life, etc.
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Gears and screws are two typical rotors in dual-motor systems,
with additional types of rotors including circular arc rotors and
involute rotors. Under the premise of no metal-to-metal contact
of the twin rotors, the mechanical structures of these rotors
enable the equipment to execute diverse functions including gas
evacuation and discharge, liquid pumping and drainage, material
transfer and mixing, as well as melting and homogenization
process [4], [5].

The most straightforward approach to realize synchronous
operation is to connect two motors via gears. They are referred
to as timing gears and installed on the lateral sides of the
rotors. Timing gears are typically lubricated with oil and their
mechanical clearance is smaller than that of the twin rotors,
thus serving the purpose of power transmission and protection
of the rotor. However, there are problems such as low synchro-
nization accuracy, wear, and even deformation of mechanical
structure [6]. Connecting two motors in parallel for operation
is also a viable approach [7], [8]. Although this method enjoys
higher economic feasibility due to the need for only one inverter,
it is not suitable for applications that demand high-accuracy
synchronization. In order to ensure the normal operation of
the equipment, it is supposed to control the position deviation
within the mechanical clearance of the twin rotors. However,
mechanical clearance of the twin rotors is generally quite small,
significantly increasing the difficulty of achieving synchroniza-
tion. Moreover, when the synchronization performance deteri-
orates or the system is subjected to instantaneous large impact,
mechanical collision will occur, causing damage to the equip-
ment. The accuracy of synchronous control still needs to be
improved.

As a consequence, many synchronous control strategies have
been proposed to obtain a satisfactory synchronization perfor-
mance. General synchronous schemes for dual-motor system in-
clude master , electrical virtual line-shafting and cross-coupled.
Master—slave scheme takes the output of the master motor as the
given input for the slave motor [9], [10]. Due to the fact that the
master motor is not influenced by the slave motor, the system
exhibits poor antidisturbance ability. The electrical virtual line-
shafting scheme has a better synchronization performance but
there exists static error in speed tracking [11]. Cross-coupled
control (CCC) scheme is first proposed in [12], it feeds back
the speed deviation to the control quantity of each motor. In this
way, the two motors can be adjusted simultaneously, achieving
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better synchronization. Since then, the CCC method has received
widespread attention. However, the closed-loop of speed of two
motors will interact with the cross-coupled feedback, leading to
contradiction of speed tracking and synchronization [13]. To ad-
dress this issue, in [14], different bandwidths of speed regulator
and synchronization error regulator are designed to decouple
speed loop and cross-coupled loop. However, the separation
boundary of bandwidth is blurry. In addition, efforts have been
made to improve the structure of CCC. In [15], an additional
coupling feedback loop with a second-order global fast terminal
sliding mode controller is appended to CCC. In [16], considering
the speed loops of two motors as a whole, a unified speed loop
model is established. These methods are of interest to improve
the anti-interference ability and dynamic performance, the con-
tradiction is still failed to be resolved radically. In [17], a ring
network control structure is established. Although the coupling
in control is partly solved by combining advantages of CCC
and master—slave control, dynamic performance is sacrificed to
some extent.

In addition, the rapidity and accuracy of synchronization
are highly sensitive to the feedback coefficient. Better tran-
sient response requires significant feedback coefficient, but in-
creasing the coefficient will cause oscillations and even lead
to instability [18]. In order to obtain better synchronization
accuracy and dynamic performance, researchers have com-
bined CCC with many advanced algorithms, including adap-
tive control [19], sliding-mode control [15], fuzzy logic [20],
neural networks [21], and MPC [22]. However, these algo-
rithms fail to take into account issues such as digital delay
and mechanical collision. Moreover, the challenges in con-
trol parameters tuning, reliance on model accuracy and mit-
igation of computation burden are also limitations of these
algorithms.

Given the issues mentioned above, a nonlinear CCC strategy
for dual-motor system based on CM/DM separation is proposed
to improve the position synchronization and address collision
problem under speed closed-loop control. The main contribu-
tions of this article are as follows.

1) To address the problem that cross-coupled feedback in-
teracts with the speed closed-loop, a CM/DM control
structure is designed to decouple them. The disturbances
are separated into CM and DM. They are regulated by CM
loop and DM loop, respectively.

2) Anonlinear controller with alow computational amount is
designed. The controller is mainly marked by a nonlinear
function and a restitution coefficient. The former is to
obtain a better dynamic performance and the latter is to
facilitate collision recovery and accelerate convergence.
Through frequency domain analysis and solving nonlinear
differential equations, the stability of the system is proved.

3) Considering mechanical clearance and digital delays, the
tuning method for the proposed controller is given. The
designed system is proven to possess excellent antidistur-
bance performance.

The rest of this article is organized as follows. Section II

consists the system description and preliminaries. Section III
presents the establishment of the CM/DM-CCC. In Section VI,
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Fig. 2. Dual-motor’s mechanical clearance. (a) In ideal condition. (b) In
collision condition.

a nonlinear controller is proposed. In Section V, the analysis
of stability and antidisturbance is presented. In Section VI, the
effectiveness of the proposed control strategy is verified by
experimental results. Finally, Section VII concludes this article.

II. SYSTEM DESCRIPTION AND PRELIMINARIES
A. Problem Formulation

Two typical twin rotors and their mechanical structures in
dual-motor systems are shown as Fig. 1. Unlike the rotors in
dual-motor servo systems or dual-motor driving systems, the
primary function of the rotors is not for driving [23], [24]. In
order to realize the function of the equipment, the twin rotors are
supposed to operate at the same speed without metal-to-metal
contact. Considering the mechanical clearance which can be
illustrated as Fig. 2, the position deviation of the two motors
is constrained within a small range, greatly improving the re-
quirement of control accuracy. Moreover, mechanical collision
problem occurs in such system and remains to be solved.

The simplified dynamics equations of dual-motor system can
be written as

(H
5:01*92 <0max

where x = 1, 2, representing different motor. 0, w,, Ky, iz,
Jz» Tz, Omax, and d are the angular position, angular velocity,
torque coefficient, current, inertia, load disturbance, mechanical
clearance, and position deviation, respectively.

The traditional CCC (TCCC) strategy for dual-motor system
is described as Fig. 3, two motors need to run synchronously
at set speed w*. There exists a coupling between the coupling
controller and two speed controllers, the corresponding torque
produced by them may be contradictory. Such contradiction of
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Fig. 3. Block diagram of TCCC strategy.

control finally results in oscillation and even cause collisions.
The coupling controller is usually designed as a proportional
or PI. Since the disturbances of the dual-motor system are
influenced by multiple factors [25], these two type controllers
can hardly achieve ideal synchronization performance in both
dynamic and steady-state aspect. It is difficult to set the param-
eters to ideal in practice.

B. Overall Synchronization Control Strategy

The proposed control strategy in this article and the whole
system are shown as Fig. 4. Both motors are controlled through
14 = 0 strategy. The two motors are equipped with twin screw
and supposed to achieve position synchronization under w*.
To improve the synchronization accuracy and achieve colli-
sion recovery, the controlled quantities (w, 6, i,, and torque)
are separated into CM and DM and considered, respectively.
Taking into account factors such as mechanical differences and
demagnetization, motors’ parameters (.J and K;) are also sepa-
rated into CM and DM. CM/DM-CCC is established to realize
CM/DM separation. Nonlinear coupling controller regulates the
DM component and output the DM current reference i, back.
Detailed analysis will be given in the following sections.

III. PROPOSED CM/DM-CCC METHOD

The block diagram of the proposed method is shown as Fig. 5.
In servo applications, the most inner control loop has the fastest
response speed. So based on TCCC method, the output of the
coupling controller is directly compensated to the current refer-
ence [26]. The input of the coupling controller is the difference
of two motors’ positions. The two motors share one speed loop
together and the feedback speed is the weighted average of their
speeds based on their .J. Improved differentiation algorithm is
adopted in the calculation of wy to minimize error [27]. The
outputs of the speed controller and coupling controller are pre-
sented as iy, and iy, *, respectively, which are proportionally
distributed according to the two motors’ K.

It should be noted that the outputs of both the unified speed
controller and the coupling controller are torque references.
Since i4 = 0 strategy is adopted in this article, the torque ref-
erence is equivalent to iy. If other control strategies are used,
such as MTPA and field-weakening control, it is necessary to
additionally convert the torque reference into current reference.

In the signal analysis, signals are often separated into CM
and DM. Similarly, the disturbance of the two motors 77,; and
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T2 can also be separated into CM disturbance 77, and DM
disturbance 17,4, which is shown as

T T Try — T
Toy = 1 t1r2 L1 L2 _ Tre+Tra
2 2
T T Tr1—T
Tpy— L1 -Zf- L2 1n1 . L2 _ Tr. — Ty, 2

T, and 17,4 produce perturbations in the speed and position. For
the TCCC method, coupling controller and speed controllers will
regulate these perturbations simultaneously, leading to mutual
influence in control.

For the CM/DM-CCC method in Fig. 5, the electromagnetic
torque of the two motors can be obtained as

Tel = KtchliEM + Ktchlii*)M
Teo = K41 Leaity — K Leaipy 3)

where L., represents the transfer function of the current loop
that includes the motor itself, current controller, filter, and in-
verter. By designing the current controllers of two motors, we
can assume that L.y = L. = L.. Therefore, (3) can be written
as

Ter =Tec + Ted Teg =Tec — Tea “)
with
Tee = K Leicy
Teqd = Ki1Leipy- 5)

The electromagnetic torque of the two motors is separated into
CM and DM. T, and T,4 correspond to the outputs of unified
speed controller and coupling controller, respectively.

By substituting (2) and (4) into (1), and based on Fig. 5, the
speed feedback w can be obtained as

Jl(Td*TLl ) + J2(T62*TL1 )

w =5 52J1 S2J2
! J1+ Jo
Tec _TLc
— —ec -—he 6
S (Jl —+ JQ) ©)

which only engages the CM disturbance. We can also get the
input of coupling controller J as

T —Tin Teo—Tro 1 1
)= _ — (= _
(Jl " J2>

82J1 82J2
Teqg — T 1 1 Tee —Tre
(dQLd)Jr 11N ( 2L)_ o
S J1 Jg S
For dual-motor systems that satisfy .J; = Ja, (7) can be simpli-
fied as
L 1\ Teqg—Tra
o=——-— | ——— 8
(J1 Jg) 82 ( )

which implies that only DM disturbance affects synchronization.
For dual-motor systems that satisfy J; # Js, due to the differ-
ent acceleration of two motors after being disturbed, coupling
controller needs to adjust this factor extra.

According to (5)—(7), the unified speed controller and the
coupling controller are utilized for CM regulation and DM
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) ) ) The Fourier decomposition of 77 ; can be derived as
regulation, respectively. It can be checked that the adjustment of
coupling controller will not affect the weighted average speed, 00
namely, not interact with the unified speed controller. Tia= Ao+ E Apelwkt, (10)

The position deviation § contains factors that affect synchro-
nization in the dual-motor system, including disturbance and
parameter differences. We define these factors as DM factors.
Hence, the whole control structure in Fig. 5 is separated into
CM loop and DM loop. The weighted average speed is indepen-
dent of DM factors. Similarly, the synchronization performance
will maintain ideal when changes happen in CM loop, even if
there is oscillation or overshoot in unified speed controller. The
synchronization performance can be improved by designing the
coupling controller,

IV. NONLINEAR COUPLING CONTROLLER

Based on CM/DM separation in Section III, we can only focus
on DM factors in the following analysis. According to Newton’s
Third Law, the collision between two motors can be analyzed as
a DM disturbance, and it consequently will be discussed in this
section.

A. Structure of Nonlinear Coupling Controller

Assume parameter differences as the result of disturbances
and ¢ is affected by an equivalent DM disturbance 17 ;, which

k=1

The structure of proposed nonlinear controller is shown as
Fig. 6. The integrator is able to regulate the dc component
in 77 ;. The low-pass filter makes it works at low frequency
only, avoiding affecting the adjustment of the nonlinear part.
Nonlinear function is developed to limit ac component and
achieve fast response. The restitution coefficient is designed to
achieve collision recovery and convergence of 9.

B. Nonlinear Function

Considering the role of LPF, the integrator can be neglected
during the nonlinear part analysis. Using motor1 as the reference
frame (/; = 0), the range of § is (— 6O yax, +0max)- The torque that
4m Produces is represented as Ty, (1 corresponds to ify),
which can be obtained by

. 3
Tdm = ipnzdmwf (11)

where p,, is the pole pairs, vy is the flux linkage from the
permanent magnet. The condition for not producing collisions
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at any ¢ can be expressed as
Oy + 0y = O — 6 (5>0)

0140y = O +5 (5 <0) (12)

patosk (J3" 640 + 22 [1265) > 1152
where £ is gain of the nonlinear function. It can be derived that
(5 > O)
(5 < O)

where ki, is the minimum & in (12). k4 is a variable parameter
based on mechanical clearance, § and 5. Such method avoids
fussy parameter calibration. In addition, collision can be avoided
as long as the current reference is within the bandwidth of
current loop. However, the dual-motor system may operate in
a state of high proximity to collision, resulting in unsatisfactory
synchronization accuracy.

In order to solve this problem and improve transient response,
we set a ko which can be expressed as

81/262 max(Jy,.J2)
'3[)7wa(Qmax_(s)3
81262 max(Jy,J2)
3Pt (Omax+9)°

kmin < kl = (13)

o

ky = —.
0]

(14)
According to Fig. 6, ¢} is a sign function of § under ks, which
ensures that the controller can achieve a significant gain when
¢ is small. Later in this article, we will analyze that ko can also
improve disturbance rejection ability. In order to simultaneously
obtain the effects of k£; and ks, as a result, the nonlinear function
is designed as

k= max(kl,kg). (15)

In Section V, the stability and performance of the system are
verified and the tuning method of o will be provided.

C. Restitution Coefficient

When dual-motor system is encountered to a transient large
impact and the current loop is unable to adjust in time, the two
motors will be forced to operate synchronously via timing gears,
however, resulting in collisions. The restitution coefficient 7 is

implemented as
- 1
=\, 5

Assume k is constant and use motor]l as the reference frame,
with restitution coefficient adopted, the dual-motor’s operation
state can be illustrated as Fig. 7.

The value of 0 and ¢ at ¢; can be represented as 6(i) and
) (). In Fig. 7, the two motors cross the mid line with a relative
speed B (0), then they collide at ¢;. According to momentum
conservation, § before and after the first collision are +0 (1) and
.—5 (1). The two motors return to mid line with a relative speed
0(2). After ta,,, the collisions end. The work done by T}, before
and after the collision is define as (); and (), the work done by
the T7 ; is @ p. Given that the value of k; is significant during

56 >0

1 16
60 < 0. (16)
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Fig.7. dand & of the two motors and the corresponding 7y, under restitution
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the collision process, (15) can therefore be written as k = k;.
The following assumption is made.

Assumption 1: During the collisions, (); and @, are large
enough so that we can assume ; > Qp and QQ > Qp.

It can be obtained that

3520%(0) = 3120%(1) = @ (17)
3720%(2) = 3.726%(1) = Qo
which can be simplified as
1 . 1 .
5720%(0) = 5120%(2) = Qi = Qo = AQ. (18)

The value of @); and Qp determines the value of § during
collisions. Due to the restitution coefficient, (; and 0, obviously
satisfy Q; > Q. Thus, we can get that |5(0)| > |§(2)|. Then,
collision will occur again at ¢3. Through iteration of (18), we
can obtain

[6(0)] > 16(2)] > 16(4)| > -+ > |6(2n)]. (19)

Finally, § reaches the critical value 6(2n) and collision ends.
The value of AQ determines the convergence speed of 4 and is
positively correlated with it. It is worth noting that such method
can help d converge when no collision happens (after ¢5,,). But
in this case, the work done by disturbance cannot be neglected,
i.e., Assumption 1 is invalid. An excessively large value of AQ
may result in § being unable to return to zero. According to (16),
7 increases with & decreasing, ensuring @, > Qp so that § is
able to return back to zero when 66 < 0.

A smaller r is obtained when § is large, causing J to converge
at a fast rate. 7 will be closed to one after & tends to stabilize
or gets small, which makes certain that |T5y;| > |T5,|. The
restitution coefficient guarantees the coverage of ¢ and system’s
stability.

V. STABILITY AND ANTIDISTURBANCE ANALYSIS

A. Stability Analysis

With the effect of time-varying parameter k; and restitution
coefficient r, k1 will gradually decrease to a value less than k.
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The nonlinear function can always reach

k= max(kl, kQ) = kg. (20)
Since 4 in (16) is relatively small at this time, r is temporarily
neglected and <y, can be derived as

ipy = k X 6 = asgnd. (21)

According to (10), providing that there is an unknown ac com-
ponent 7}, with an amplitude of Ay and a frequency of fx. T
can be expressed as

T, = Ay, coswyt. (22)
Through analysis of momentum and impulse we can get
Ay . L[t
Jpw = —sinwit — Tpy sgn odr. (23)
Wk 0

The integral of (23) can be derived as

A 1 T* t t
§=—F (1 — coswkt) — M/ dT/ sgn ddr.
wk'];n Wk Jw 0 0
(24)
The second-order derivative of (24) is given by
.. A T
o(t) = 2 coswyt — —2M gon o(t). (25)

Ji Ji

The encoders of the two motors feedback position signals simul-
taneously, and § is processed within the same control interval.
Consequently, there is no delay between #; and 5. However,
the delay caused by computation delay and sampling update in
the digital controller exists and is supposed to be considered. We
add a delay to (25) as

*

S(t+d) = % coswyt — TEM sgn o (t)

3 7

(26)

where d represents the delay time. As an approximation to the
solution, we use the truncated Fourier series

d(t+d)=dcos(w(t+d)+Vsin(w(t+d) (27
which can be rewrite as
0(t+d) =acoswt+ bsinwt (28)
with
a=a coswd+ b coswd
b= —d sinwd + b coswd. (29)

Disregarding of higher harmonics [28], sgn § can be expressed
as

4a
sgn{d(t)} = P e
4b

my/(a? + b?)

cos wit

sin wyt + higherharmonics.

(30)
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Fig. 8. Path near (ag,0) in the van der Pol phase plane.

Substituting (28) and (30) into (25), it can be derived that

4aTyy o
Joma/(a?+b2)
ATy,

Joma/(a?+b2) -

The solution of (31) can be expressed as

{a (4T3 — 7 la|wiJ;) = Agr|al

Ar 2 _
7, + awy;

(3D
bw,% —

(32)
b=0.

To investigate stability, transient state analysis is necessary. By

supposing the coefficients a and b are slowly varying functions

of time, it can be determined that whether the transient state of

0 lead to or away from periodic states. Assume that
0(t) = a(t) sinwit + b(t) cos wyt (33)

where a and b are slowly varying amplitudes (compared with
cos(wyt) and sin(wyt)). Ignoring @ and b we can get

5(t) ~ (—w,%a + 2wk6) cos wt
+ (—2wkd — wibQ) sin wyt. (34)
Combining (25), (30), (33), and (34), there is
-1 2 46Ty _
4= 2w (_wkb—i_ Jom (a2+b2)) =4
(35)

_ 1 2 A 4aTy —
Define Ay (a,b) = A1 (a,b)/0a, ay is the solution of (32). We
can derive

Al (aﬂa 0) = B2 (a070) =0 (36)
and
Wi 4T5m
A2 - _Tk + |a0|37TJi
we _ _ATsy 37)
By = 4 — oo

The phase plane for a and b in the system is called the van der
Pol plane, which is shown as Fig. 8. (ag, 0) is the equilibrium
point of the system when ag # 0 is satisfied.

Substituting ag # 0 into (32), here is the stability condition

m
Tom| > ZAk- (38)
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Considering the real-time control constraints and bandwidth of
current loop, « is supposed to satisfy additional conditions.

As shown in Fig. 9. T represents the sampling period. ¢pm
is the feedback DM current. One control interval can be divided
into three parts, including sampling, calculation, and other pro-
gram [29]. Motor crosses the mid line at k7 with an angular
speed w, (kT) and a DM current where ipy = i, = . Due
to the control delay, i}5,; becomes —« at (k 4 2)T5. The time
taken for ipy to change from a to —a can be approximately
represented as ¢,., which is known as itis related to the bandwidth
of current loop. After several intervals, w, reduces to zero and
motor starts to return back. To avoid collision, the area of the
blue part is limited by 0p,,x, which can be expressed as

Q
Wz0 (4T9 + tr) +

K t2
= <2Ts + L 42Tt + 2T§>

Ju 12
Wa0Jz
+ 203(“ Oumae 39)
where w,( equals w, (kTs). By solving (39) we can obtain
o< 6J0max — 24J, Tswoo — 6Jt,wy0 + 01 (40)
o2
with
01 = V6J:1/602, — 480max Tsw20 — 120maxt, wro- - -
FI6T 202, — 24T 2w + 48T t,w2, . ..
—24Tst,weo — 24T swyo + 612032,
0y = 24K T? 4+ 24K Tut, + Ky t2. 41)

Due to the constraint of mechanical clearance and the effect
of restitution coefficient, the value of w,( is generally within
0.5 rad/s. As a result, § will be convergent when (38) and (40)
are satisfied.

B. Anti-Disturbance Analysis

Equation (38) suggests that the stability of the system is
unrelated to wy, d and the direction of T75y;.
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Fig. I1.  ipm and § during the convergence process of P toward the origin.

Among all the harmonics in (10), we define

Amax:max{Al,Ag,...,Ak,...,An}. (42)

Selecting an o which satisfies (40) and (43), the stability condi-
tion is reached for harmonics of all frequencies, demonstrating
that the coupling controller is able to restrain the disturbance at
all frequency

(43)

3 T
an *Amax~
5P a¢f‘> )

If the path is closed in the van der Pol phase plane, (28) can be
written as

0(t) = p(t) cos (wt — (1)) . (44)

Assuming that a(0) is small, initial conditions can be obtained
through (33), i.e.,

a(0) = §(0) b(0) = 6(0).

Combining the van der Pol phase plane with Fig. 7, the path
under restitution coefficient can be shown as Fig. 10.

P is a representative point on the closed path and it starts at
(0,6(0)). According to (18), & exhibits a continuous decrease,
demonstrating that p(¢) keeps decreasing. The oscillation fre-
quency of § will increase as P converges toward the origin. P
ultimately settles on the red path.

During the process of P approaching the small neighborhood
of the origin, ¢ and the corresponding i p s can be illustrated as
Fig. 11.

Ty is the oscillation period of ¢, and i[,, represents the equiv-
alent current, which can be expressed as o’ sgn ¢. Obviously, o/
is smaller than « due to t,. T decreases as P approaches the
red path, ultimately becoming less than 2¢,.. The condition for

(45)
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ipm and ipy, to be equivalent is that the areas of the red and
purple parts are equal. We can replace « in (43) with /. As o
decreases to the critical value, p(t) tends to stabilize, i.e., 0 is a
periodic function with a minimal amplitude under disturbance at
any frequency. The simulation results shown in Fig. 12 validate
the analysis above.

VI. EXPERIMENT RESULTS

To verify the effect of CM/DM nonlinear control (CDNC),
Comparative experiments are carried out on the dual-motor
system shown as Fig. 13.

Even with the implementation of synchronization control
strategies, the installation of timing gears remains essential. The
timing gears shown in Fig. 13 can protect the twin screw and
enable forced synchronous operation in emergency situations.
They feature a mechanical clearance of 0.01 rad (O, = 0.01
rad), which is smaller than that of the twin screw. Therefore, the
experimental objective is to control the absolute value of § to be
at least within 0.01 rad or less, and to restore stable operation
after collisions occur. The properties of two motors are given in
Table I. The rated speed of motors is 4000 r/min and p,, = 2. The
CDNC method proposed in Sections III and VI is implemented
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TABLE I
MACHINE PROPERTIES

Quantity Value Quantity Value
Ry 04 Q Ro 0.38 Q
Ly 4.5 mH Lo 4.4 mH
J1 0.004 kg.m? | Jo 0.004 kg.m?
K 0.18 Nm/A Kio 0.18 Nm/A

TABLE I

DIFFERENT SITUATIONS

Running situations Working condition

Situation 1 Speed up from 0 to 4000 r/min
Steady at 4000 r/min
Add unbalanced load at 4000 r/min

Collision at 4000 and 500 r/min

Situation 2
Situation 3

Situation 4

on the digital signal processor TMS28377D produced by Texas
Instruments. CPU1 is used to control the two motors, CPU2 is
used to transmit information and commands between the upper
computer and motors. In CPU1, we set 3 control modes: CDNC
mode, TCCC mode and no synchronization (NS) mode (ify,
in Fig. 6 is zero). Control mode can be switched via send-
ing commands through the upper computer. The time-varying
parameter ki in nonlinear function effectively avoids collision
under normal operating conditions, even without the integrator.
However, the removal of the integrator will cause the steady-state
value of 4 to deviate from zero. Hence, the primary objectives of
designing LPF and integrator are to offset the dc component and
mitigate the impact on nonlinear regulation, with the dynamic
response being appropriately sacrificed. The value of /3 is pos-
itively correlated with the convergence speed of §, and it has a
broad range of values. However, an excessively large value of 3
will deteriorate the steady-state performance. The setting range
of o is given in Section V [formulas (38) and (40)]. The cutoff
frequency of the LPF can be adjusted to a lower level, while the
integral coefficient can be set to a higher value. The parameters
of the proposed CDNC method are shown in (46). The LPF is
designed as a second-order filter with a cutoff frequency of 5 Hz.
Besides, the proportional and integral coefficients of the TCCC
are kpo = 250 and k;2 = 50. The control parameters of speed
controllers and current controllers of two motors of two methods
are identical and set up as well

a=1
B=1 (46)
k;1 = 500.

The experiment is divided into 4 situations, which is shown
as Table II. Start the dual-motor system in CDNC mode and
TCCC mode, respectively. Fig. 14(a) shows § of the two control
methods in situation 1. Through CDNC, § is constrained within
40.003 rad (1/3 of O.x). There exists overshoot in the unified
speed loop, but the synchronization performance is not affected.
However, the TCCC has a poor synchronization performance
and is prone to produce collisions.
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We start the motors in CDNC mode and switch to TCCC mode
after reaching rated speed. Only in this way can TCCC obtain a
stable operation. Fig. 15 shows § and current of the two control
methods in situation 2.

Control performances in situation 1. (a) J of the two control methods.
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By switching control mode while running, the TCCC method
achieves collision-free operation. But the position deviation is
still worse than that of CDNC. The control parameters of TCCC
method are extremely difficult to tune in practice. Moreover, As
shown in Fig. 16, TCCC method also exhibits poor effectiveness
under loading and collision scenarios, resulting in irreversible
collision. Hence, we do not report the detailed results of TCCC
in situation 3 and 4 here.

Fig. 17 shows the experiment result of CDNC in situation 3.
After adding unbalanced load on the two motors, d still maintains
within an ideal range. The integrator regulates the dc component
intheT7 ;, whichis shownas Fig. 17(d). The CM loopis involved
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at the same time. The nonlinear function proposed in Section III
provides an excellent dynamic performance.

To investigate the effect of restitution coefficient, we switch
control mode to NS to produce collisions, then switch back to
CDNC. Fig. 18 shows the position deviation and corresponding
current in situation 4. Under NS mode, CM loop does not partic-
ipate in collision adjustment. In the early stages after switching
mode, variable parameter % is large and r in (16) is small.
With the joint effect of the two, collision begins to recover. The
collision completely ends less than one second after switching
to CDNC. As ¢ continues to converge, k1 gradually decrease and
r approaches toward one, the nonlinear function reaches (20).
After a period of time, the oscillation frequency of ¢ becomes
very high, the current reaches the state shown in Fig. 15(b). This
process is consistent with the analysis in Section V.

Collision recovery at low speeds is also tested. As shown
in Fig. 19, the frequency and impulse force of collision are
significantly reduced compared to those at higher speeds. The
collision immediately recovers after switching control mode.
The proposed control strategy exhibits better control perfor-
mance at lower speeds.

VII. CONCLUSION

This article proposed a nonlinear CCC strategy based on
CM/DM separation to achieve high-accuracy position syn-
chronization under speed control for dual-motor system. The
CM/DM-CCC is developed to decouples the objectives of
synchronization control and speed tracking. The nonlinear
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controller is designed to realize fast response, satisfactory
steady-state performance, and collision recovery. The stabil-
ity of system is proved. The method for tuning the control
parameters and the analysis of anti-disturbance are presented.
Experiments demonstrate that the proposed strategy has better
synchronization performance than TCCC under multiple work-
ing conditions. Collision recovery is also successfully tested.
The proposed control strategy is not limited to the dual-motor
structure used in this article. CM/DM separation and nonlinear
control can be applied to other synchronization scenarios.

The proposed control strategy has a relatively small com-
putational amount and convenient parameter tuning, making it
suitable for industrial applications. Moreover, it can be extended
to synchronization of multimotor system.
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