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Abstract: In any drive system, there are always couplings between the motor and the load. Since the
hardness of these couplings is finite, they have elastic properties, causing unwanted vibration and
negatively affecting system quality. When the couplings are springs with nonlinear characteristics,
control is particularly difficult because it is very difficult or impossible to define the parameters
of the controlled object. To solve these difficulties, this article proposes an adaptive controller of
the major functions for controlling a drive system with nonlinear elastic couplings of unidentified
parameters. For the proposed control system, we measure the response speed of the object, use a
Luenberger observer to estimate the state variables of the system, and use an adaptive controller to
control the system. The experimental results demonstrate that the control object can be controlled
without knowing the parameters: the control quality of the system is very good, close to that of a
system with a hard coupling, there is no vibration or overshoot, and the transition time is small.
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1. Introduction

Speed and position control systems are widely used in industry when loads connect to a motor
drive by couplings of finite stiffness. This finite stiffness causes oscillations and has negative effects on
the quality of both electrical and mechanical systems. Studies have shown the negative effects of elastic
couplings in several applications, such as rolling mills [1,2], electric vehicles [3], wind generators [4,5],
controlling robots [6], and paper production [7].

Proportional-integral (PI) controllers are the most commonly used for controlling the speed and
position of elastic coupling systems, for example, in industry [8], or in the speed and location control
systems of vehicles [9]. Some studies have improved the control quality of elastic coupling systems
and reduced their vibration by adjusting the PI controller parameters [10]. However, PI controllers do
not provide feedback of the system states, and the pole placement of these system provides minimal
oscillation reduction [11]. PID controllers could increase oscillation reduction, but they are highly
sensitive to external noise.

State space control offers a promising direction for improving the quality of elastic coupling
systems [12]. How state space control works has been described elsewhere [13]. The advantage of state
space control is that it allows for free pole placement in the closed system, but it is difficult to build the
controller, and all state variables must be measured or estimated. Additionally, a linear controller is
not suitable for nonlinear elastic coupling systems, so that its effectiveness and quality are low.

Nonlinear controllers have been proposed to control drive systems with elastic couplings, such as
a sliding mode control [14-17], neural control or fuzzy sliding mode control [18,19], flatness based
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control [20,21], a control method based on identification allowing for robust Hoo [22], and a predictive
controller with a state space model [23]. However, for a high-quality control system, these methods
require knowing exactly the parameter values of the control object. But in drive control systems
with elastic couplings, the parameters of the control object are difficult or impossible to determine.
Therefore, we set out to improve the quality of a nonlinear drive system with elastic couplings and
unknown object parameter values. This research is the first one using an adaptive controller of the
major functions for controlling a drive system with elastic couplings. As will be seen, the quality of the
whole system is very high, there is no vibration, and the transition time is short.

What follows in this paper describes the characteristics and dynamic equations of a drive system
with elastic couplings (Section 2), our proposed adaptive controller of the major functions (Section 3),
and the algorithm installation process and experimental results (Section 4). In Section 5, our conclusions
are presented.

2. The Nonlinear Model of the Drive System with Elastic Couplings

Consider an elastic object which includes n blocks linked together by elastic couplings with slits.
Such a system is shown in Figure 1.
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Figure 1. Drive system with elastic couplings and slits.

The differential equations of the control object are as follows:

)

w; = 7 [fyi1 = fyi +ba(H)], i =1,n;
Thyi = pi(wi - wi+1), i=1,n—-1;

where

e w;i=1,n are the speeds or angular velocities of the blocks;

e ;i =1,n are the inertias of the blocks; and

e fyii = 1,n—1 are the elastic forces when taking account of the slit (26;) between joints, fy;
calculated as follows:
My — pid;, if my; > pid;
fyi =< 0, if |myi| < pié; 2)
my; + pidi, if my; < —p;id;;

Additionally:

o u,i= 1, n are the control signals which impact on the blocks with the coefficient b;, and
° myi,i = 1,n — 1 are the elastic moments, which are calculated as follows:

myi = pi(qi — Giv1), i = 1,n = 1; (myg = my, = 0) ©)

In Equation (3), g;,i = 1, n are the block movements or the block rotation angles,and p;,i =1,n —1
are the elastic coefficients of the couplings. Since w;, my; are chosen as status variables, the control
object has (2n — 1) orders.
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Typically, the parameter values of an elastic control object cannot be directly measured by sensors.
We can only measure the speeds of the control object. However, our control object is fully controllable
and observable. It is therefore possible to apply state observation for controlling a drive system with
nonlinear elastic couplings when parameters are unspecified. Several methods can be used to estimate
the system states; for example, Luenberger observation, extended Luenberger observation, Kalman
filter, or disturbance observation [24-26].

In this paper, we experiment on the physical system of a DC motor drive system. The system
consists of two blocks that link together via a nonlinear elastic coupling. The system is shown in
Figure 2.

Cp Cs PCC
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Figure 2. Physical model of the drive system with a nonlinear elastic coupling.

Our goal is to accurately control the position of the second disk block. Our proposed control
system has two closed loops: an inner control loop, to control the speed of the load, and an outer
control loop, to control the position of the load. In Figure 2, DC denotes the direct current motor; PCC
denotes the power control circuit; Cp denotes the position controller; Cs denotes the speed controller;
Sg denotes the speed sensor; and Sp denotes the position sensor. There is not a current loop in this
experimental system, firstly, because the control object is a drive system with elastic couplings; adding
a current loop would make it more complex and the mission of building adaptive controller more
difficult. Secondly, the main missions of our control system are controlling position and damping
elastic oscillations, rather than controlling the current. Finally, since the DC motor in the system has a
large reserve, it can accommodate up to 10 times the normal current.

Our goals are ensuring that real position of the second disk block is close to the desired position
and minimizing elastic oscillations in the system. The authors propose adaptive controllers to solve the
above mission. Controller parameters are optimized to increase the rapidity of the transition processes.
The control signal impacts the inner loop (the speed control loop) in order to decrease the order of the
adaptive control system. Assuming a small electromagnetic time constant, the equations of the drive

system are:
Wy = ]iz fy— Ilek
My = —pwy + pwy 4
wl — 7%](}] o kmi(kf-’;;r]?:ikyﬁc)wl + kn}jl;gffc

where

®  wj, wy are the rotation speeds of the first disk block and the second disk block and iy is the
elastic moment when ignoring the slit;

e |1, ], are the inertia moments of the first disk block and the second disk block; and

e fy is the elastic force when taking account of the slit (26) in the elastic coupling:

my — pé, ifmy > pé,
fy=4 0, if |my| < pé, (5)
my + pé, if my < —pd;
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My is the friction moment, and is calculated as follows:
My = Mypsignwy, Myy = (0.1 +0.3)M, (6)

where M, is the norm moment of the motor. Additionally:

e  pis the elastic coefficient of the coupling,

e ke and ky, are the coefficients of the motor structure, ky is the transmission coefficient of the
converter, k. is the transmission coefficient of the speed sensor, . is the proportional coefficient
of the speed controller, and R, is the armature resistance of the DC motor. i denotes the gear
transmission coefficient between the first disk block and the drive motor.

e u is the overall control signal: u = ug + ua, with uy = up the desired speed signal and u, is the
control signal which needs to be determined.

The outer loop control is the position control which is presented by the following equation:

¢ = wo; Up = (po— kp(P)ﬁp (7)

where ¢ is the position or the rotation angle of the load, k;, is the transmission coefficient of the position
sensor, f is the proportional coefficient of the position controller, and ¢y is the desired position.
Usually it is difficult to determine the moment of inertia and elastic coefficients, so we approximate
those values: |1 = Jo1, J2 = Jo2, and p = pg. Named: a1 = 1/]o; ax = po; a3 = —1/Jo1; a4 = —kii(kei +
keikyBc)/(Jo1Ra); b = kmikyBc)/ (Jo1Ra)- Equation (2) can be rewritten in matrix form and linearly as:

x = Ax+Buy; ®)
where
0 a O 0 Wy
A=| —a 0 a [;B=|0|;,x= My )
0 as ay b w1

3. Control System Based on an Adaptive Controller of the Major Functions

In this section, we propose an adaptive controller to extinguish elastic oscillations and decrease
the transaction time in cases where some parameters are undefined. The proposed method uses an
adaptive controller of the major functions to minimize the effect of nonlinear elements such as slits
and friction.

Consider a nonlinear control object which is described by the following differential equations:

x(t) = flxut) (10)

where x = (x1,%,K,x,,)T is the state vector of the control object, x € R". R" is the Euclidean space that
includes n dimensions, u = (u1,up,K,u,)T is the control vector, m < n and f() = (f1(-) f2(-), K fu(-))T is the
function vector that includes n dimensions. It is continuous according to x,u and continuous in parts
according to time (f) in the domain:

Iy ={xut:|x| <mmn=consttn>0);ucUt>t)ty € R} (11)

U denotes the set of the ability control signals, ||-|| denotes the norm of the vector, and T denotes
the transposition of the matrix.
Assuming that the original object is represented by the equation:
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x=A(x, t)x + B(x, t)u(t) (12)

where A(x,t), B(x,t) are matrixes of a suitable size. The matrix B(x,t) is limited. The matrix A(x,t) can
be written in the double sum form:

14 n
Alxt) = { B [Z Aqr(x,f)fqgr(xr)] } (13)

q=0|r=1

A (xt) are limited matrixes, but fqgr (xy) are scalar functions which may not be limited, and f;,(xr)
depends only on the rth element of the state vector. When ||x|| — +o0, the index g in Equation (13)
is used to distinguish the functions fqer (x,) with the different increase speeds. The function with the
larger index q will increase faster, which means that:

‘f +1r

|X,H+oo ‘fe xr)

= 400 (14)

where p = maxp, and p, is the number of increase functions with the element (x,). The increase speed
of the functions can be compared to the exponential function xh The smallest coefficient is & in order

that  lim ] £8 () /2 0 (x).
X
Assuming that the mission is to build adaptive control law u(t) so that that the trajectory of the

control object follows the trajectory of the reference model, as:

xp(t) = Amx(t) + Bumug(£) (15)

where Apg,By are the constant matrixes and uy(t) is the vector of the desired value. The target of the
control system is expressed by the following equation:

lim[[x(£) — 2y ()] = lim [e(t)]| < D (16)

where D is any coefficient which is greater than zero and ¢(t) is the vector of the control error.
The control signal is the sum of the two components:

u(t) = u,(t) +up(t) (17)

where u,(t) is the adaptive component, which is represented in the following equation:

o={L]

KqA,(t),KB(t) are the matrixes with the adjustable coefficients, and are determined by the
following equations:

n

Z fqr xr

\ =

}X+ K (t)uo(t) (18)

A
{ K, () = — for (3 )TABT Pex™ — AAKA (1) 19)

Kg(t) = —TpBPeu) — ApKgp(t)

l"qAr, Aqr, I'g, Ap are the positive symmetric matrixes, P is the positive symmetric matrix which is
the solution of the Lyapunov equation:

ALP+PAy = -G (20)

G is the positive symmetric matrix which has been known.
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The functions in Equations (18) and (19) are chosen in order to satisfy the relationship:

‘fgr(xr)/fqr(xr)

< agr if |xr| < bqr

where ag, by are the positive coefficients. f;,(x,) are the major functions, and fg, (x,) are the increase
functions. The control law, Equation (18), combined with the tuning algorithm, Equation (19), is named
the adaptive controller of the major functions.

4. Setting up the Algorithm and Running the Experimental System

The authors built an experimental system of a drive with elastic coupling based on the structure of
the control object presented in Section 2 and the adaptive algorithm presented in Section 3. This system
consists of two blocks which are connected together by elastic coupling. The experimental system is
shown as Figure 3.

Figure 3. The experimental system of the drive with the elastic coupling.

The experimental system consists of a (1) DC Motor; (2) first spin disc block; (3) second spin disc
block; (4) elastic coupling (the spring); (5) speed sensor; (6) position sensor; (7) power control circuit;
and (8) computer screen.

The elastic coupling (spring) is the cause of the elastic oscillations and negative effects on system
quality. Difficulties in controlling the system result from several parameters of the control object not
being correctly defined, for example, the inertia moment and the elasticity coefficient, and from the
control object’s nonlinear elements, such as the slit and friction. To extinguish the elastic oscillations,
the authors set up an adaptive control system for the major functions in order to control the position of
the second block. The experimental system is designed according to the scheme shown in Figure 4.

The power control circuit receives the control signal from the computer through the Advantech
PCI-1711 card, then controls the DC motor that drives the movement of the disk blocks. The power
control circuit is a nonlinear system; its input is the control voltage and its output is the voltage
supplied to the armature of the DC motor. The nonlinearity of the power control circuit is much less
significant than that of the slit and friction. The equation for the experimental power control circuit
model uses the coefficient (ky). Since the proposed adaptive controller can control a nonlinear object
of unidentified parameters, it is not necessary to consider the nonlinear parameters of the power
control circuit.
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Figure 4. The connection diagram of the system.

The speed sensor is used for measuring the feedback-speed value of the first disk block.
The position sensor is used for measuring the feedback-position value of the second disk block.
The values from the sensors are sent to the computer through the PCI-1711 card.

In short, the control object is a collection of elements as follows: power control circuit, DC motor,
elastic coupling, and sensors. The input of the control object is the control voltage of the power control
circuit, the output of the control object is the signal of the position sensor of the second disk block.
The input and output of the control object are connected to the controller (computer) through the PCI
card. Thus, the control object is a complex nonlinear object and it is difficult to determine exactly
the parameters.

The experimental system’s purpose is to control the second disk block’s position, extinguishing
elastic oscillations and increasing the rapidity of the drive system. The problem of position control
is solved by the position loop; that is, the outer loop. The challenge of extinguishing oscillation and
increasing rapidity is solved by the adaptive controller, which impacts the inner loop.

Our real-time controller was built using Matlab Simulink software (version 8.4), as shown in
Figure 5.

o Analog
= Cutput
Rege ,—|
Anslog Output >
Advantech
PCH1TN [mutg] W2
Analog 1 1 Anszlog 1 1 I:l
Input 0.04s+1 Input p04s+1 | w2z L5 | Phi
Analog Input 1 Fitter 1 w1 Analog Input 2 Fitter 2 Fhi
Fhio Advantech Advantech
PCI-1711 [autn] PCI-1711 [auto]
L >
Luenbterger Observer +— Reference Model

Switch2

R

Us

Adaptive Control

o
Switch3
Matrix  [*

Multiply

Medal Control

Figure 5. The structure of the real-time controller.

The control structure consists of the main following blocks:
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(1) The reference model is built in accordance with Equation (15). To extinguish the elastic
oscillations, the matrixes Ay, By are built by the modal method, which is a pole placement
control method [27,28].

(2) For the Luenberger observer, the computer processes the sensor signals according to the
Luenberger algorithm [29,30] in order to recreate the state vector of the control object. This state
vector consists of three components: w»,my,w1.

(3) The adaptive control block is built based on parameter adjustment principles of the adaptive
major functions controller (according to Equations (18) and (19)) so that the dynamic characteristic
of the control object is close to that of the reference model and the effects of the nonlinear elements
are minimal. In the adaptive algorithms shown in Equations (18) and (19), the state vector of the
control object is replaced by the state vector of the Luenberger observer.

Experimentally, we used a non-adaptive modal control module for comparison with our
adaptive controller.

The algorithms generate the control signals, which control the DC motor.

It was very difficult or impossible to determine the parameters of the experimental system.
However, based on the parameter values of the devices in the system provided by the manufacturers,
the parameter values of the experimental system were estimated as described below:

(1) The parameters of the DC motor: norm power P, = 9.25 W; norm speed 1, = 4500 rpm; norm
moment M, = 0.0196 Nm; norm voltage U, = 27 V; norm current I, = 0.7 A; efficiency 1 = 49%;
armature resistor R, = 11 ), coefficient k, = 0.041; and coefficient k,, = 0.028.

(2) The other parameters: ky = 2.78; k. = 0.0098 V-s/rad; B = 8.047; kp = 0.0412 V /rad; B = 149.12;
Jo1 = 0.004 kg-m2; Joo =0.003 kg~m2; and pg = 1.5 Nm/rad.

We set the adaptive algorithm with the major functions based on Equations (18) and (19) using a
simplified approach of ignoring all major functions and considering only the largest order function
fyr(wr), which is the exponential equation of each state variable x,. For example, the slit function refers
to the elastic moments (y) and the friction function refers to the speed of the second disk block (w5).
Therefore, the major functions are described as follows:

fpa (my) = 172 fr1(w2) = OF; fpy (w1) = @) = Lp1 = pp =1 (21)

where @9, 11y, 7 are the state variables for the Luenberger observer.
The matrixes are defined as follows:

0 33333 0
A= | —15 0 15 (22)
182 —2149.8 —105.7

0

By = 0 (23)
355.88
100 |

G=|010 (24)
00 1

0.0844 0.4039 0.0058
P=| 04039 11.1961 0.0629 (25)
0.0058 0.0629 0.0056

where l"qAr, AqAr, I'g, Ap are positive coefficients (using a 1 x 1 matrix): Fﬁ,‘r =qA = 1,AqAr =Ar=1Tg =

’)’leandAB:)Lle.
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Following these parameters, our experimental results are shown in Figure 6, including the desired
signal graph, the output signal graph of the control object without the controller, the output signal
graph of the control object when using the modal controller, and the output signal graph of the control
object when using an adaptive controller for the major functions.
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0.15 T T T T 0.15
0.1 . ........ ....... 4 01b-x
0.05F -+ ........ ....... ........ ....... . 0.05
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Figure 6. The experimental results: (a) the desired position signal; (b) The output signal of the
control object without the controller; (c) the output signal of the control object when using the modal
controller; (d) the output signal graph of the control object when using an adaptive controller for the
major functions.

Figure 6a shows the desired position signal: a square wave voltage with an amplitude of 0.1 V.
It should be noted that the calculation of the angular value must take into account the transmission
coefficient of the physical system (0.0412). For example, if the measured voltage value of the rotation
angle is 0.1V, then the actual value of the rotation angle is ¢ = 0.1/kp = 0.1/0.0412 = 2.43 (rad).

Figure 6b, the output signal graph of the control object without the controller, shows the initial
control object’s elastic oscillations. Figure 6¢c shows the rotational angle graph of the second disk block
when using the modal controller; the elastic vibrations have been extinguished and the rapidity of the
system is improved compared to the initial control object. However, the quality of the transition is still
poor because there are overshoots and two extremes, and the transition time is still long.

Figure 6d shows the rotational angle graph of the second disk block when using our adaptive
controller for the major functions. The elastic vibrations have been extinguished completely,
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the rapidity is significantly improved compared to the initial elastic object, and it is close to the
rapidity of a hard coupling. The transition process with an adaptive controller is much better than that
of the non-adaptive modal controller because we had to approximate some of the parameter values
used for building the linearity control object and calculating the modal controller, and in practice,
those values may be different from the actual values. In contrast, our adaptive controller can control the
object even when some parameter values of the control object are unspecified. Additionally, the control
object is nonlinear because of the slit and friction, but these nonlinear elements are also effectively
controlled by the adaptive controller. This proposed control system can be applied under different
mechanical loads. In such cases, a small error may occur in the position control. However, the goal of
vibration reduction is not affected, since the adaptive controller is not influenced by load momentum
due to its strong impact on the inner loop (the speed loop).

5. Conclusions

The article has presented a control method based on an adaptive controller for the major functions
used to control an object with elastic couplings. The object is nonlinear because of the slit and friction,
but the proposed adaptive controller can control the object without knowing the parameter values.
The controller’s build is optimized so that the movement quality of a drive system with elastic
coupling is close to that of one with a hard coupling. The advantage of this proposed method is that
the control system can operate well despite unknown object parameter values and with a nonlinear
real system. Experimental results confirm the usefulness of our adaptive controller by extinguishing
elastic oscillation, reducing transition time, and eliminating overshoot.

Author Contributions: Dung Tran Anh proposed the initial idea. Thang Nguyen Trong and Dung Tran Anh
developed the research, analyzed the results, and wrote the article together. Thang Nguyen Trong edited and
finalized the article.
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