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ABSTRACT

The control of the rotary platforms is one of the important issues in the control
engineering. Depending on the application area considered, the accuracy level of the
relevant control systems may become higher. However, the undesired external inputs such
as sensor noise and base vibrations have diverting effects on the on the plant, or the system
to be controlled and hence the regarded performance requirments may not be achieved in
many cases. In order to overcome this problem, robust control system architectures are
constructed rather than classical control systems as well as other modern and advanced
control approaches such as neural network based and fuzzy control systems. In this study, a
two-loop control structure is proposed in order to improve the control quality of the handled
rotary table and the results of the relevant computer simulations are presented in addition to
the data collected from the simulations conducted on the single-loop control system.
Eventually, it is shown that the two-loop control system gives more satisfactory results than

the conventional single-loop control system.
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INTRODUCTION

In order to simulate the performance characteristics of the critical mechatronics
devices in the real environment, the hardware-in-the-loop (HWIL) simulators are utilized in
most of the applications. These simulators provide an opportunity to the developers with
making necessary design updates prior to the production of the mentioned mechatronic
devices as well as reducing the total cost at a significant level [1].

Since their moving platforms are usually rotary-type, the control of the rotary tables
or gimbals become one of the most important issues in the design of the HWIL motion

simulators. In this sense, several control schemes have been proposed in accordance with



convenient control actions. Namely, the neural network type, fuzzy logic based and robust
control systems are designed as alternatives to classical control systems regarding Pl
(proportional plus integral) or PID (proportional plus integral plus derivative) control action in
order to improve the system performance [2].

Looking at the literature, it is seen that the conventional control systems designed for
rotary configurations are in general single-loop algorithms based on the angular position
control. On the other hand, although they are not so common as the single-loop ones, the
two-loops control systems have also been designed in order to increase the positioning
accuracy [3]. In the mentioned algorithm, the outer loop makes the position control of the
considered gimbal to compensate the steady-state position error while the inner loops tries to
nullify the angular speed of the gimbal within the presumed settling time [4].

In this study, the precise control of a rotary table is dealt with and the relevant single-
and two-loop control algoritms are constructed. While the single-loop control system
accounts the classical PID control action, the PIV (proportional plus integral plus velocity)
rule is utilized for the speed control system in the inner loop along with the outer position
control loop regarding the PI law in the two-loop counterparts. At the final part of the study,

the results conducted from the related computer simulations are evaluated.

SYSTEM MODEL

The schematic representation of the rotary table model considered is as shown in
Figure 1. As indicated, the system consists of the rotary table which is used to provide the
considered test item with the planned angular motion, a DC-type servomotor, the connecting
shaft between the table and motor, support bearings, and the fixed frame of the structure.
Here, a direct-drive connection is established between the motor and connecting shaft. Also,
the encoder onboard the motor is used as the feedback device of the designed control

systems.

CONNECTING SHAFT
BEARINGS

"
I

ROTARY TABLE

0

DC MOTOR

FRAME

Figure 1. Rotary Table Model



From here, as 6 denotes the relevant angular position variable, the dynamics of the

rotary table can be described in the following manner:
J,6+B,6=T, (1)
where J_, B,, and T, stand for the equivalent moment of inertia of the rotary table,
connecting shaft, inner bearing rings, and rotor of the DC motor of the connecting shaft,
equivalent viscous friction coefficient representing the frictional effects on the bearings and

rotor, and control torque applied by the torque motor, respectively.

CONTROL SYSTEM DESIGN

Single-Loop Control System

In the PID type controller which is the most preferably used controller in the industry
because of its simplicity and ease of implementation, the control signal to be sent to the
plant, or the system to be controlled, is generated by multiplying the error between the
desired and actual values of the control variable, sum of the error within a certain interval,
and error rate with the proportional (P), integral (I), and derivative (D) gains. Here, the
mentioned gains are chosen in accordance with the desired behavior of the control system.
In this scheme, the integral action tries to nullify the steady-state error on the control variable
which results from the parameter uncertainties, disturbances, and noises while the derivative
action handles the trends in the transient error [5]. The block diagram of the control system

with the PID controller is given in Figure 2. In this scheme, K, and K, represent the driver
gain and motor torque constant while 6,, E, 1., and | show the desired value of the control

variable, error term, controller output, and driving current to the motor, respectively. Also,

G, € _indicates the controller transfer function as “s” denotes the Laplace operator.
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Figure 2. Single-Loop Control System with the PID Controller

According to the PID law, G, €_ can be established as follows:
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where Kpr Ki and K, denote the proportional, integral, and derivative gains,

respectively.
Simplifying the scheme in Figure 2 using the block diagram algebra, the closed-loop
transfer function from 6, to 6 is obtained as given below:

~
2
eS/_ n,s” +tn;st+1

0, € dys®+d,s” +d;s+1

(3)
where n, =K, /K;, n, =Kq/K;, d, =K, /K, d, = €, /K KK, > €, /K, _, and
dy = I, /K KK, _.

After getting the transfer function of the closed-loop control system as in equation (3),
the roots of the relevant characteristic polynomial, i.e. the poles of the control system, can be
placed according to the specified performance requirements and thus the corresponding
controller gains can be determined. One of the methods available for pole placement is to
locate the poles by means of certain polynomials such as Butterworth and Chebyshev
polynomials. This way, it becomes possible to decide on the poles such that the control
system attains the desired bandwidth [6]. Here, the Butterworth polynomials leading
mimimum overshoot values in the system response are considered. Hence, the following

third-order Butterworth polynomial can be used to equate the characteristic polynomial, i.e.

the denominator polynomial, of the transfer function in equation (3) [7]:
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where w, shows the desired bandwidth value of the control system in rad/s.

Matching the mentioned characteristic polynomial in equation (3) to equation (4) and

making the intermediate calculations, the following expressions are held for K oo Ki and K 4:

Ky=23, w2 /K K,_ (5)
Ki=J, wli€ K, _ (6)
Ky-€J, w, -B, Ik _K,_ @)

Two-Loop Control System

The two-loop control system structure whose schematic representation is shown in
Figure 3 consists of two control systems one of which operates inside the other. In this
algorithm, the outer control loop attempts the rotary table to bring to the desired position
while the inner loop which is at least four times faster than the outer one in order not to affect
its dynamics is designated to make the angular speed of the gimbal zero. Here, the outer

loop controller symbolized with G € _is constructed according to the classical Pl control law



whereas the PIV type controller is employed in the inner loop, or speed control system,

shown by G, €_ in order to minimize the diversing effects of the disturbing inputs.
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Figure 3. Two-Loop Control System Structure

Thus, as K, and K; stand for the proportional and integral gains, the position

controller of the outer loop can be modeled in the following fashion:

~ K,
Gcngp+?' (8)

From here, the closed-loop transfer function of the outer loop is obtained as K,

indicates the steady-state gain of the inner loop:

0€_ _ n;s+1
g ~ P (9)
By S5~ d,s” fd;s+1
where n, =d, =K, /K; and d, =1/ € K; .
Also, the second-order Butterworth polynomial can be formulated as follows:
~ J2
B, € ="+ X224 (10)
wi W,

Hence, equating the characteristic polynomial of the transfer function in equation (9)

to the polynomial in equation (10), the expressions giving K, and K; are obtained as given
below [7]:
K, =v2w, /K, (12)

p
K, =w2/K, (12)

The block diagram of the speed control system shown by G, € in Figure 3 can be
built with respect to the PIV control law as given in Figure 4. In this scheme, it is assumed
that the necessary angular acceleration information is gotten by taking the time derivative of
the angular velocity measurement. In fact, this is not applicable in real-time implementation
due to the noise effects on the acquired data. Hence, the use of a conveniently-designed
estimator is more suitable in such cases.

PIV type controller which is often implemented in the control of electric motors is
another kind of the classical controllers formed by modifying the PID structure. In the PIV
controller, the position feedback is combined with the velocity feedback [8]. Unlike the PID
controller, the position error (e) is turned into the velocity command by multiplying it with the

position gain (K ;) and the integral gain (K;) operates on the velocity error rather than the



position error in this algorithm. Moreover, the velocity gain (K, ) is introduced instead of the
derivative gain in the PID law (K, ) [9]. Here, the necessary velocity information is provided
either by means of a speed sensor or using an estimator.
From Figure 4, the transfer function of the closed-loop speed control system is
obtained as follows:
2 - - (13)
8y d,s’+d;s+1

where, for y=1/& K, K, K,_, d, =y €, +K K, K,_and d, =y €, +K KK, _.
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Figure 4. Speed Control System with the PIV Controller

As seen, the characteristic polynomial of the transfer function given in equation (13)
possesses two roots. In the case of finding the controller gains using a second-order
Butterworth polynomial, two equations will arise for three parameters. Here, the required
parameters, i.e. controller gains, can be calculated by means of certain formulas or some
amprical approaches [5]. On the other hand, sufficient number of equations to solve the
parameters can be established by increasing the order of the control system with some small

changes. Namely, as -1/ T is an extraneous root sufficiently small compared to the original
roots of the control system, the parameter K, can be modified as k , /€, s + 1_. Using this
low-pass filter with the corner frequency at 1/T, the frequency range within which K, is

effective is also restricted and hence the effects of the high-frequency noise on the derivative

action can be minimized [5]. Making this modification, equation (17) takes the following form:

: T.s+1
o . s S (14)
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where, for v=1K K K K d,=v B, +Kk_ Kk Kk €K +12
dy=y b +T.B, +K K, €, +T,K, s, and d; =J_ T y.
If noticed, the control system with the modified PIV controller has a zero at z = -1/ T

whereas the system with the original PIV does not have a zero dynamics. Conversely,

putting —1/T, at least 100 times far away from the system root at the farest location with



respect to the origin such that it does not affect the overall system dynamics, the existence of
this zero will not cause any undesired result.
Eventually, equating the characteristic polynomial of the transfer function given in

equation (14) to the third-order Butterworth polynomial in equation (4), as f, denotes the

desired bandwidth of the control system (in Hertz) and w,=2nf,, K,, K,, and K, are

p

determined as given below:

Kp=w5/§—TSws, (15)
Ki=d, Tow’ €-T, w, 1€ K, _ (16)
] -
Kv=le (’Sws—1}§w§—Tsws—l;TsBe](CKt, (17)

COMPUTER SIMULATIONS

In order to evaluate the performances of the proposed control systems, the relevant
computer simulations are conducted in the MATLAB® SIMULINK® environment. The
numerical values of the parameters given in Table 1 are obtained from the related technical
documents. Also, the constructed control system models are converted into their discretized

forms using the Tustin method [5].

Table 1. Numerical Values Used in the Simulations

Numerical
Parameter
Value
Je G-m2. 1.25
Beﬁ'm's/rad, 0.1
f. < 5
f, €z _ 20
K. Q/v_ 1
K, €G- m/iAa_ 25
T, € 1/500
Simulation Sampling Frequency (Hz) 2000
Resolver Resolution (bit) 16

Regarding the data in Table 1, the responses of the single- and two-loop control
systems are plotted against a reference input of 1° as shown in Figure 5 and Figure 6. In this
sense, Figure 7 shows the response characteristic of the inner controller of the designed two-
loop control system. In all cases, it is assumed that the control systems are subjected to the

encoder noise at the maximum amount of 0.05° in both directions.
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Figure 5. Unit Step Response of the Single-Loop Control System with the PID Controller
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Figure 6. Unit Step Response of the Two-Loop Control System with the PIV Type Speed

Controller
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Figure 7. Response of the Speed Control System with the PIV Controller
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At the end of the computer simulations, the maximum current requirement, maximum
overshoot, settling time, and maximum oscillation quantities are obtained for both types of
the control systems as given in Table 2. Also, the steady-state error occurs as zero in both

cases.

Table 2. Simulation Results of the Single-Loop Control Systems

Maximum Maximum _ Max_imum
Control Current Overshoot _Settllng AmpllltU(_je of
System Requirement (%) Time (ms) Oscillations
(A) (urad)
Single-Loop 10.31 42.4 200 245
Two-Loop 3.19 42.1 118 185

DISCUSSION AND CONCLUSION

When the responses of the single- and two-loop control systems designed for a rotary
table, it is seen that the two-loop one yields smaller results in the sense of the maximum
current requirement, overshoot, and steady-state oscillations as well as the settling time.
That is because the speed of the plant is regulated via the inner loop in the two-loop
structure. This also leads the undesired noise effects on the encoder to be suppressed prior
to influencing the angular position response of the entire control system. On the other hand,
the proposed algorithm for the two-loop control system is more complex than its single-loop

counterpart. Unlike the conventional single-loop configuration, the two-loop variant requires a



well-designed estimator to calculate the angular speed and acceleration of the table

accurately.
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