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ABSTRACT

This paper presents a real time self-tuning controller for DC
motor system. Pole-placement adaptive controller based on
Exponentially Recursive Least Square (ERLS) algorithm is
proposed. The parameters of the DC motor are estimated
using ERLS algorithm. Once the estimation error is
minimized, the identified parameters are forward to the
supervisory control unit to find the corresponding PID gains.
A PCI-6251 data acquisition card from National Instrument
(NI) and the prototyped control system (33-100 & 33-110)
from feedback device are deployed for real time
implementation of the proposed solution. Simulation and
experimental results verified the effectiveness of the ERLS
algorithm, where the parameters of DC motor are estimated
rapidly and accurately. Results, also shows the validation of
the proposed self-tuning controller for position control of the
DC motor system.
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1. INTRODUCTION

Many of industrial control systems are widely using the DC
motors in their applications [1]. For instance, robotic systems,
electrical vehicles, electrical cranes, etc [1]. This is due to the
simplicity of control design, reliability and linearity of DC
motor [1,2]. In this regard, great consideration should be
attained to develop a highly dynamic performance controller.
Commonly, the PID controller with constant gains values is
used for controlling the DC motors. This is because the PID
controller is able to improve both static and dynamic
characteristic of the plant, as well as it is simple to implement
and tune [3-5]. In order to successfully tune the PID gains, an
accurate model of the controlled system is required [6]. This
can be achieved via system identification algorithms; two
paradigms are considered: parametric method and non-
parametric method [7]. As presented in the literature, a non-
adaptive PID controller is less successful for controlling the
DC motor, where some of system parameters are uncertain or
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unknown such as external load torque, disturbance etc.[2, 8].
From this, intelligent controllers such as adaptive and self-
tuning controller received special attention in DC motor drive
applications [2,9]. These types of controllers are capable to
improve the overall response of the controlled system [10].
Different techniques are presented in the literature, for
instance the authors in [11,12] apply the fuzzy controller
approach for digitally control of DC motor, while in [13-16] a
neural network controller is proposed. Model reference
method and adaptive techniques are also demonstrated in [9,
17, 18]. In this paper, an alternative scheme of adaptive
controller for positing control of the DC motor is proposed.
The presented controller is simpler than many of the state-of-
the art methods, and it can be easily integrated with other
control approaches, also it is appropriate for real time
operation.

2. DISCRETE TIME MODELLING OF
THE DC-SERVO MOTOR & ERLS
ALGORITHM

2.1 Servo Motor Modelling

The first step in parametric system identification is to define
the discrete model of the plant [7]. Many of the systems can
mathematically be described, while others are derived
experimentally based on the observed input-output data. Here,
the proposed identification scheme is applied to upon the
armature model of the DC motor (Fig .1). Based on derived
differential equations, the transfer function from the input
voltage to the motor displacement can easily be described as
[19]:
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Where, ey(t) is the armature voltage, L, is the armature
inductor, R, is the armature resistance, J,, is the rotor inertia,
B, the viscous frictional coefficient and 6(t) is the rotor
displacement.

16



+4

€a

Fig.1. Armature DC Motor Model

Now, the continuous-time transfer function described in (1)
can be converted to a discrete equivalent model using zero-
hold discrete transformation method, resulting in a third-order
discrete transfer function:

bzt +h,27% +byz3 ©)
l+az +a,z % +a52°

Gg(2) =

Here, by, by, bs, @, a,, and as are the lumped parameters to be
estimated. The relation between the input—output may also be
defined by using a linear difference equation. In this work, the
best candidate model is the Autoregressive Moving Average
(ARMA) model:
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Where, the data and parameters vectors are defined as follow:
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From (3) and (4), the estimated model can be directly
described as:

éztpTQ ®)

2.2 Recursive Least Square Algorithm
(RLS)

In system identification and adaptive controller, it is important
to estimate the system model and update the control
parameters quickly and accurately [7]. Among other existing
methods, the literature shown that RLS algorithms offer a
simple, accurate, fast convergence time method, as well as it
is directly applied in on-line and real time adaptive controller
[3]. The RLS algorithm is processed the measured input-
output data iteratively till the desired objective function is
minimized (ideally to zero), indicating optimal parameters
estimation is achieved [7]:

. . ®)
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The exponential recursive least square (ERLS) algorithm is
summarized as follow [20]:

S(n) = P(n-1)e(n) (7
kmy=—3" ®)
A+ (N)S(n)
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Where, , @(n) is the data vector, £(n) is the parameters vector,
e(n) estimation error, P(n) is the covariance matrix, k(n) is the
adaptation gain vector, and A is the forgetting factor. In order
to effectively track and monitor the variation of the
parameters within the system, the forgetting factor should be
varied between 0 <A < 1; at A = 1 the algorithm is known as
classical RLS. It is important mentioning that high value of A
improves the convergence time, but on expense of high
sensitivity to noise and disturbances, whereas at low value of
A the algorithm is less sensitive to noise, however the
parameters relatively takes long time to converge to the
desired values [7].

3. SYSTEM SIMULATION AND
VALIDATION

This section presents the DC motor model simulation and the
on-line validation of ERLS algorithm. The following
parameters of the DC motor are used [19]: L, = 0.56 mH, R, =
1.35 Q, Jp, = 0.0019 kg. m?, By, = 0.000792 kg.m?/s, K, = 0.10
V/rad/s, and K, = 0.1 N.m/A. Now, from substituting the
aforementioned values in (1), the discrete open loop transfer
function of the DC motor can be determined as:

0.04475771 +0.043272 +5.144x107%72
1-1.806z1 +0.80562 2

G (2) = (12)

Equivalently, (12) can be approximated to second order model
as follow:

0.04475z7% +0.043272 (13)
1-1.806z7* +0.80562 2

Gg(2) =

For a normal closed loop operation of the position DC motor
system, a digital PD controller is inserted in the feed-forward
path of the closed loop system (Fig. 2):

U g z-1 (14)
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The gains of the PD controller are tuned using trial and error
method as: Kp = 0.5, Kp = 2.5, and o = 0.1. A 5-bit Pseudo
Random Binary Sequence (PRBS) is injected into the control
loop to excited the output signal and improve the convergence
rate [7]. Now, the ERLS algorithm coefficients are initialized

as follow: A = 0.95,Q = 0,P(0) =%I. I is the

identity matrix, and § is a constant value, usually J is very low
value. As shown in Fig. 2, we initially assumed that the
system is working under normal closed loop operation using
the digital PD controller (14). Once the identification process
is activated, the PRBS is injected into the feed-back loop
superimposed with the control action signal (Fig .2). In this
simulation, the PRBS is injected for 20 sec during the steady-
state period. It has been found that this time is sufficiently
enough for ensuring converges of the estimated parameters.
However, the algorithm can also be started at the initial
startup of the closed loop system, as well as it can be worked
continuously into the feedback loop. The magnitude of the
PRBS is selected to be as small as adequately cause an
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exaction into the output response (Aprgs = 0.3). Importantly,
the injected amplitude is not influenced the typical operation
of DC motor.
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Fig.2. Closed loop identification based on RLS algorithm.
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Fig.3. Zero- mean: (a): Output voltage. (b): Persistence
exaction signal.

Now, the ERLS algorithm starts iteratively to identify the
system parameters and minimizing the estimation error
amplitude. This process is accomplished by observing the
zero mean value of the input and output signal on sampled
basis (Fig. 3). As a result, the ERLS algorithm estimates the
parameters of the DC motor, which is equivalent to the
parameters of (13). Fig. 4 verifies the success of the proposed
algorithm. Note that the ERLS quickly identify the parameters
of DC motor; this in turn leads to minimize the estimated
error signal (Fig. 5, a). These results are also confirmed in
Fig. 5, b. As presented in Fig. 7, the ERLS algorithm
estimated the parameters of the DC motor with a convergence
rate less than 4 s, at a sampling rate equal to 50 ms. From the
obtained results, we can confirm the capability and the
effectiveness of utilizing the ERLS algorithm in real time
adaptive control system.
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Fig.5. (a): Estimation error signal. (b): Parameters
estimation error

4. ADAPTIVE POLE PLACEMENT
CONTROLLER

Pole placement controller is considered as a direct adaptive
control structure. In this approach, the coefficients of the
controller are tuned continuously reliant directly on estimated
parameters. In this project, a two poles/two zeros discrete PID
controller will be deployed for the digital control of the DC
motor system (15) [21]. Importantly, the order of the PID
controller is based on the order of the plant (16).

- -2 (15)
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As shown in Fig. 6, the closed loop control transfer function
can be written as follow [21, 22]:

G, (2) = B(2)4(z) 17
ST A@)a(2) +B(2) A(2)
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Fig.6. Closed loop control of the DC motor.

The desired closed loop dynamic of the system can be used to
solve the relation in the denominator polynomial expressed in
(17). In this way, the locations of the closed loop poles are set
according to the desired values, unlike other control
techniques which required tuning of the control coefficients
for acceptable response [21] .

Ng (18)
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For simplicity, a second order characteristic equation is often
utilised to describe the desired closed loop dynamics of the
system [21]:

G(s) = 5% + 28w, +w, > =0 (19)

Therefore, the dynamic characteristic of a closed loop control
may be given as in (20) [21]. As presented in (19) the
dynamics behaviour is defined by the damping factor and the
natural frequency. These factors should be selected
appropriately for better performance and adequate damping
response:

20
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To determine the parameters of the control system, the sets of
linear algebra equations are required. This can be obtained by
rewriting equation (18) in matrix form (21) [21]. Thus, the
parameters of the PID controller can be solved as described in
(22).

bb 0 0 1 Tg] [d+1-b
b, by 0 a-1|48 d, +b;, —b,
= Ny =2
0 b, b a,-a|p b,
0 0 b, -a |a 0

,HO=l(d1+1—al—a),ﬂ1=ﬁ—ﬂ2[ﬁ—ﬁ+l} =2 #2)
by b,
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r =[b, +b,][abyb, +a’ +b,’]

Form (21) and (22), it can clearly be noticed that the design of
the pole placement control action required the prices
knowledge of the process parameters. This can be
accomplished by the mean of system identification. Here, the
adaptive pole-placement technique is developed based on
ERLS algorithm. The ERLS identified the process parameters

1)
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at each time instant; accordingly, the parameters of the control
are updated continually. Once the optimized parameters of the
model are estimated, therefore the estimation error is
minimized, thus the effective control loop is achieved.

5. EXPERIMENTAL

IMPLEMENTATION And RESULTS

Fig. 7 (a, b) presents the block diagram of the proposed self-
tuning controller and the prototyped system setup. For sake of
rapid test, a data acquisition card (NI-6521) is used to
measure the input and output signals at each sample rate from
the prototype servomechanism system (feedback device/33-
100 & 33-110). Note that the parameters of the
servomechanism motor are completely unknown. A second
order ARMA model described in (3) is utilized in this
experiment. The aim is to identify the unknown parameters of
the DC motor recursively, and at each time instance tune the
control gains according to (22). Here, a 5-bit PRBS is injected
to excite the control loop for proper parameter estimation and
improve the convergence rate with PRBS amplitude APRBS =
0.3. Importantly, this disturbance only exists at the
identification process. From the measured data, the ERLS
performs the cycle-by-cycle parameter estimation algorithm
previously described to identify the parameters of the DC
motor and minimize the estimation error signal. The practical-
based results show that the ERLS algorithm successfully
identifies the discrete model of the servomotor (Fig. 8), thus,
the estimated error signal converges to minimum value. At
each sample instance, the pole-placement control coefficients,
(22) are tuned adaptively based on the real time estimation of
the system parameters of the servomotor. The tracking
performance and the transient characteristics of the
servomotor are determined by applying a position step change
in the reference signal. The results shown in Fig. 9,
demonstrate that the servomotor track the change into position
successfully with superior transient performance. The PRBS
is constantly injecting into the closed loop and superimposed
with control action signal; this disturbance is clearly shown in
the position output (see Fig. 9). Again, this disturbance only
appears during identification process.
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6. CONCLUSION

This paper has presented a real time self-tuning controller
based on pole placement scheme. The developed paradigm
has tested and validated on the DC motor system for real-time
parametric estimation of the system model. Simulation and
experimental results demonstrated the effectiveness of the
ERLS technique, where it provides promising results in terms
of convergence rate and accurate parameters estimation, as
well as it can be simply integrated with many adaptive and
self-tuning controllers. In addition, results shown that the pole
placement adaptive controller obtained a very good dynamic
performance but on expenses of hardware cost, where the
computation burden of the overall scheme is high. Therefore,
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more investigation should be carried out to reduce the
computation complexity of the self-tuning controller. This can
be achieved by examining different estimation algorithms to
further reduce the computation complexity, as well as by
integrating a more hardware efficient controller. Ongoing
research also focusing on embedded implementation of the
proposed tuning controller based on low-cost digital signal
processor.
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