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SIMPLE AND EFFICIENT DESIGN OF A MODEL-FREE
CONTROLLER BASED ON LAG/LEAD COMPENSATOR

David Monjengue
ABSTRACT

This paper presents a new approach for designing Model-free Controller, based on lag/lead compensator.
The design objectives were to have a model-free controller, which is simple easy to tune. The proposed
controller has showed efficiency in term of performances and design time requirements. Although, the
model-free controllers presented in the literature are only focus in tracking objectives, this Model-free
controller is also able to control the system performances such as settling time, rising time, error and
overshoot, by tuning the two parameters that it is composed of. The absence of model make it able to be
applied in different systems and fields.
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Introduction

In order to understand and better control a plant, one have to know the exact characteristics of the
plant. For that, a mathematical representation of the plant is required, with a precise mathematical
model, there is a large range of efficient controllers available in the literature. In practice, an exact
model of a plant is very difficult to have, due to the presence of unavoidable nonlinearities affecting the
plant, such as friction, ageing of the system, heat effects, etc. [1].

The need to design controllers that are robust to system uncertainties is crucial because, the various
parameters that compose a system are affected by many external factors such as presence of magnetic
field, temperature, pressure, load variation, wind, dust etc. All these factors affect the system
parameters in such a way that, it is very difficult to know exactly the parameters values, but only an
interval in which each parameter is located. G. Qi stated: “In practice, the model of a plant is usually
unknown or only partially unknown” [2].

Some researchers tented to linearize the nonlinearities around an operation point, again this solution is
only accurate around the operative point. For system with large operative range this solution does not
work. Nonlinear control strategies such as backstepping [3] and sliding mode [4] were developed, in
order to have a precise control of nonlinear systems. Nevertheless, they are rarely employed in industry
because of their requirement of a precise mathematical modeling to achieve an accurate control and
their complexity of implementation and control gain tuning [5].

The most popular controller used in industry is still PID controller, because of its simple structure and
easy parameters tuning. P. Gédouin stated that “to realize a process control, the part of process
modeling represents 90% of project global time and requires a true know-how in control and about the
process to be controlled” [6].

In this study, we designed a model-free control, which aims is to combine the simplicity and easy tune
characteristics of PID control, and the absence of model knowledge of model-free control, in order to
reduce the design time, improve the efficiency of the control, and make it easy to tune. The presented
model-free control is of a big importance, since many equipment that were only available for specialized
areas are being make available to everyone for domestic usage, such as drones, machine tools, robots,
DC motors, ROV, etc. These equipment, as there are widely being used by common people, should be
highly reliable and easy to tune if necessary to refine the performances.

Model-free control

Model-free (MFC) attempts to internally model the unknown portions of the system, and subsequently
eliminate them using the controller output [1].

There are many model-free controls in the literature, most of them are based on the ultra-local model:
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Ultra local model

The ultra-local model is a simple representation of a system where the complex mathematical model is
replaced by the following equation, which is only valid during a very short period of time [1]:

y® =F+a.u (1)

v is a parameter selected by the practitioner, it should be low usually v € (1,2) (first or second order
differential equation).

F: the unknown plant constant parameter and the effect of perturbation on the plant.

u: the control law.

a: a non-physical constant parameters selected by the practitioner such that y™ and a.u are of the
same magnitude.

F: estimated via the measure of u and y (actually the past values of u and y).

To derive the control law, the system is closed via iPID. The control law is given with v = 1.
_ F—yref+Kp.e+Ki.f e+Kg.é
- a

(2)

withe =y — yrof, K, = proportional Gain,

K; = integral gain, Ky = derivative gain

The estimate of F is given by M.Fliess [8] by:

Fest(t) = =5 J,_ (@ — 20)y(0) + a.o(x = 0)u(0)]da
(3) with T > 0 (t very small)

One particular caveat of MFC is that it demonstrates poor performance for unknown plants that are
Non-minimal phase [7]. Besides that, the MFC with ultra-local model needs to estimate the internal
model. The estimation takes time, thus it will induce a supplementary delay to the system
performances.

In this study, we designed a model-free control, which avoid the internal plant estimation, and is of
simple structure. By simple structure, we understand easily realizable physiscally, as PID, Lag/lead
controllers.

Model-free lag/lead compensator (MFCLL)

In the MFCLL, we observe the system closed loop behavior and we incorporate a lag/lead compensator
which role is to feed the closed loop system with the appropriate signal in order to produce the desired
performances, as illustrated in the below figure.

Compensator
Gain Plant
u(s) Y(S)
s+a+b ]| + a Gu(S) a
— Qo] o
Closed-loop
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Figure 1: MFCLL Principle
Assumption: The closed-loop system is stable.

The transfer function of fig.1 is:

Y(s) _ sta+b " GnL(S)
U(s) T s+a 1+GnL(S)

Stability Analysis
The system is stable:
GnL(s)

If d 1+6nL(s)
s+a+b

stable and

stable

GnL(S)

T is stable (our initial. assumption)

b . .
$*A% is stable if @ = 0
S+a

The compensator can be a Lead or a Lag compensator depending on the value of the parameters a and
Determining Lead-lag parameters (a, b)
Applying the final value theorem to (4), and to the Closed-loop alone, we obtain:

s+a+b Gpyi(s) 1 GnL(s) s+a+b _

lim . . .= =lim . .
s20 5" 1+Gnres) S s20S 1+Gyris)  s+a Vr
(6)
. GnL(S)
limgys.——— =1L
50 1+GNL(S)
(7

(7) in (6) gives:

=t Sy a=La+Lb ob=a2 (®)
If we want the output (V) to follow the reference input (V,..r), then (8) becomes:
b =a. (Vres=L) (9)

L

This value of "b", guarantees that Vi = Veer, whatever is the value of "a"
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(9) shows that to find the value of "b", we need to know the value of "a" and L.

Since "a" and "b" are our controller parameters, we can fix the value of "a" and determine the value of
"b". The only external parameter to our controller is L. When the system operates without any controller
then its final value is the value of L, assuming the system is stable.

The parameter "a" is then the only parameter necessary to be tuned in order to have the system reach
desired final value specifications. The parameter “K”, is intrinsically related to “L”.

The designed controller has the following proprieties:

- asimple structure (easy to implement and only two parameters needs to be tuned);
- does not required to know system parameters, only the final value of the system closed loop;
- does not need internal plant estimate.

Simulations

The simulations were conducted using the DC motor control trainer (DCMCT) by Quanser [9], and
compare to four different controller which are: PI, LQR (Linear Quadratic Regulator), FCSC (Fixed-
weighted Collaborative speed controller, ACSC (adaptive Collaborative Speed Controller). The
parameters used for this DC motor are as follow:

Armature inductance (L ) =0.047 H
Armature resistance (R )=3.3 Q

Mechanical inertia (J) = 9.64e-6 Kg.m2
Friction coefficient (B) = 1.18e-5 N-m/rad/sec
Back emf constant Kj= 0.028 V/rad/sec
Motor torque constant K= 0.028 N.m/A

The simulation software used was Scilab
The open loop transfer function is given by:

0.028
G(5) = ;5375743 20055 70.000873
(10)

Test 01

MFCLL parameters:

a=1,L=0971; K =1, b = 0.0293 (from eqs.9)

The below figure shows the step response obtained.
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Figure 2: MFCLL simulation with original parameters

From the above figure, we can see that the overshoot is above 50 %, and the settling time is 0.8 seconds,
which is very high compare to the others controllers (see table 1, below). The controller parameters need
to be tuned in order to improve the system performances.

We increase the value of "a" to be 100, in order to increase the settling time and we reduce the value of
“K”to be 0.01, in order to reduce the overshoot. The below figure shows the results after the tuning of the
MCFLL parameters:

Input U=1 rads/s

Velocidade V(rads/s)

0+ T
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Figure 3: Step response result after tuning of MFCLL parameters

The below table is a comparative table for the performances of four controllers, PI, LQR, FCSC, ACSC
controllers as designed in [9] and the model free controller proposed in this study.

Parameter Pl LQR FCSC ACSC MFLL (simulation 1) MFLL (simulation 2)
a=1, b=0.029, L=0.971, | a=100, b=293.92,
K=0.01 L.=0.254, K=0.01

Tr (s) 0.43 0.12 0.29 0.14 0.0047 0.051

Ts(s) 0.60 0.23 0.40 0.16 0.3573 0.12

OS(%) 0.57 13.70 5.61 3.06 56 3

Ess (steady | 0.39rad/s | 3.52rad/s | 2.17rad/s | 0.91rad/s | Orad/s Orad/s

State error)

Table 1: Comparative table for the 2nd simulation.
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The above table shows the comparative results for the five controllers. The first simulation of the
designed model-free controller presented a slow Settling time, and a the biggest Overshoot (56%). In the
second simulation a proportional gain “K” was decreased in order to reduce the overshoot, and the
parameter "a" was increased, the result of these modifications shows a very good improvement. The
model-free controller has now better performances than the others controllers for the DC motor used.

Conclusion

In this study, we have designed a new Model-free controller (MFCLL) based on a Lag-Lead compensator,
to simplify the structure of the controller and increase its performances. The introduction of Lag/lead
compensator plays a big role in the structure simplicity, making it easier to tune. A formula was derived
in order to find the value of the controller parameter that will drive system to the reference input without
error. Another important finding is, the possibility to control the system performances. By tuning the
system parameters, we were able to drive the settling time and the overshoot to fit our need. The model-
free controllers encountered in the literature so far, focused only on tracking objective, without looking at
others system specifications like settling time or overshoot. Since there is no model, design time is also
reduce, and the controller can be used for different systems.
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