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Abstract. This paper shows an electromagnetic system, which aims at the simulation of loads through the torque control. The
system is made of a disk, which rotates into a magnetic field, driven by the machine under test. The intensity of the magnetic field by
a continuous current through which one can control the torque. The conventional (PID) and optimal (LQG) controlling techniques
are used in a plant of linear model. The compensated system is analyzed through simulation where one can observe if the aims of the
design are reached. Experimental results with PID and LQG controllers are shown.
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1. Introduction

The magnetic coupling systems can be used to control the torque or the speed in loads such as sluice gates, slat
conveyors and wire drawing in the textile industry. Depending on the system configuration, it can simulate loads to
determine the mechanics characteristics of the driving motor. The variation of the torque in this kind of coupling is done
by an electric current applied to a coil. This coil creates a magnetic field that induces an electric current to a disk or
drum (depending on the equipment configuration), which interacts with the applied magnetic field and generates the
necessary torque. In order to make sure that the applied torque remains steady and independent from external
disturbances as: speed variation of the driving motor; voltage variation and magnetic field variation caused by the
heating of the disk due to induced currents, it is necessary to use a control system.

In the 60’s, when the space-age technology became more competitive between United States of America and the
Soviet Union, it was necessary to design machines that could fulfill certain criteria of the design, because, when their
technology was based on the conventional control theory, it was not enough to solve the problems. This challenge has
motivated the development of researches using techniques based on optimal theoretical control which began in 1940
with Wiener, as it is referred to by (Skogestad and Postlethwait, 1996). As a result of these researches there appeared
the design procedure denominated LQG “Linear Quadratic Gausssiam”, as an aternative design technique that has
contributed to the development of the aircraft engineering.

This work has as objective to analyze the design of an electromagnetic dynamometer control using the LQG
technique. First the dynamic model of the system is described, secondly the LQG technique is presented, and, finaly,
the controller is designed. Simulated and experimental results of the system performance are presented, and it also
includes a comparative analysis with the conventional controller (PID), which was design through Ziegler and Nichols’
in 1942,

2. System and Plant Description

The electromagnetic dynamometer, made by Equacional, consists of a metallic disk driven by an electric induction
asynchronous motor, as shownin Fig. (1). A group of four coils produces atransverse magnetic flow on the surface of
the disk and it induces currents that create a torque that works in an opposite way to that of the motor torque. This brake
torque depends on the magnetic flow generated by the coils; therefore, it is related to the voltage applied on them.

The controller was improved in the computer program Lab View installed in a computer Pentium 650 mHz. The
interface between the computer and the system is done through an input and output data acquisition board, made by
Quatech, model dagq.801 and the computer program Lab View. Fig. (2) shows ablock diagram of the control system.
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Figure 1. Photographs of the plant.
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Figure 2. Block diagram of the system.

The torque sensor consists of a steel bar with four resistance strain gauge set up in bridge as shown in Fig. (3).
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Figure 3. Torque sensor: @) mechanical assembly; b) electrical assembly.

The control variable (output of the computer), that varies between 0 and 5V, is amplified to supply the coils. The
output signal of the bridge is amplified and filtered by the signal conditioning circuit to provide an appropriate voltage
(torque), for the computer. The controller, compares the values of the torque with the reference value, and it makes the
necessary correction to reduce error.

3. Mathematical Modeling of System

To obtain the mathematical model of system an input step was used to identify the plant (output voltage of the
computer equal to 3.4 V) and a sample time of 50 ms, in open loop. Fig. (4a) shows a response curve in open loop, in

thetime.
Using the response curve identified, the transfer-function was determined through a parametric identification model

BJ (Box Jekins model), (Ljung, 1987), inserted in the MATLAB. Fig. (4b) shows the response curves of the real system

and simulated system.
The validation of the identification can be done if we compare a model response curve with an experimental

response curve. An adjustment of parameters (syntony) should be done when the lining up of the curves is not
considered satisfactory (Aguirre, 2000). Was not necessary to apply it in this case because of the similarity between the

two curves as shown in Fig. (4b).
In this case, the model was used to represent the plant. Eq. (1) gives the identified transfer-function.
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Figure 4. Response curves in open loop of the system: a) experimental; b) experimental and model.
4. PID Controller Design

The conventional controller design (PID), by Ziegler/Nichols techniques, is done with root locus diagram of the
plant (Fig. 5). The crossing point with imaginary axis gives the gain k,, and oscillation frequency wp,.

According to Fig. (5) we got k, = 0.31 and Wy, = 13.72 rd/s. With these values it is possible to determine the
controller parameters PID. These values are determined from the following equations:
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Figure 5. Root locus diagram.

Using the relation given by Eq. (2), we have the following values to the parameters: K, = 0.18, Ky = 0.011 e K; =
0.81. These values can be adjusted to meet some performance criteria expected for the system, according to Shahian and
Hassull (1993).

5. LQG Controller Design

This technique is based on the stochastic optimum control and it was introduced in the 60's taking into
consideration the linear system plant in the state space form to determine a control law to minimize previous values of a
quadratic performance index through the state feedback. Considering that both, the states and output are affected by
Gaussiam white noises, of null average and not correlated with one another (Cruz, 1996), the LQG regulator has the
structure shown in Fig. (6). The equations that define the problem are:
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Figure 6. Block diagram of the controller and plant.
The X variableis estimated by the states X of the plant, they are determined by Riccati equation form:
AlP+PA+Q- PBR™1B'P=0 9)

wherein the R matrix is positive defined and the Q matrix is positive semi-defined to meet the specification of the
design. To begin the design, the Q matrix can be selected as equal to:

Q=c'c (10)
The G gain matrix is determined from the following equation:
G=RB'P (11)

Then, we have a linear quadratic regulator LQR with feedback of the states in the controllers. This solution

requires that the pair (A, B) should be controllable.
The H matrix is determined by similar form, but it must be considered that noises w in the states and w, in the

output of the plant are Gaussiam white noises, of null average and not correlated with one another (Shahian and
Hassul, 1993), as been:
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This problem consists in determining an optimum estimator so that the estimate error €, =X - X is minimized.
Thisrequiresthat the pair (A, C) is observable.

X = AX+Bu+H(y - cX) (16)
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TheY matrix is determined from the following Riccati equation:
A +@A '+ AQA -aC'R,CO =0 (18)
wherein the Q, matrix is positive semi-defined and R, matrix is positive.

To begin the calculation, firstly we consider Q, =1, G =B, and vary R, until that H matrix, that minimize the error
becomes satisfactory. In the direct way (Fig. 6) the relation between ey and u is: u(s) = K(s).ey, being K(s) the transfer-
matrix of the controller, that is given by:

K(9 =G(S -A+BG +HC)H (19)

To areference-input yr * 0, it is suggested that in Fig. (6), the estimates states X are replaced by z variable, that
have the same dimensions of x of the nominal model. Making a similarity transformation of the form W=X -z, the
states equations of the system is defined in Egs. (5,6,7,8,9 e 10) and can be written like that:

L Xi_¢A-BG)  BG uxu 1Ay 100 +i,0i,1yr (20)
| «y= I~ | ~ | |
{Uh & 0 (A-HOGUL 1AD X T'ngy THp

lyi_eC  0uixi
W gc o) =)

The stahility of the nominal system consists of assuring that: Re[ |; (A —-BG)] <0and Re[ |; (A -HC)] <O0.

As the mathematical model of the dynamometer is of 5" order and of the type zero, for LQG controller design it is
necessary to introduce an integrator in the input of the system so that the same has null error for an input step type.

In this way, the design is developed considering the original model to which of the integrator was added. Fig. (7)
shows the LQG controller G(s) in series with a pure integrator and the original system Gp(s). After the G(s) controller
design, the integrator is removed of the original system and incorporated to the controller design.
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Figure 7. Block diagram of the LQG controller in series with the original system Gy(s).

The gain matrices G and H can be determined apart due to the separation principle (Cruz, 1996; Shahian and
Hassul, 1993). In this design the H matrix was determined by considering a reference input yr =0, and the noises w,
and wy, were generated in the MATLAB so the result was white Gaussiam with spectral density @, =1 e R, = 0.01.
Thestate penalty matrix Q and control R were considered equal to | (identity matrix) and [1], respectively. In this
design G=[000001]" and F =[1], was considered.

Thegain matrix G was determined considering a referenceinput step yr equal to 4 Nm maintaining Q, and
R, constant and the noisesw, andw, were ignored. The best result to the gain G matrix was obtained considering
Q=0.8xC'xC; e R=0.1. G =[00 00292000 0] is the output transfer-function matrix of the original model to which
apure integrator was added. With theses values we obtained the transfer-function of the LQG controller that is given

by Eq. (22).
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6. Results Obtained from Simulation of the PID and LQG Controllers

The simulation was done into MATLAB without adjustment of the parameters obtained in the design of the PID
and LQG controllers. Fig. (8) shows the simulation response curves with a step input of amplitude equal to 4 Nm.

It was verified in Fig. (8) that the PID controller is very oscillatory and the LQG presented a small overshoot with
smaller settling time .



7. Experimental Results

To implement the controllers in the Lab View program it is necessary to transform the transfer-function (Eq. 1) to
discrete form (Hemerly, 1996). Using the MATLAB program was obtained the transfer-function to the PID and
LQG controllers in the discrete form were obtained (Eq. 23 and 24), respectively. In this transformation a sample time
of 50 ms was used.
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Figure. 8 Simulated response curves of the PID and LQG controllers.
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The response curves to a step of 4 Nm, to the PID and LQG controllers, are shown in Fig. (9a). The same way that
was done in the simulation, the experimental results were obtained without making adjustment in the parameters. To
verify the behavior of the controllersto a certain torque range, trials were carried out  with a sequence of references, as
isshown in Fig. (9b).

Is observed in Fig. (9a) that the LQG controller presented an overshoot of 9% and the PID wasn’t presenting that,
but the settling time was bigger. Fig. (9b) shows the response curves to several reference step, wherein it is observed
that the response of the controllers are slower as soon as the reference step decrease and the overshoot of the LQG
controller decrease and it is null starting from 2.5 Nm.
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Figure 9. Experimental response curves for step input: 8) 4 Nm; b) 1.4, 2.0, 2.5, 3.0, 3.5e4.0 Nm.

This happened because the plant is nonlinear, as shows Fig. (10a), and the techniques used in the identication and
design of the controllers are used in linear systems.

To verify the robustness of the controllers, and the motor was turned off a pre-determined period of time and
turned on soon after for a period of time enough for the system to stabilize. The result is shown in Fig. (10b). In this
case it was verified that the response of the system to the PID and LQG controllers were practically the same ones.
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Figure 10. a) Torque x voltage in the cails curve; b) response to the disturbance curve.

8. Conclusions

The simulated response to the PID controller with the obtained parameters using the Ziegler/Nichols technique was
very oscillatory and the experimental response didn't show any overshoot. The LQG controller instead shows
overshoot but the settling time was smaller in all references. The step response curves presented different performance
to different reference values, mainly in the settling time for the two controllers, due to the nonlinear characteristics of
the plant. This behavior was already expected because the used techniques are for linear systems, where the best
performance of the controllers is verified in small closed region around the identification point was done. It is also
observed that the performance of the PID controller improved when adjustment in its parameters, but the purpose of the
comparison was to implement the controllers with the parameters of the design, since that adjustment for LQG
controller is very laborious due to the great number of variables. Although the PID controller has presented a step
inferior response, its robustness for a disturbance was similar.
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