
EEE 304 – Lab 5
Feedback Control using LabVIEW
Introduction
This lab introduces some fundamental concepts in feedback control and linear Phase Locked Loops (PLL). This lab exercise three major sections

· Design of a feedback system

· Design of a simple PLL

A basic introduction is provided to each of these tasks in addition to guidelines for implementing them using National Instruments LabVIEW.

Exercise 1 – Feedback System
A single-input-single-output (SISO) control system is shown in Figure 1.1. Let the Controller C and the Plant P be linear and time-invariant systems, i.e. the elements of the transfer function, C(s) and P(s), do not depend on time. 
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Figure 1.1 A Simple Feedback System

The output y(t) is fed back to the reference r(t), and the error e(t) = r(t) – y(t), which is the difference between the reference and the output, is fed to the input of the controller C. The plant P takes the sum of the output of the controller u(t) and a disturbance d(t) and generates the output y(t). This kind of controller is a Closed-Loop Controller or Feedback Controller.
1.1 Design Example
Consider the following system:
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where K and T are design parameters. 
The transfer function from d to y is denoted as 

1.2 Design Specification
Our objective is to design a controller by selecting the values of T and K such that 

the following specifications are met:

a. Target phase margin is 
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b. Closed loop bandwidth (approximate as crossover frequency) is 1.

Solution:

a. For the transfer function H(s), let θm be the phase margin. Therefore we have
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The phase for the closed loop is the sum of the plant phase and the controller phase. Since the desired phase margin is 
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, we get the following equation:
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This equation can be solved to get: 
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b. Let ωc be the frequency at which |C(s)P(s)| = 1, where s = jωc. But we know that ωc = 1;  hence we can solve
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We can solve this for 
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1.3 Analysis of a Feedback System
This exercise provides basic steps to create and analyze feedback systems. Figure 1.2 shows the block diagram of a basic feedback system. 
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Figure 1.2 Block Diagram for Feedback System

1.3.1 Construct Transfer Function Model

This model is used to create a transfer function representation of a system using the Sampling Time, Numerator, Denominator, and Delay. Place two CD Construct Transfer Function Model VI in the block diagram. This function can be found under the section Control Design & Simulation>>Control Design>>Model Construction in the Functions Palette. For the first VI, select SISO from the drop-down option. For the second VI, select SISO (Symbolic) from the drop-down option. This will allow us to incorporate a variable as a parameter of the transfer function at the numerator or the denominator. 
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In the Front Panel, enter T in the variable block and set the precision of the corresponding control to 4 decimal places in the display format tab in the properties. 

1.3.2 CD Multiply Model
This model is used to multiply a transfer function model by transfer function model, gain etc. The CD Multiply Model can be found under the section Control Design & Simulation >> Control Design >>Model Interconnection. Select Transfer Function and Gain from the drop-down menu.
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1.3.3 CD Feedback VI
This model is used to connect two models in feedback configuration and produce the Closed-Loop Model. In our setting, we have both the inputs as transfer function models, hence we need to select Transfer Function and Transfer Function from the drop-down window. The CD Feedback Model VI can be found under the section Control Design & Simulation >> Control Design >>Model Interconnection.
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1.3.4 CD Draw Transfer Function Equation VI
This model is used to display the transfer function equation in the front panel. This function can be found under the section Control Design & Simulation>>Control Design>>Model Construction.
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1.3.5 CD Gain and Phase Margin VI
This model is used to calculate the gain and phase margins of the input model. This model is also used to compute the CD Gain and Phase Margin for a SISO system. This function can be found under the section Control Design & Simulation>>Control Design>>Frequency Response. Select Transfer Function from the drop-down window.
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1.3.6 Mathscript Node
The Mathscript Node can be found under the section Programming >> Structures >> Mathscript Node. This node is used to display the Bode Plots for the configurations a) P(s)C(s) and b) P(s) in forward loop with C(s) in the feedback path.
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The Front Panel for the feedback system is shown in Figure 1.3. Confirm the phase margin to be 
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by observing the first plot generated by the Mathscript. 
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Figure 1.3 Front Panel for Feedback System

Assignment 1 
1. Consider a system with following configuration

Plant: 
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Controller: 
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Design a controller by selection appropriate values of T and K such that
a.  Target phase margin is 
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b. Closed loop bandwidth is 1.
Show the steps involved in computation of T and K and provide the values for the following
i. T

ii. K

iii. Phase margin of the entire system

2. Provide the screen shot of the block diagram and front panel displaying the magnitude and the phase plots. Also provide the screenshot for the plots generated using Mathscript.
Exercise 2 – Phase Locked Loop
A phase locked loop is a circuit that is designed to generate a local oscillator signal that matches the frequency and phase of an unknown co-sinusoidal signal. It is a control system that generates a signal that has a fixed relation to the phase of a “reference” signal. Phase-locked loops are widely used in radio, telecommunications, computers and other electronic applications.
A simple linear PLL consists of the following elements 
· A phase detector that generates a signal related to the phase difference of two input signals

· A loop filter which controls the frequency response and noise filtering characteristics of the PLL, 
· A voltage controlled oscillator (VCO) that produces a constant amplitude sinusoidal local oscillator waveform whose frequency f = dφ(t)/dt is proportional to the input voltage. 
There are two modes of a PLL. The process of locking the PLL to the desired frequency and phase is the acquisition mode. Once the PLL has acquired the frequency and the phase, it is then in a tracking mode. In this exercise, we assume the frequency is known and we need to track only the phase.
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Figure 2.1 Design of a Linear PLL.
The input and carrier signals are denoted as 
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 respectively. The phase detector is typically some form of an analog multiplier. In our setup, we use a simple multiplier. The phase detector error can be hence expressed as,
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Here, 
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 is the gain of the phase detector and can be tuned as function of input amplitude or can be made independent. It can be seen from the above expression that, the first term is a function of the phase difference.
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The phase detector is followed by a loop filter that filters the error signal from the phase detector. The output of the loop filter is



[image: image30.wmf](

)

(

)

(

)

ve

ttft

ff

=*


The impulse response of the filter is denoted by f(t) and its frequency response is F(s). In our case we use a simple low pass filter of first order
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Along with the Voltage Controlled Oscillator (integrator), the closed loop is of order 2.
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Figure 2.2 Magnitude Response of the Loop Filter in (1).
The output of the loop filter is the gain to the VCO (Voltage Controlled Oscillator). The phase of the output signal can be obtained as
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Here 
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 is the VCO gain and the estimated phase is fed back to the phase detector. In our implementation, we use a simple integrator in LabVIEW.
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Figure 2.3: Block Diagram of Phase Locked Loop
To design the phase locked loop, we use the Simulation loop in LabVIEW [that was used in Lab 2]. All functions used in this exercise can be found under Control Design & Simulation>>Simulation in the Functions Palette. 
2.1. Generating the Input and Carrier Signals
First place a simulation loop in the block diagram. To generate the input and carrier signals, use the Signal Generator function under Control Design & Simulation>>Simulation>>Signal Generation.   
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For the input signal, double click on the function, change the parameter source to Terminal for signal type, frequency and phase and create input controls for them. The range of input frequency is set to 0Hz-10Hz. The signal type is set to sine and  phase can be varied in the range -180 to 180. 
For the carrier wave, the frequency is the same as that of the input and the phase is input from the feedback loop. Since, we need a cosine wave, we provide a additional phase shift of 90. Plot the two waveforms as shown in Figure 2.3  (use the Build Array function for combining the two plots) using the function SimTime Waveform.
2.2. Phase Detector

To implement the phase detector, use the Multiplication function. 

[image: image37.png]Multiplication

Operand1 ——%
Operandz ——[x

Result

tuipies sndjor divdes the iput
ignals. Thi function accepts mixed
-calar fvector innuts.




The phase detector gain is applied by using the Gain function. Create an input control from the parameter gain.
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2.3. Loop Filter and VCO
The loop filter specified in (1) can be implemented using the function Transfer Function. Double click on the function and enter the number and denominator coefficients. The output of this function is used as the input to the VCO. In our case, we implement the VCO using a simple integrator. Place the function Integrator and use the default parameters.
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In the feedback path, place a Gain function for Kv. In the block diagram shown in Figure 1, it can be seen that the Gain function is reversed. This can be achieved by right-clicking on the function and selecting the option Reverse Terminals.

The convergence of the tracking can be seen by plotting the phase value that is fed back for each time instant (SimTime Waveform). Also place an output indicator for the phase value. 

The front panel of the exercise is shown in Figure 2.4. 
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Figure 2.4: Front Panel of the Phase Locked Loop
Assignment 2

· 1. Set the following parameters in the VI.

· Double click on the configuration dialog on the left side of the simulation loop to set the simulation parameters. Set the parameter Final Time to 500s.

· Kv = 100
· Kf = 0.05

(a) Change the phase of the input signal and check if the carrier wave tracks it. Choose a set of any 5 values and make a table of the original and estimated phase values.

(b) Does changing the value of frequency affect the phase estimation? Give suitable reasons.
(c) What do you observe from the convergence plot? Fix the gain Kv = 100, but change the value of Kf to the values {0.01, 0.1, 0.5}. How does the convergence vary?

2. Why do we need a loop filter in the phase locked loop? Provide suitable equations in addition to the description.

3. It can be seen from the plot of the reference and phase locked loop signals, that there is a phase difference of 90 degrees between them. Please provide reasons for this behavior.

4. Submit the Bode response (both magnitude and phase) plots of the second order closed loop transfer function.

� EMBED Equation.3  ���
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