Final Project 
EE 543 – Digital Control Systems
Chris Gilmer
May 12th, 2008

Controller Design of a HDD System

	The model for the Hard Disc Drive (HDD) system was given in data provided to the class.  Using MATLAB a 12th order system was derived from the data.  Below are the system and the corresponding Bode diagram:



[image: ]

	In order to build a discrete time controller a reduced order system was needed.  From the 12th order system a 2nd order system was derived.  It is clear that in the reduced order system the high frequency dynamics of the HDD have been removed.  The system and the corresponding Bode diagram, plotted here atop the 12th order system, are seen below:



[image: ]

	The information about the HDD system provided a speed of 7200rpm.  This was converted into a sampling rate of 753.982 rad/s and a sampling period of  s, values used in contruction of the digital controller.

	Using MATLAB the discrete-time full order and reduced order systems were determined.  They are listed below:





	To build the controller for the system a series of two phase-lead controllers were designed using the continuous reduced order system.  The first phase-lead controller system was designed to meet a Phase Margin of 55 degrees in order to give a larger margin for control.  The system and its corresponding Bode diagram are below:
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	The first phase-lead controller was not capable of stabilizing the full order system so a second phase-lead controller was designed using the same Phase Margin parameter of 55 degrees.  The new system and its corresponding Bode diagram are below:
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	The step response for both systems, respectively, are shown in the following figure:
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	The bandwidth of the controller with the reduced order system is 11.0093Hz.  Note that the new controller, a 2nd order system, comes to unity much faster than the original controller which was only a 1st order system.

	The new 2nd order controller at this point cannot compensate for the high frequency dynamics of the system.  In order to apply it to the full order system a set of notch filters must first be introduced.  Five notch filters were designed for the controller, creating a 10th order system in addition to the 2nd order controller.  The notch filters were designed in the discrete-time, z-domain using the following equation:





	Five frequencies were chosen for notching, in log-space they were defined along with sharpness parameter  as:
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	The 2nd order controller was transformed using a zero-order-hold (ZOH) into the discrete time domain.  This was multiplied by the 10th order notch filter to give a new controller given below:






	This controller was used as input along with the discrete-time representation of the 12th order system in the MATLAB function sisotool (i.e. sisotool(sysd1,Cz)).  The sisotool function was used to manually move the poles and zeros of the system to obtain the desired system characteristics.

	The new controller given by MATLAB was designed in the w-domain and therefore needed to be transformed back into the z-domain using the following transformation given by MATLAB:  



This was done using the symbolic math tools in Mathematica.  The final controller designed for the system and the corresponding Bode diagram are below:
           

                                                                                                             
[image: ]

The new system with controller can be compared against the original discrete-time system without a controller.  The controlled system in the figure below can be seen in red.

[image: ]

The frequency responses of the closed loop systems for the three designed controllers are shown below:
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The Phase-Lead closed loop bandwidth is 1506.78Hz.

The magnitude frequency responses of the sensitivity and the complimentary sensitivity function are shown below.  Note that the magnitude of each never exceeds the 7dB and 6dB requirements, respectively, set for the system.	
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The Simulink model provided for this project gives a plot of the Position Error Signal (PES) vs. Time.  This plot is given below.
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The 3-σ value from the Simulink simulation for disturbance is 0.2157.  The 3-σ value from the Simulink simulation for the system with controller was found to be 0.0930. The smaller value shows a good response for the controller.




Appendix A: Matlab Code

% Project
% EE 543A
% Chris Gilmer
% April 22nd, 2008
 
clear all
close all
 
% ---------
% Problem 1
% ---------
 
% Estimated 12th Order Model H(s)
 
% Load frequency, angle, and magnitude
% Variables freq, ang, and mag respectively
load freqresp_data.mat
 
% Create real magnitude values
for j=1:length(mag)
    phase = ang(j)*pi/180; % Change to radians
    newmag(j) = mag(j)*exp(i*phase);
end
 
% Order of the system
n = 10;
m = 12;
 
% Transfer function of order n
% CHECK THE UNITS
[b,a] = invfreqs(newmag,freq,n,m);
sys1 = tf(b,a);
fprintf('\nThe full order plant sys1 is:\n');
zpk(sys1)
dcgain1 = b(n+1)/a(m+1);
 
% The bode diagrams of the full order system
figure; bode(sys1,'b')
 
pause
 
% ---------
% Problem 2
% ---------
 
% Reduced 2nd Order Model Hr(s)
bb = [0 2150896.2916];
aa = [1 2.588 52.59];
dcgain2 = 0.578224;
sys2 = dcgain2*tf(bb,aa);
fprintf('\nThe reduced order plant sys2 is:\n');
zpk(sys2)
 
% The bode diagrams of the full order system
figure; bode(sys1,'b',sys2,'g')
 
pause
 
% ---------
% Problem 3
% ---------
 
% Sampling Time
speed = 7200;         %rev/min
rate = speed*2*pi/60; % rad/s
distance = 2*pi/156;  % rad/sector
Ts = distance/rate;   % s, Period
 
fprintf('\nThe sampling rate = %g rad/s',rate);
fprintf('\nThe sampling period = %g s',Ts);
 
pause
 
% Discrete Time Representation
% TRY DIFFERENT ONES
sysd1 = c2d(sys1,Ts,'zoh'); % 12th order system H(z)
fprintf('\n\nThe full order digital plant sys1 is:\n');
zpk(sysd1)
 
sysd2 = c2d(sys2,Ts,'zoh'); % 2nd order system Hr(z)
fprintf('\n\nThe reduced order digital plant sys2 is:\n');
zpk(sysd2)
 
% Check the systems
% figure; bode(sys1,'b',sys2,'g',sysd1,'r')
 
pause
 
 
% ---------
% Problem 4
% ---------
 
% Creation of C(z)
 
% First find the properties of the reduced system
% figure; margin(sys2)
 
% Requirements
% ------------
Pm = 55;  % Degrees, desired phase margin
Gm = 6;   % db, desired gain margin
ess = 0;  % steady state error
a0 = 1.0; % Unity DC Gain
 
% Design the First Phase-lead controller
% fprintf('\nOpen Loop System, K*G(s): ');
G = sys2;
K = 10;
Ghat = K*G;
 
% Set up the goal parameters
angleLead = Pm;
 
% fprintf('\n\nThe lead compensator has to add theta = %g',angleLead);
angleLeadr = angleLead*pi/180; % Max Phase Shift
alpha = (1+sin(angleLeadr))/(1-sin(angleLeadr));
 
% fprintf('\n\n==> alpha = (1+sin(theta))/(1-sin(theta)) = %g',alpha);
magGc = sqrt(alpha); % Gain at phase shift frequency
magGhat=20*log10(1/magGc); % dB Gain at phase shift frequency
 
% fprintf('\n\nAt wm the compensator has magnitude:')
% fprintf('\n|Gc(j*wm)| = sqrt(alpha) = %g',magGc)
% 
% fprintf('\n\nwm is also the gain crossover frequency.  We know:')
% fprintf('\n|K*G(j*wm)Gc(j*wm)| = 1')
% 
% fprintf('\n\nThis means that we need to find the frequency')
% fprintf('\nwhere the magnitude of K*G(s) = 1/sqrt(alpha) = %g',1/magGc)
% fprintf('\nor where |KG(jw)| = %g dB',magGhat)
 
% Now build the controller
wl = logspace(-1,4,100)';   % Generate frequency numbers
[m,p] = bode(Ghat,wl);      % Get magnitude and phase information
mdB = 20*log10(squeeze(m)); % Get magnitude in dB
ind=find(mdB > magGhat-0.5 & mdB < magGhat+0.5); % index location 
wm=wl(ind); % find wm at index location in wl
 
% fprintf('\n\nAt w = %g the magnitude is approximately %g dB',wm,mdB(ind))
% fprintf('\n==> wm =%g',wm)
P=wm*sqrt(alpha);
Z=P/alpha;
tao=1/P;
 
% Phase-Lead Compensator
Dr = tf([tao*alpha 1],[tao 1]);
fprintf('\n\nThe Phase-Lead compensator Dr for the reduced system is:\n');
zpk(Dr)
 
% Reduced Order Phase-Lead Loop Transfer Function
% fprintf('\n\nThe Reduced Phase-Lead loop transfer function Lr is:\n');
Lr = Dr*K*sys2;
zpk(Lr);
figure; margin(Lr);
 
% Reduced Order Phase-Lead Closed Loop Transfer Function
Tr = Lr/(1+Lr); 
% figure; step(Tr);
 
% Bandwidth
b=bandwidth(Lr);
% fprintf('\nThe Phase-Lead closed loop bandwidth wb is: %g \n',b)
 
% pause
 
% Design a Second Phase-lead controller
G2 = Dr*K*sys2;
K2 = 10;
Ghat2 = K2*G2;
 
% Use the same desired parameters as above
 
% Set up the goal parameters
angleLead = 45;
angleLeadr = angleLead*pi/180; % Max Phase Shift
alpha = (1+sin(angleLeadr))/(1-sin(angleLeadr));
magGc = sqrt(alpha); % Gain at phase shift frequency
magGhat=20*log10(1/magGc); % dB Gain at phase shift frequency
 
w22 = logspace(-1,5,1000)';   % Generate frequency numbers
[m2,p2] = bode(Ghat2,w22);      % Get magnitude and phase information
mdB2 = 20*log10(squeeze(m2)); % Get magnitude in dB
ind2=find(mdB2 > magGhat-0.25 & mdB2 < magGhat+0.25); % index location 
wm2=w22(ind2); % find wm at index location in wl
 
P2=wm2*sqrt(alpha);
Z=P2/alpha;
tao2=1/P2;
 
% Phase-Lead Compensator
Dr2 = tf([tao2*alpha 1],[tao2 1])*Dr*K;
fprintf('\n\nThe Phase-Lead compensator Dr2 for the reduced system is:\n');
zpk(Dr2)
 
% Reduced Order Phase-Lead Loop Transfer Function
% fprintf('\n\nThe Reduced Phase-Lead loop transfer function Lr is:\n');
Lr2 = Dr2*K2*sys2;
zpk(Lr2);
figure; margin(Lr2);
 
% Reduced Order Phase-Lead Closed Loop Transfer Function
Tr2 = Lr2/(1+Lr2); 
figure; step(Tr,Tr2);
 
% Bandwidth
b2=bandwidth(Lr2);
fprintf('\nThe Phase-Lead closed loop bandwidth wb is: %g \n',b2)
 
pause
 
% ---------
% Problem 5
% ---------
 
% Adjust the controller to better match full order sys
% First, modify the controller and add some notch filters
 
% Sample Frequency
ws = 1/Ts; 
 
% Frequencies to be Notched
w1 = 10^3.647;
w2 = 10^3.889;
w3 = 10^3.944;
w4 = 10^4.026;
w5 = 10^4.109123;
 
% Control width of notch filters
% Alpha
a1 = 0.15;
a2 = 0.15;
a3 = 0.15;
a4 = 0.2;
a5 = 0.4;
 
n1b = [1 -2*cos(w1/ws) 1];
n1a = [1 -2*a1*cos(w1/ws) a1^2];
N1d = tf(n1b,n1a,Ts);
 
n2b = [1 -2*cos(w2/ws) 1];
n2a = [1 -2*a2*cos(w2/ws) a2^2];
N2d = tf(n2b,n2a,Ts);
 
n3b = [1 -2*cos(w3/ws) 1];
n3a = [1 -2*a3*cos(w3/ws) a3^2];
N3d = tf(n3b,n3a,Ts);
 
n4b = [1 -2*cos(w4/ws) 1];
n4a = [1 -2*a4*cos(w4/ws) a4^2];
N4d = tf(n4b,n4a,Ts);
 
n5b = [1 -2*cos(w5/ws) 1];
n5a = [1 -2*a5*cos(w5/ws) a5^2];
N5d = tf(n5b,n5a,Ts);
 
% Add Notch Gain
KN = 10;
 
% Final Notch Filter Design
notchd = KN*N1d*N2d*N3d*N4d*N5d;       % Digital Notch Filter
 
% Complete the digital controller design
Dz = c2d(Dr2*K2,Ts,'zoh');     % Digital Controller without notch filters
Cz = Dz*notchd;                % Digital Controller with notch filters
fprintf('\nThe Digital Controller transfer function Cz is:\n');
zpk(Cz)
 
pause
 
% ---------
% Problem 6
% ---------
 
% Use sisotool to modify parameters
% sisotool(sysd1,Cz);
 
% Use the results from sisotool to make new controller
z = zpk('z',Ts);
 
KF = 0.15141; % Final Gain
 
Ksys = 134.799;
 
z1 = 1*z + -0.990946;
z2 = 1*z^2 + -1.94648*z + 1.00042;
z3 = 1*z^2 + -1.83247*z + 1.00132;
z4 = 1*z^2 + -1.76602*z + 1.00185;
z5 = 1*z^2 + -1.68629*z + 1.00248;
z6 = 1*z^2 + -1.54635*z + 1.00359;
 
p1 = 1*z^2 + -0.732905;
p2 = 1*z^2 + -1.70786*z + 0.819333;
p3 = 1*z^2 + -1.61591*z + 0.851747;
p4 = 1*z^2 + -1.50538*z + 0.593453;
p5 = 1*z^2 + -1.41378*z + 0.848715;
p6 = 1*z^2 + 0.347798*z + 0.061382;
 
CFnum = z1*z2*z3*z4*z5*z6;
CFden = p1*p2*p3*p4*p5*p6;
CFz = CFnum/CFden;
 
CF = KF*Ksys*CFz;
fprintf('\nThe Digital Controller transfer function CF is:\n');
zpk(CF)
% figure; margin(CF);
 
pause
 
LF = CF*sysd1;
zpk(LF);
figure; margin(LF);
 
% Compare the two original system and the system with applied controller
figure; bode(sysd1,'b',LF,'r');
 
TF = LF/(1+LF);
figure; step(Tr,Tr2,TF);
legend('Dr','Dr2','Cz');
 
% Bandwidth
bf=bandwidth(TF);
fprintf('\nThe Phase-Lead closed loop bandwidth wb is: %g \n',bf)
 
% Ensure closed-loop design parameters are met
Hc = 1/(1+LF);
Hcs = TF;
figure; bode(Hc,'b',Hcs,'g');
%figure; step(Hc,'b',Hcs,'g');
 
 
% ---------
% Problem 7
% ---------
 
fprintf('\n\nHit any key to run the simulink simulation\n');
 
pause
 
% Sample Time
ts = Ts;
 
% Rename systems appropriately
Cz = CF;
Hz = sysd1;
 
%------------------------------------------------
% code below from runsim.m provided by instructor
%------------------------------------------------
 
%load in the disturbance  (included)
load dist.mat        %%%the variable of the disturbance is named "d" in this file
 
%get the controller state space data to be used in simulink
[ac,bc,cc,dc,ts] = ssdata(Cz);
 
%get the HDD plant state space data to be used in simulink
[ah,bh,ch,dh,ts] = ssdata(Hz);
 
%setup the time vector
N_final = length(d);
t = 0:ts:ts*(N_final-1);
t_final = ts*(N_final-1);
 
%setup the disturbance
dist = [t' d];
 
%-----------------------------------------------------------
%run the simulation
 
sim('sim_model.mdl');
 
%-----------------------------------------------------------
%plot the results and get the 3 sigma values
 
%get the 3-sigma value for the disturbance
sigd = 3 * std(d);
 
%get the 3-sigma value for the system with controller
sigy = 3*std(yout);   %%%yout is the output signal from simulink simulation
 
figure; plot(d);
hold on
plot(yout,'r');
title('Position Error Signal (PES) vs Time');
xlabel('Time (s)');
ylabel('Position Error');
legend('Disturbance','Plant output');
hold off
 
disp(sprintf('3-sigma for disturbance =            %2.4f',sigd));
disp(sprintf('3-sigma for system with controller = %2.4f',sigy));
Page 1 of 15

image4.jpeg
Magritude (48)

Phase (deg)

150

100

el

135

120

Bode Diagram
o8 (o nf racisec) , P

5.5 deg (o 52904004 raciec)

10

100 10t
Frequency (radisec)





image5.jpeg
14

12

08

ampitude

04

02

Step Response

02

04

05

s

1
Time (sec)

12

14

8

8

x10”





image6.jpeg
Magritude (48)

Phase (deg)

100

Bode Diagram
G =153 08 (ot 52164003 racisec) , P = 52.7 deg (ot 368 racisec)

im0

2180

1440

™

Ee

10

10 100 10° 10t
Frequency (radisec)

10°




image7.jpeg
Megritude (d5)

Phase (deg)

Bode Diagram

100

im0

2180

1440

™

;0

10 10’ 10 100 10
Freuency (radisec)

10°




image8.jpeg
14

12

08

ampitude

04

02

Step Response

o
o2
cz

0005

o0

0015
Time (sec)

002

00z

003




image9.jpeg
Megritude (d5)

Phase (deg)

Bode Diagram

im0

2180

1440

™

Ee

10

10!

10 100
Freuency (radisec)

10

10°




image10.jpeg
Position Error

03

02

01

Position Error Signal (PES) vs Time

Disturbance
Plant output

05 1 15 2 25 3 35 4 45
Time () i





image1.jpeg
Megritude (d5)

Phase (deg)

100

Bode Diagram

1m0

0

180

120

10’

100
Freuency (radisec)

10

10°




image2.jpeg
Megritude (d5)

Phase (deg)

100

Bode Diagram

1m0

0

180

120

10’

10
Freuency (radisec)

10

10°




image3.jpeg
Magritude (48)

Phase (deg)

150

G = Inf 0B (et Inf raclsec) , Pm = 55 g (o §.28¢+003 racisec)

Bode Diagram

100

el

10

10’

10° 10°
Frequency (radisec)

10




