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Figure 1.3 -  Successive loop closure for a quadrotor [10] 

 
 

 
 A two-degrees-of-freedom controls structure for a quadrotor is shown in Figure 1.4. Here, 

the command signals and the feedback signals are independently processed by the controller 

[11]. For many tracking problems, a one-degree-of-freedom controller may not be sufficient to 

meet time domain specifications set on the output response [11]. The advantage of this structure 

is the response to command signals and disturbances are decoupled [10]. This allows the 

designer flexibility in meeting multiple control objectives by designing feedback and 

feedforward paths to handle disturbance rejection and provide tracking control.  

 
Figure 1.4 - Two-degrees-of-freedom quadrotor control structure [10] 
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 In Chapter 9, the advantages of the LPV controller and its limitations is discussed. 

Possible solutions to address the limitations are proposed. A qualitative comparison between 

multivariable and SISO control methods is also discussed. Finally, an assessment of the LPV 

controller function in an overall GNC system is presented along with future research to improve 

the performance of the controller and expand the system to include optimal guidance.   
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APPENDECIES 
 

A. MATLAB Codes 
A.1 LPV System Representation and LPV Control of Quadrotor  
 

% MS Project (AE 295B) 
% Design of a Linear Parameter Varying Controller for a Delivery Quadrotor 
% Description: Script develops the LPV model and LPV controller for the 
% delivery quadrotor 
% Author: Hussam Okasha 
  
%% Parameters 
g = 9.81; 
l = 0.6; %m 
R = 0.15; %m 
m_quadrotor = 3.800; %kg %all mass not including the motors, battery, and 
payload 
m_motor = 0.325;  
m_battery = 3.673; 
m_motors = 4*m_motor; 
mp = 2; 
m_base = m_quadrotor + m_motors + m_battery; 
  
KF = 6.11e-8; 
KM = 1.5e-9; 
  
k = sqrt(g*(m_base+mp)/(4*KF)); 
hov_in = (m_base+mp)*g*[1 0 0 0]; 
omega_direct = k*[1 1 1 1]; 
  
psi0 = 0;  
  
%% Linear, Parameter Dependent Model 
syms mp psi0 
%State Variable Selection 
%[x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13]' = [X Y Z u v w phi theta psi p 
q r]' 
syms x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 u1 u2 u3 u4 
x = [x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12]; 
%Control Input Selection 
%[u1 u2 u3 u4]' = [U_z U_roll U_pitch U_yaw]' 
u = [u1 u2 u3 u4]; 
  
M = m_quadrotor + m_battery + mp; 
Jx = ((2*M*R^2)/5) + 2*(l^2)*m_motor; 
Jy = ((2*M*R^2)/5) + 2*(l^2)*m_motor; 
Jz = ((2*M*R^2)/5) + 4*(l^2)*m_motor; 
[Al, Bl] = Qrotor_Linearization(x,u,m_base,mp,psi0,Jx,Jy,Jz); 
C = eye(12); 
D = zeros(12,4); 
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%Controllability and Observability 
A = subs(Al,psi0,0); 
A = double(A); 
Bcc = subs(Bl,mp,0); 
Co = ctrb(A,Bcc); 
rankCo = rank(Co) 
Ob = obsv(A,C); 
rankOb = rank(Ob) 
  
%% LPV Model 
%Control Input Filter 
Au = -100*eye(4); 
Bu = eye(4); 
Cu = eye(4); 
Ap = [A, Bl*Cu; 
      zeros(4,12), Au]; 
Ap = vpa(Ap,4); 
Bp = [zeros(12,4);Bu]; 
  
%disturbance matrix 
B1 = [zeros(5,4); 
      1 0 0 0; 
      zeros(3,4); 
      zeros(3,1), eye(3)]; 
   
B1p = [B1; zeros(4,4)]; 
  
%define H 
%input defn: w' = [u' w]' 
Bpp = [Bp, B1p]; %dim 16x8 
  
%Parameter functions 
p1 = -1/(mp+8.773); 
p2 = 1/(0.009*mp+0.3013); 
p3 = 1/(0.009*mp+0.5353); 
  
%Upper and lower bounds 
p1_l = double(subs(p1,mp,0)); 
p1_u = double(subs(p1,mp,2.3)); 
p2_l = double(subs(p2,mp,0)); 
p2_u = double(subs(p2,mp,2.3));   
p3_l = double(subs(p3,mp,0)); 
p3_u = double(subs(p3,mp,2.3)); 
  
P = [p1_l p1_u; 
     p2_u p2_l; 
     p3_u p3_l]; 
  
%Parameter Box 
pv = pvec('box',P); 
VERTX = polydec(pv); %vertex coordinates 
pvinfo(pv) 
%Vector of 3 parameters ranging in a box 
  
%example of polydec function 
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[V_C,VERTX_C] = polydec(pv,[p1_u, p2_u, p3_u]); 
  
%Augmented Model Intermediate Matrices 
M1 = [1 0 0; 
      0 1 0; 
      0 0 -1]; 
  
M2 = [0 -g 0; 
      g 0 0; 
      0 0 0]; 
  
M3 = eye(3); 
  
M4 = [1 0 0; 
      0 1 0; 
      0 0 0]; 
   
A0 = [zeros(16,3),[M1;zeros(13,3)],[zeros(3);M2;zeros(10,3)],[zeros(6,3); 
M3;zeros(7,3)],[zeros(12,4);Au]];  
A1 = [zeros(16,12),[zeros(5,1);1;zeros(10,1)],zeros(16,3)]; %1 corresponds to 
rho1 
A2 = [zeros(16,13),[zeros(9,3);M4;zeros(4,3)]]; %move over one column in B, 
M4 corresponds to rho2  
A3 = [zeros(16,15),[zeros(11,1);1;zeros(4,1)]]; %1 corresponds to rho3 
       
B0 = Bpp; 
B1 = zeros(16,8); 
B2 = zeros(16,8); 
B3 = zeros(16,8); 
  
Cp = [eye(12),zeros(12,4)]; 
C0 = Cp; 
C1 = zeros(12,16); 
C2 = zeros(12,16); 
C3 = zeros(12,16); 
  
Dp = [zeros(12,4),zeros(12,4)]; 
D0 = Dp; 
D1 = zeros(12,8); 
D2 = zeros(12,8); 
D3 = zeros(12,8); 
  
S0 = ltisys(A0,B0,C0,D0); 
S1 = ltisys(A1,B1,C1,D1,0); 
S2 = ltisys(A2,B2,C2,D2,0); 
S3 = ltisys(A3,B3,C3,D3,0); 
  
pdsys = psys(pv,[S0,S1,S2,S3]); %affine parameter dependent system 
psinfo(pdsys) 
%Affine parameter-dependent model with 3 parameters (4 systems)  
%Each system has 16 state(s), 8 input(s), and 12 output(s) 
  
polysys = aff2pol(pdsys); %polytopic model - instances of pdsys (affine) at 
the vertices of the box 
psinfo(polysys) 
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%Polytopic model with 8 vertex systems  
%Each system has 16 state(s), 8 input(s), and 12 output(s) 
% [tau,P] = quadstab(polysys) 
% open-loop unstable 
  
%% LPV Controls Design 
%% Weights Selection 
%static gains and filters in TF form 
sys_Wr1 = ltisys('tf',[1],[1]); 
sys_Wr2 = ltisys('tf',[1],[1]); 
sys_Wr3 = ltisys('tf',[1],[1]); 
sys_Wr4 = ltisys('tf',[1],[1]); 
sys_Wr5 = ltisys('tf',[1],[1]); 
sys_Wr6 = ltisys('tf',[1],[1]); 
sys_Wr7 = ltisys('tf',[1],[1]); 
sys_Wr8 = ltisys('tf',[1],[1]); 
sys_Wr9 = ltisys('tf',[1],[1]); 
sys_Wr10 = ltisys('tf',[1],[1]); 
sys_Wr11 = ltisys('tf',[1],[1]); 
sys_Wr12 = ltisys('tf',[1],[1]); 
  
sys_Wd1 = ltisys('tf',[1],[1]); 
sys_Wd2 = ltisys('tf',[1],[1]); 
sys_Wd3 = ltisys('tf',[1],[1]); 
sys_Wd4 = ltisys('tf',[1],[1]); 
  
cWp1 = 2.01; 
cWp2 = 0.201; 
% cWp1 = 20.1; 
% cWp2 = 2.01; 
% cWp1 = 0.201; 
% cWp2 = 0.0201; 
sys_Wp1 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp2 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp3 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp4 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp5 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp6 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp7 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp8 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp9 = ltisys('tf',[cWp1],[1, cWp2]); 
% sys_Wp10 = ltisys('tf',[cWp1],[1, cWp2]); 
% sys_Wp11 = ltisys('tf',[cWp1],[1, cWp2]); 
% sys_Wp12 = ltisys('tf',[cWp1],[1, cWp2]); 
  
sys_Wp10 = ltisys('tf',[2 0],[1, 8.5, 18]); 
sys_Wp11 = ltisys('tf',[2 0],[1, 8.5, 18]); 
sys_Wp12 = ltisys('tf',[2 0],[1, 8.5, 18]); 
  
% numWu = [10 0]; 
% denWu = [1 100]; 
numWu =[9.678, 0.029, 0, 0]; 
denWu = [1, 1.206e4, 1.136e7, 1.066e10]; 
sys_Wu1 = ltisys('tf',numWu,denWu); 
sys_Wu2 = ltisys('tf',numWu,denWu); 
sys_Wu3 = ltisys('tf',numWu,denWu); 
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sys_Wu4 = ltisys('tf',numWu,denWu); 
  
%MIMO TF matrices 
sysWrg1 = sdiag(sys_Wr1,sys_Wr2,sys_Wr3,sys_Wr4,sys_Wr5,sys_Wr6); 
sysWrg2 = sdiag(sys_Wr7,sys_Wr8,sys_Wr9,sys_Wr10,sys_Wr11,sys_Wr12); 
Wr = sdiag(sysWrg1,sysWrg2);  
Wd = sdiag(sys_Wd1,sys_Wd2,sys_Wd3,sys_Wd4);  
sysWpg1 = sdiag(sys_Wp1,sys_Wp2,sys_Wp3,sys_Wp4,sys_Wp5,sys_Wp6); 
sysWpg2 = sdiag(sys_Wp7,sys_Wp8,sys_Wp9,sys_Wp10,sys_Wp11,sys_Wp12); 
Wp = sdiag(sysWpg1,sysWpg2); 
Wu = sdiag(sys_Wu1,sys_Wu2,sys_Wu3,sys_Wu4);  
  
figure, 
splot(Wu,'sv') 
grid on; 
title('Singular Values - Control (Robustness) Weight W_u') 
xlabel('Frequency') 
ylabel('Magnitude') 
set(findall(gcf,'type','line'),'linewidth',1); 
set(gca,'fontsize',24); 
  
figure, 
splot(Wp,'sv') 
grid on; 
title('Singular Values - Performance (Sensitivity) Weight W_p') 
xlabel('Frequency') 
ylabel('Magnitude') 
set(findall(gcf,'type','line'),'linewidth',1); 
set(gca,'fontsize',24); 
%% Generalized LPV Plant 
% inputs = 'r(12);w(4)'; 
% outputs = 'Wr;Wd;Wp;Wu'; 
% K_in = 'K:[e=Wr:r-G;Wr:r]'; %controller K with its inputs 
% %G:K means the input of G is the output of K 
% G1_in = 'G:[K;Wd:w]'; %g1 = pdsys 
% G2_in = 'Wr:r'; %g2 = Wr 
% G3_in = 'Wd:w'; %g3 = Wd 
% G4_in = 'Wp:e'; %g4 = Wp 
% G5_in = 'Wu:K'; %g5 = Wu 
%  
% [P_aug,N_MC] = 
sconnect(inputs,outputs,K_in,G1_in,pdsys,G2_in,Wr,G3_in,Wd,G4_in,Wp,G5_in,Wu)
;  
  
inputs = 'r(12);w(4)'; 
outputs = 'Wr;Wd;Wp;Wu;'; 
K_in = 'K:e=Wr-G;Wr'; %controller K with its inputs 
%G:K means the input of G is the output of K 
G1_in = 'G:K;Wd'; %g1 = pdsys 
G2_in = 'Wr:r'; %g2 = Wr 
G3_in = 'Wd:w'; %g3 = Wd 
G4_in = 'Wp:e'; %g4 = Wp 
G5_in = 'Wu:K'; %g5 = Wu 
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[P_aug,N_MC] = 
sconnect(inputs,outputs,K_in,G1_in,pdsys,G2_in,Wr,G3_in,Wd,G4_in,Wp,G5_in,Wu)
;  
  
psinfo(P_aug) 
%N_MC = [nbr of measurements (C(s) inputs), nbr of controls (C(s) outputs)) 
%expectation: [24 4] --> gain K [4 24] 
%pdP = Hinf plant P(s) associated with the control structure  
%Polytopic model with 8 vertex systems  
%Each system has 43 state(s), 20 input(s), and 56 output(s) 
  
%% Gain-Scheduled Hinf Controller 
[gopt,pdK,R,S] = hinfgs(P_aug,N_MC,0,1e-2); 
psinfo(pdK) 
%Polytopic model with 8 vertex systems  
%Each system has 43 state(s), 24 input(s), and 4 output(s) 
  
pCL = slft(P_aug,pdK); %closed-loop system 
psinfo(pCL) 
%Polytopic model with 8 vertex systems  
%Each system has 86 state(s), 16 input(s), and 32 output(s) 
  
%Performance Analysis 
% [PERF, LP] = quadperf(pCL) 
  
%Stability Analysis  
% [TAU, LyP] = quadstab(pCL) 
% pdlstab(pCL) 
%NOTE: very long computation time for pdlstab, comment out when not needed 
  
%Vertex Controllers 
VK1 = psinfo(pdK,'sys',1); VK2 = psinfo(pdK,'sys',2); 
VK3 = psinfo(pdK,'sys',3); VK4 = psinfo(pdK,'sys',4); 
VK5 = psinfo(pdK,'sys',5); VK6 = psinfo(pdK,'sys',6); 
VK7 = psinfo(pdK,'sys',7); VK8 = psinfo(pdK,'sys',8); 
 
%Evaluate the eigenvalues of the Ak matrices of the vertex controllers 
VK = {VK1,VK2,VK3,VK4,VK5,VK6,VK7,VK8}; 
Vertex_Eig = cell(8,1); 
for i = 1:8 
    VKe = VK{i}; 
    [Ak, Bk, Ck, Dk] = ltiss(VKe); 
    Vertex_Eig{i} = eig(Ak); 
end 
  
%check eigenvalues are less than 0 
Vertex_Stable = cell(8,1); 
for i = 1:8 
    Vertex_Eig1 = Vertex_Eig{i}; 
    Vertex_Stable{i} = Vertex_Eig1 < 0; 
end 
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[Ak, Bk, Ck, Dk] = ltiss(VK1); 
size(Ak); %43x43 
size(Bk); %43x24 
size(Ck); %4x43 
size(Dk); %4x24 
  
%example of psinfo function - to be implemented in Simulink 
SKsys = psinfo(pdK,'eval',V_C); %instantiates the polytopic system for the 
vertex controllers 
[Ak, Bk, Ck, Dk] = ltiss(SKsys); 
  
%% Frequency Domain Analysis - Singular Values Plots 
%random polytopic coordinates for control analysis 
pNum = 100; polyc = []; 
for j = 1:pNum 
   poly = rand(1,8); 
   poly = poly/sum(poly); 
   polyc = [polyc; poly]; 
end 
%singular values plot for polytopic plant 
figure, 
omega = logspace(-2,2,200); 
for j = 1:pNum 
    PolySys = psinfo(polysys,'eval',polyc(j,:)); %evaluate at convex 
coordinates  
    [adp,bdp,cdp,ddp] = ltiss(PolySys); 
    sysp = ss(adp,bdp,cdp,ddp); 
    [sv] = sigma(sysp, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Plant G(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%singular values plot for Hinf plant 
figure, 
omega = logspace(-2,2,200); 
for j = 1:pNum 
    Pdg = psinfo(P_aug,'eval',polyc(j,:)); %evaluate at convex coordinates  
    [adg,bdg,cdg,ddg] = ltiss(Pdg); 
    sysg = ss(adg,bdg,cdg,ddg); 
    [sv] = sigma(sysg, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Augmented Plant P(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%singular values plot for polytopic controller 
figure, 
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omega = logspace(-4,4,300); 
for j = 1:pNum 
    Pdk = psinfo(pdK,'eval',polyc(j,:)); %evaluate at convex coordinates  
    [adk,bdk,cdk,ddk] = ltiss(Pdk); 
    sysk = ss(adk,bdk,cdk,ddk); 
    [sv] = sigma(sysk, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Controller K(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%singular values plot for closed loop transfer system 
figure, 
omega = logspace(-4,4,300); 
for j = 1:pNum 
    Pcl = psinfo(pCL,'eval',polyc(j,:)); %evaluate at convex coordinates  
    [adcl,bdcl,cdcl,ddcl] = ltiss(Pcl); 
    syscl = ss(adcl,bdcl,cdcl,ddcl); 
    [sv] = sigma(syscl, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Closed Loop System F(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%% Time Domain Analysis 
%Plots output trajectory of closed-loop system along parameter trajectories 
[T,X,Y] = pdsimul(pCL,'Mass_Traj',2,'Input_Traj'); 
figure, 
plot(T,X) 
title('State Trajectories') 
grid on; 
xlabel('Time [s]') 
ylabel('Magnitude') 
set(findall(gcf,'type','line'),'linewidth',1); 
set(gca,'fontsize',14); 
figure, 
plot(T,Y) 
title('Output Trajectories') 
grid on; 
xlabel('Time [s]') 
ylabel('Magnitude') 
set(findall(gcf,'type','line'),'linewidth',1); 
set(gca,'fontsize',24); 
  
Mass = cell(length(T),1); 
Pa1 = zeros(length(T),1); Pa2 = zeros(length(T),1); Pa3 = zeros(length(T),1);  
for i = 1:length(T) 
Mass{i} = Mass_Traj(T(i)); 
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Mass1 = Mass{i}; 
Pa1(i) = Mass1(1); 
Pa2(i) = Mass1(2); 
Pa3(i) = Mass1(3); 
end 
  
figure, 
plot(T,Pa1) 
hold on 
plot(T,Pa2) 
hold on 
plot(T,Pa3) 
title('Parameter Function Trajectories') 
grid on; 
xlabel('Time [s]') 
ylabel('Magnitude') 
set(findall(gcf,'type','line'),'linewidth',1); 
set(gca,'fontsize',14); 
size(X); %131x86 
size(Y); %131x32 
%Comment: further iterations might be necessary when testing against 
%nonlinear system 
  
%% Functions 
%% Jacobian Linearization 
function [Al, Bl] = Qrotor_Linearization(x,u,m_base,mp,psi0,Jx,Jy,Jz) 
g = 9.81; 
syms x0 y0 z0 
  
xdot = sym(zeros(12,1)); 
xdot(1) = (cos(x(9))*cos(x(8)))*x(4) + (-
sin(x(9))*cos(x(7))+cos(x(9))*sin(x(8))*sin(x(7)))*x(5) + 
(sin(x(9))*sin(x(7))+cos(x(9))*sin(x(8))*cos(x(7)))*x(6); 
xdot(2) = (sin(x(9))*cos(x(8)))*x(4) + 
(cos(x(9))*cos(x(7))+sin(x(9))*sin(x(8))*sin(x(7)))*x(5) + (-
cos(x(9))*sin(x(7))+sin(x(9))*sin(x(8))*cos(x(7)))*x(6); 
xdot(3) = (sin(x(8)))*x(4) + (-cos(x(8))*sin(x(7)))*x(5) + (-
cos(x(8))*cos(x(7)))*x(6); 
xdot(4) = (x(5)*x(12)-x(6)*x(11)) - g*sin(x(8)); 
xdot(5) = (x(6)*x(10)-x(4)*x(12)) + g*cos(x(8))*sin(x(7));  
xdot(6) = (x(4)*x(11)-x(5)*x(10)) + g*cos(x(8))*cos(x(7)) - 
(1/(m_base+mp))*u(1); 
xdot(7) = x(10) + (sin(x(7))*tan(x(8)))*x(11) + (cos(x(7))*tan(x(8)))*x(12); 
xdot(8) = cos(x(7))*x(11) + -sin(x(7))*x(12); 
xdot(9) = (sin(x(7))/cos(x(8)))*x(11) + (cos(x(7))/cos(x(8)))*x(12); 
xdot(10) = ((Jy-Jz)/Jx)*x(11)*x(12) + (1/Jx)*u(2); 
xdot(11) = ((Jz-Jx)/Jy)*x(10)*x(12) + (1/Jy)*u(3); 
xdot(12) = ((Jx-Jy)/Jz)*x(10)*x(11) + (1/Jz)*u(4); 
  
Ax = jacobian(xdot,x); 
Bu = jacobian(xdot,u); 
xe =[x0,y0,z0,0,0,0,0,0,psi0,0,0,0]; %operating point at hover condition 
ue = (m_base+mp)*g*[1 0 0 0]; 
Al = subs(Ax,x,xe); 
Al = subs(Al,u,ue); %propeller speeds at hover conditions 
Al = vpa(Al,4); %linearized A 
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Bl = subs(Bu,x,xe); 
Bl = subs(Bl,u,ue); 
Bl = vpa(Bl,4); %linearized B 
end 
  
%% Parameter trajectory for pdsimul function 
%sample parameter trajectory 
function mass = Mass_Traj(t) 
mass = zeros(3,1); 
mass(1) = -1/(t+8.773); 
mass(2) = 1/(0.009*t+0.3013); 
mass(3) = 1/(0.009*t+0.5353); 
end 
  
%% Input trajectory for pdsimul function 
%Step inputs applied to each input  
function UT = Input_Traj(t)    
UT = ones(16,1);  
end 
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A.2 Propeller Speed Based LPV Model and Controller 
 
% MS Project (AE 295B) 
% Design of a Linear Parameter Varying Controller for a Delivery Quadrotor 
% Description: Script develops the LPV model and LPV controller for the 
% delivery quadrotor with the propeller speeds as control inputs  
% Author: Hussam Okasha 
  
%% Parameters 
g = 9.81; 
l = 0.6; %m 
R = 0.15; %m 
m_quadrotor = 3.800; %kg %all mass not including the motors, battery, and 
payload 
m_motor = 0.325;  
m_battery = 3.673; 
m_motors = 4*m_motor; 
mp = 2; 
m_base = m_quadrotor + m_motors + m_battery; 
psi0 = 0;  
hov_in = (m_base+mp)*g*[1 0 0 0]; %test input 
KF = 6.11e-8; 
KM = 1.5e-9; 
k = sqrt(g*(m_base+mp)/(4*KF)); 
omega_direct = k*[1 1 1 1]; 
  
%% Linear, Parameter Dependent Model 
syms mp psi0 
%State Variable Selection 
%[x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 x13]' = [X Y Z u v w phi theta psi p 
q r]' 
syms x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12 u1 u2 u3 u4 
x = [x1 x2 x3 x4 x5 x6 x7 x8 x9 x10 x11 x12]; 
%Control Input Selection 
%[u1 u2 u3 u4]' = [Omega_f Omega_r Omega_b Omega_l]' 
u = [u1 u2 u3 u4]; 
  
M = m_quadrotor + m_battery + mp; 
Jx = ((2*M*R^2)/5) + 2*(l^2)*m_motor; 
Jy = ((2*M*R^2)/5) + 2*(l^2)*m_motor; 
Jz = ((2*M*R^2)/5) + 4*(l^2)*m_motor; 
[Al, Bl] = Qrotor_Linearization(x,u,l,m_base,mp,psi0,Jx,Jy,Jz); 
C = eye(12); 
D = zeros(12,4); 
  
%Controllability and Observability 
A = subs(Al,psi0,0); 
A = double(A); 
Bcc = subs(Bl,mp,0); 
Co = ctrb(A,Bcc); 
rankCo = rank(Co) 
Ob = obsv(A,C); 
rankOb = rank(Ob) 
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%% LPV Model 
%Control Input Filter 
Au = -100*eye(4); 
Bu = eye(4); 
Cu = eye(4); 
Ap = [A, Bl*Cu; 
      zeros(4,12), Au]; 
Ap = vpa(Ap,4); 
Bp = [zeros(12,4);Bu]; 
  
%disturbance matrix 
B1 = [zeros(5,4); 
      1 0 0 0; 
      zeros(3,4); 
      zeros(3,1), eye(3)]; 
   
B1p = [B1; zeros(4,4)]; 
  
%define H 
%input defn: w' = [u' w]' 
Bpp = [Bp, B1p]; %dim 16x8 
  
%Parameter functions 
p1 = -(1.222e-7*(4.014e+7*mp + 3.521e+8)^(1/2))/(mp + 8.773); 
p2 = (7.332e-8*(4.014e+7*mp + 3.521e+8)^(1/2))/(0.009*mp + 0.3013); 
p3 = (3.0e-9*(4.014e+7*mp + 3.521e+8)^(1/2))/(0.009*mp + 0.5353); 
  
%Upper and lower bounds 
p1_l = double(subs(p1,mp,0)); 
p1_u = double(subs(p1,mp,2.3)); 
p2_l = double(subs(p2,mp,0)); 
p2_u = double(subs(p2,mp,2.3));   
p3_l = double(subs(p3,mp,0)); 
p3_u = double(subs(p3,mp,2.3)); 
  
P = [p1_l p1_u; 
     p2_l p2_u; 
     p3_l p3_u]; 
  
%Parameter Box 
pv = pvec('box',P); 
VERTX = polydec(pv); %vertex coordinates 
pvinfo(pv) 
%Vector of 3 parameters ranging in a box 
  
%example of polydec function 
[V_C,VERTX_C] = polydec(pv,[p1_u, p2_u, p3_u]); 
  
%Augmented Model Intermediate Matrices 
M1 = [1 0 0; 
      0 1 0; 
      0 0 -1]; 
  
M2 = [0 -g 0; 
      g 0 0; 



117 
 

      0 0 0]; 
  
M3 = eye(3); 
  
M4 = [0 -1 0 1; 
      1 0 -1 0]; 
   
A0 = [zeros(16,3),[M1;zeros(13,3)],[zeros(3);M2;zeros(10,3)],[zeros(6,3); 
M3;zeros(7,3)],[zeros(12,4);Au]];  
A1 = [zeros(16,12),[zeros(5,4); [1 1 1 1]; zeros(10,4)]]; %corresponds to 
rho1 
A2 = [zeros(16,12),[zeros(9,4);M4;zeros(5,4)]]; %M4 corresponds to rho2  
A3 = [zeros(16,12),[zeros(11,4);[-1 1 -1 1];zeros(4,4)]]; %corresponds to 
rho3 
       
B0 = Bpp; 
B1 = zeros(16,8); 
B2 = zeros(16,8); 
B3 = zeros(16,8); 
  
Cp = [eye(12),zeros(12,4)]; 
C0 = Cp; 
C1 = zeros(12,16); 
C2 = zeros(12,16); 
C3 = zeros(12,16); 
  
Dp = [zeros(12,4),zeros(12,4)]; 
D0 = Dp; 
D1 = zeros(12,8); 
D2 = zeros(12,8); 
D3 = zeros(12,8); 
  
S0 = ltisys(A0,B0,C0,D0); 
S1 = ltisys(A1,B1,C1,D1,0); 
S2 = ltisys(A2,B2,C2,D2,0); 
S3 = ltisys(A3,B3,C3,D3,0); 
  
pdsys = psys(pv,[S0,S1,S2,S3]); %affine parameter dependent system 
psinfo(pdsys) 
%Affine parameter-dependent model with 3 parameters (4 systems)  
%Each system has 16 state(s), 8 input(s), and 12 output(s) 
  
polysys = aff2pol(pdsys); %polytopic model - instances of pdsys (affine) at 
the vertices of the box 
psinfo(polysys) 
%Polytopic model with 8 vertex systems  
%Each system has 16 state(s), 8 input(s), and 12 output(s) 
% [tau,P] = quadstab(polysys) 
% open-loop unstable 
  
%% LPV Controls Design 
%% Weights Selection 
%static gains and filters in TF form 
sys_Wr1 = ltisys('tf',[1],[1]); 
sys_Wr2 = ltisys('tf',[1],[1]); 
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sys_Wr3 = ltisys('tf',[1],[1]); 
sys_Wr4 = ltisys('tf',[1],[1]); 
sys_Wr5 = ltisys('tf',[1],[1]); 
sys_Wr6 = ltisys('tf',[1],[1]); 
sys_Wr7 = ltisys('tf',[1],[1]); 
sys_Wr8 = ltisys('tf',[1],[1]); 
sys_Wr9 = ltisys('tf',[1],[1]); 
sys_Wr10 = ltisys('tf',[1],[1]); 
sys_Wr11 = ltisys('tf',[1],[1]); 
sys_Wr12 = ltisys('tf',[1],[1]); 
  
sys_Wd1 = ltisys('tf',[1],[1]); 
sys_Wd2 = ltisys('tf',[1],[1]); 
sys_Wd3 = ltisys('tf',[1],[1]); 
sys_Wd4 = ltisys('tf',[1],[1]); 
  
cWp1 = 2.01; 
cWp2 = 0.201; 
% cWp1 = 20.1; 
% cWp2 = 2.01; 
% cWp1 = 0.201; 
% cWp2 = 0.0201; 
sys_Wp1 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp2 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp3 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp4 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp5 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp6 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp7 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp8 = ltisys('tf',[cWp1],[1, cWp2]); 
sys_Wp9 = ltisys('tf',[cWp1],[1, cWp2]); 
% sys_Wp10 = ltisys('tf',[cWp1],[1, cWp2]); 
% sys_Wp11 = ltisys('tf',[cWp1],[1, cWp2]); 
% sys_Wp12 = ltisys('tf',[cWp1],[1, cWp2]); 
  
sys_Wp10 = ltisys('tf',[2 0],[1, 8.5, 18]); 
sys_Wp11 = ltisys('tf',[2 0],[1, 8.5, 18]); 
sys_Wp12 = ltisys('tf',[2 0],[1, 8.5, 18]); 
  
% numWu = [10 0]; 
% denWu = [1 100]; 
numWu =[9.678, 0.029, 0, 0]; 
denWu = [1, 1.206e4, 1.136e7, 1.066e10]; 
% numWu = [0.5, 0.5*0.0001]; 
% denWu = [1 10]; 
sys_Wu1 = ltisys('tf',numWu,denWu); 
sys_Wu2 = ltisys('tf',numWu,denWu); 
sys_Wu3 = ltisys('tf',numWu,denWu); 
sys_Wu4 = ltisys('tf',numWu,denWu); 
  
%MIMO TF matrices 
sysWrg1 = sdiag(sys_Wr1,sys_Wr2,sys_Wr3,sys_Wr4,sys_Wr5,sys_Wr6); 
sysWrg2 = sdiag(sys_Wr7,sys_Wr8,sys_Wr9,sys_Wr10,sys_Wr11,sys_Wr12); 
Wr = sdiag(sysWrg1,sysWrg2);  
Wd = sdiag(sys_Wd1,sys_Wd2,sys_Wd3,sys_Wd4);  
sysWpg1 = sdiag(sys_Wp1,sys_Wp2,sys_Wp3,sys_Wp4,sys_Wp5,sys_Wp6); 
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sysWpg2 = sdiag(sys_Wp7,sys_Wp8,sys_Wp9,sys_Wp10,sys_Wp11,sys_Wp12); 
Wp = sdiag(sysWpg1,sysWpg2); 
Wu = sdiag(sys_Wu1,sys_Wu2,sys_Wu3,sys_Wu4);  
  
figure, 
splot(Wu,'sv') 
grid on; 
title('Singular Values - Control (Robustness) Weight W_u') 
xlabel('Frequency') 
ylabel('Magnitude') 
set(findall(gcf,'type','line'),'linewidth',1); 
set(gca,'fontsize',24); 
  
figure, 
splot(Wp,'sv') 
grid on; 
title('Singular Values - Performance (Sensitivity) Weight W_p') 
xlabel('Frequency') 
ylabel('Magnitude') 
set(findall(gcf,'type','line'),'linewidth',1); 
set(gca,'fontsize',24); 
%% Generalized LPV Plant 
% inputs = 'r(12);w(4)'; 
% outputs = 'Wr;Wd;Wp;Wu'; 
% K_in = 'K:[e=Wr:r-G;Wr:r]'; %controller K with its inputs 
% %G:K means the input of G is the output of K 
% G1_in = 'G:[K;Wd:w]'; %g1 = pdsys 
% G2_in = 'Wr:r'; %g2 = Wr 
% G3_in = 'Wd:w'; %g3 = Wd 
% G4_in = 'Wp:e'; %g4 = Wp 
% G5_in = 'Wu:K'; %g5 = Wu 
%  
% [P_aug,N_MC] = 
sconnect(inputs,outputs,K_in,G1_in,pdsys,G2_in,Wr,G3_in,Wd,G4_in,Wp,G5_in,Wu)
;  
  
inputs = 'r(12);w(4)'; 
outputs = 'Wr;Wd;Wp;Wu;'; 
K_in = 'K:e=Wr-G;Wr'; %controller K with its inputs 
%G:K means the input of G is the output of K 
G1_in = 'G:K;Wd'; %g1 = pdsys 
G2_in = 'Wr:r'; %g2 = Wr 
G3_in = 'Wd:w'; %g3 = Wd 
G4_in = 'Wp:e'; %g4 = Wp 
G5_in = 'Wu:K'; %g5 = Wu 
  
[P_aug,N_MC] = 
sconnect(inputs,outputs,K_in,G1_in,pdsys,G2_in,Wr,G3_in,Wd,G4_in,Wp,G5_in,Wu)
;  
  
psinfo(P_aug) 
%N_MC = [nbr of measurements (C(s) inputs), nbr of controls (C(s) outputs)) 
%expectation: [24 4] --> gain K [4 24] 
%pdP = Hinf plant P(s) associated with the control structure  
%Polytopic model with 8 vertex systems  
%Each system has 40 state(s), 20 input(s), and 56 output(s) 
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%% Gain-Scheduled Hinf Controller 
[gopt,pdK,R,S] = hinfgs(P_aug,N_MC,0,1e-2); 
psinfo(pdK) 
%Polytopic model with 8 vertex systems  
%Each system has 43 state(s), 24 input(s), and 4 output(s) 
  
pCL = slft(P_aug,pdK); %closed-loop system 
psinfo(pCL) 
%Polytopic model with 8 vertex systems  
%Each system has 86 state(s), 16 input(s), and 32 output(s) 
  
%Performance Analysis 
% [PERF, LP] = quadperf(pCL) 
  
%Stability Analysis  
% [TAU, LyP] = quadstab(pCL) 
% pdlstab(pCL) 
%NOTE: very long computation time for pdlstab, comment out when not needed 
  
%Vertex Controllers 
VK1 = psinfo(pdK,'sys',1); VK2 = psinfo(pdK,'sys',2); 
VK3 = psinfo(pdK,'sys',3); VK4 = psinfo(pdK,'sys',4); 
VK5 = psinfo(pdK,'sys',5); VK6 = psinfo(pdK,'sys',6); 
VK7 = psinfo(pdK,'sys',7); VK8 = psinfo(pdK,'sys',8); 
 
%Evaluate the eigenvalues of the Ak matrices of the vertex controllers 
VK = {VK1,VK2,VK3,VK4,VK5,VK6,VK7,VK8}; 
Vertex_Eig = cell(8,1); 
for i = 1:8 
    VKe = VK{i}; 
    [Ak, Bk, Ck, Dk] = ltiss(VKe); 
    Vertex_Eig{i} = eig(Ak); 
end 
  
%check eigenvalues are less than 0 
Vertex_Stable = cell(8,1); 
for i = 1:8 
    Vertex_Eig1 = Vertex_Eig{i}; 
    Vertex_Stable{i} = Vertex_Eig1 < 0; 
end 
 
  
[Ak, Bk, Ck, Dk] = ltiss(VK1); 
size(Ak); %43x43 
size(Bk); %43x24 
size(Ck); %4x43 
size(Dk); %4x24 
  
%example of psinfo function - to be implemented in Simulink 
SKsys = psinfo(pdK,'eval',V_C); %instantiates the polytopic system for the 
vertex controllers 
[Ak, Bk, Ck, Dk] = ltiss(SKsys); 
  
%% Frequency Domain Analysis - Singular Values Plots 
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%random polytopic coordinates for control analysis 
pNum = 100; polyc = []; 
for j = 1:pNum 
   poly = rand(1,8); 
   poly = poly/sum(poly); 
   polyc = [polyc; poly]; 
end 
  
%singular values plot for polytopic plant 
figure, 
omega = logspace(-2,2,200); 
for j = 1:pNum 
    PolySys = psinfo(polysys,'eval',polyc(j,:)); %evaluate at convex 
coordinates  
    [adp,bdp,cdp,ddp] = ltiss(PolySys); 
    sysp = ss(adp,bdp,cdp,ddp); 
    [sv] = sigma(sysp, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Plant G(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%singular values plot for Hinf plant 
figure, 
omega = logspace(-2,2,200); 
for j = 1:pNum 
    Pdg = psinfo(P_aug,'eval',polyc(j,:)); %evaluate at convex coordinates  
    [adg,bdg,cdg,ddg] = ltiss(Pdg); 
    sysg = ss(adg,bdg,cdg,ddg); 
    [sv] = sigma(sysg, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Augmented Plant P(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%singular values plot for polytopic controller 
figure, 
omega = logspace(-4,4,300); 
for j = 1:pNum 
    Pdk = psinfo(pdK,'eval',polyc(j,:)); %evaluate at convex coordinates  
    [adk,bdk,cdk,ddk] = ltiss(Pdk); 
    sysk = ss(adk,bdk,cdk,ddk); 
    [sv] = sigma(sysk, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Controller K(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
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    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%singular values plot for closed loop transfer system 
figure, 
omega = logspace(-4,4,300); 
for j = 1:pNum 
    Pcl = psinfo(pCL,'eval',polyc(j,:)); %evaluate at convex coordinates  
    [adcl,bdcl,cdcl,ddcl] = ltiss(Pcl); 
    syscl = ss(adcl,bdcl,cdcl,ddcl); 
    [sv] = sigma(syscl, omega); 
    semilogx(omega, mag2db(sv)); 
    hold on; grid on; 
    title('Singular Values - Closed Loop System F(\rho)') 
    xlabel('Frequency [rad/s]') 
    ylabel('Magnitude [dB]') 
    set(findall(gcf,'type','line'),'linewidth',1); 
    set(gca,'fontsize',24); 
end 
  
%% Functions 
%% Jacobian Linearization 
function [Al, Bl] = Qrotor_Linearization(x,u,l,m_base,mp,psi0,Jx,Jy,Jz) 
g = 9.81; 
KF = 6.11e-8; 
KM = 1.5e-9; 
k = sqrt(g*(m_base+mp)/(4*KF)); 
  
syms x0 y0 z0 
  
U_z = KF*(u(1)^2 +u(2)^2 + u(3)^2 + u(4)^2); 
U_roll = l*KF*(-u(2)^2 + u(4)^2);  
U_pitch = l*KF*(-u(3)^2 + u(1)^2);  
U_yaw = KM*(-u(1)^2 + u(2)^2 - u(3)^2 + u(4)^2); 
  
xdot = sym(zeros(12,1)); 
xdot(1) = (cos(x(9))*cos(x(8)))*x(4) + (-
sin(x(9))*cos(x(7))+cos(x(9))*sin(x(8))*sin(x(7)))*x(5) + 
(sin(x(9))*sin(x(7))+cos(x(9))*sin(x(8))*cos(x(7)))*x(6); 
xdot(2) = (sin(x(9))*cos(x(8)))*x(4) + 
(cos(x(9))*cos(x(7))+sin(x(9))*sin(x(8))*sin(x(7)))*x(5) + (-
cos(x(9))*sin(x(7))+sin(x(9))*sin(x(8))*cos(x(7)))*x(6); 
xdot(3) = (sin(x(8)))*x(4) + (-cos(x(8))*sin(x(7)))*x(5) + (-
cos(x(8))*cos(x(7)))*x(6); 
xdot(4) = (x(5)*x(12)-x(6)*x(11)) - g*sin(x(8)); 
xdot(5) = (x(6)*x(10)-x(4)*x(12)) + g*cos(x(8))*sin(x(7));  
xdot(6) = (x(4)*x(11)-x(5)*x(10)) + g*cos(x(8))*cos(x(7)) - 
(1/(m_base+mp))*U_z; 
xdot(7) = x(10) + (sin(x(7))*tan(x(8)))*x(11) + (cos(x(7))*tan(x(8)))*x(12); 
xdot(8) = cos(x(7))*x(11) + -sin(x(7))*x(12); 
xdot(9) = (sin(x(7))/cos(x(8)))*x(11) + (cos(x(7))/cos(x(8)))*x(12); 
xdot(10) = ((Jy-Jz)/Jx)*x(11)*x(12) + (1/Jx)*U_roll; 
xdot(11) = ((Jz-Jx)/Jy)*x(10)*x(12) + (1/Jy)*U_pitch; 
xdot(12) = ((Jx-Jy)/Jz)*x(10)*x(11) + (1/Jz)*U_yaw; 
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Ax = jacobian(xdot,x); 
Bu = jacobian(xdot,u); 
xe =[x0,y0,z0,0,0,0,0,0,psi0,0,0,0]; %operating point at hover condition 
ue = k*[1 1 1 1]; 
Al = subs(Ax,x,xe); 
Al = subs(Al,u,ue); %propeller speeds at hover conditions 
Al = vpa(Al,4); %linearized A 
Bl = subs(Bu,x,xe); 
Bl = subs(Bl,u,ue); 
Bl = vpa(Bl,4); %linearized B 
end 
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A.3 2DOF PI Actuator Control 
% MS Project (AE 295B) 
% Design of a Linear Parameter Varying Controller for a Delivery Quadrotor 
% Description: MATLAB script for 2DOF PI Actuator Controller 
% Author: Hussam Okasha 
  
wref = 200; 
tau = 0.00128; 
cm = 20; 
  
numa = cm; 
dena = [tau 1]; 
  
zeta = 1; 
wn = 100; 
  
N = 4.58; 
Kpi = (wn^2)*tau/cm; 
Kpa = 2*wn*zeta*tau/cm;  
Kpa = 1.15*Kpa; 
  
Vd = [0, -5]; 
t = zeros(1519,2); u = zeros(1519,2); Vin = zeros(1519,2); wp = 
zeros(1519,2); 
outwr = zeros(1519,2); 
  
open_system('PI_Control_Act.slx') 
  
for i = 1:2 
    Vdist = Vd(i); 
    sim('PI_Control_Act.slx') 
    t(:,i) = out.t; 
    u(:,i) = out.uVin; 
    Vin(:,i) = out.tVin; 
    r(:,i) = out.wref; 
    wp(:,i) = out.wp; 
end 
  
purple = [0.4940 0.1840 0.5560]; 
gold = [0.9290 0.6940 0.1250]; 
  
figure, 
subplot(2,1,1) 
    plot(t1{1},outu{1}) 
    hold on 
    plot(t1{2},outv{2}) 
    title('Input Voltage') 
    legend('Control Input',... 
           'Control Input with V_d = -5V','location','best') 
    xlabel('Time [s]');  
    ylabel('Voltage [V]'); 
    set(findall(gcf,'type','line'),'linewidth',3); 
    set(gca,'fontsize',24); 
subplot(2,1,2) 
    plot(t(:,1),r(:,1),'k') 



125 
 

    hold on 
    plot(t(:,1),wp(:,1),'color',purple) 
    hold on 
    plot(t(:,2),wp(:,2),'color',gold,'LineStyle','--') 
    title('Propeller Speed') 
    legend('Reference \Omega_r',... 
           '\Omega with V_d = 0V',... 
           '\Omega with V_d = -5V','location','best')   
    xlabel('Time [s]');  
    ylabel('Propeller Speed [rad/s]'); 
    set(findall(gcf,'type','line'),'linewidth',3); 
    set(gca,'fontsize',24); 
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A.4 Nonlinear Simulation of LPV Control System 
 

% MS Project (AE 295B) 
% Design of a Linear Parameter Varying Controller for a Delivery Quadrotor 
% Description: Nonlinear simulations of LPV control systems 
% Author: Hussam Okasha 
  
%% Parameters 
  
% Quadrotor Parameters 
g = 9.81; 
l = 0.6; %m 
R = 0.15; %m 
m_quadrotor = 3.800; %kg %all mass not including the motors, battery, and 
payload 
m_motor = 0.325;  
m_battery = 3.673; 
m_motors = 4*m_motor; 
mp = 2; %actual payload mass for simulation purposes 
m_base = m_quadrotor + m_motors + m_battery; 
psi0 = 0; 
  
% Actuator Parameters 
KF = 6.11e-8; 
KM = 1.5e-9; 
cm = 20; %s^-1 
tau = 0.00128; 
% Vdist = 0; 
% Vdist = -5; 
[numa, dena, N, Kpi, Kpa] = ActuatorPI(cm,tau); 
  
% Mass Estimator Parameters 
Lambda_0 = 10; 
Gamma = 15; 
Est_IC = 1/m_base; 
  
%System Parameters for propeller based model 
% LinModel = load('sysmodels.mat');  
% Alin = LinModel.Al; 
% Blin = LinModel.Bl; 
  
% LPV Controller Parameters 
%lpvDFT.mat - Forces and Torques 
%lpvPropeller.mat - Propeller Speeds 
LPVcontrol = load('lpvPropeller.mat');  
pv = LPVcontrol.pv; %parameter box 
pdK = LPVcontrol.pdK; %polytopic vertex controllers 
  
% Test Inputs 
k = sqrt(g*(m_base+mp)/(4*KF)); 
hov_in = (m_base+mp)*g*[1 0 0 0]; 
omega_direct = k*[1 1 1 1];  
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% Linearized A and B for linear simulation 
% run LPV_Control_Quadrotor.m or LPV_Control_Quadrotor_2.m first 
syms psi0 mp 
Alin = subs(Al,psi0,0); 
Blin = subs(Bl,mp,2); 
Alin = double(Alin); 
Blin = double(Blin); 
psi = 0; 
mp = 2; 
  
% Trajectory gain for linear simulation 
Cr = [1.321, zeros(1,11); 
      0, 1.321 zeros(1,10); 
      0, 0, 1.361, zeros(1,9); 
      zeros(9,3), eye(9)]; 
   
% Reference Model (Trajectory Filter) 
tau_f = 0.1; 
% tau_f = 0.06; 
Aref = -tau_f*eye(12); 
Bref = eye(12); 
Cref = tau_f*eye(12); 
Dref = zeros(12); 
x0ref = zeros(1,12); 
  
syms s 
Gr = Cref*inv(s*eye(12)-Aref)*Bref+Dref; 
Gr_sys = ltisys('tf',[3],[50 3]); 
Gr_sysA = ltisys('tf',[1],[10 1]); 
figure, 
splot(Gr_sys,'bode') 
grid on; 
title('Bode Plot for Model Reference Signal') 
set(findall(gcf,'type','line'),'linewidth',2); 
  
figure, 
splot(Gr_sysA,'bode') 
grid on; 
title('Bode Plot for Model Reference Signal') 
set(findall(gcf,'type','line'),'linewidth',2); 
   
%% Plots 
% open_system('PayloadQuadrotor_Nonlinear2019b2.slx') 
% sim('PayloadQuadrotor_Nonlinear2019b2.slx') 
  
% open_system('PayloadQuadrotor_Nonlinear.slx') 
% sim('PayloadQuadrotor_Nonlinear.slx') 
  
%Mass Estimator Plot 
massp = [(m_base+mp)*ones(length(out.t),1), mp*ones(length(out.t),1), 
out.m_est, out.mp_est]; 
QrotorMassEstPlot(out.t,massp); 
% print(gcf,'dist_massest.png','-dpng','-r600') 
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%Position Plot 
QrotorPosPlot(out.t,out.r_out,out.qstates); 
% print(gcf,'dist_3Dtraj.png','-dpng','-r600') 
% print(gcf,'dist_poststates.png','-dpng','-r600') 
  
%State Plots 
QrotorPlotStates(out.t,out.r_out,out.qstates); 
% print(gcf,'dist_vel.png','-dpng','-r600') 
% print(gcf,'dist_Eul.png','-dpng','-r600') 
% print(gcf,'dist_attr.png','-dpng','-r600') 
  
%Control Plots 
QrotorPlotControl(out.t,out.ctrl,out.lpvcmd,out.lpvcmds); 
% print(gcf,'dist_LPV.png','-dpng','-r600') 
% print(gcf,'dist_scaledLPV.png','-dpng','-r600') 
% print(gcf,'dist_actinputs.png','-dpng','-r600') 
  
%to save high res images, with the figure of interest open, type in command 
%prompt: print(gcf,'filename.png','-dpng','-r600') %600 = dots per inch 
  
%% Functions 
  
function [] = QrotorPosPlot(t,r,states) 
r1 = r(:,1); 
r2 = r(:,2); 
r3 = r(:,3); 
X = states(:,1); 
Y = states(:,2); 
Z = states(:,3); 
  
figure('Position', get(0, 'Screensize')); 
plot3(r1,r2,r3,'k'); 
hold on 
plot3(X,Y,Z,'r--') 
grid on 
xlabel('North Position [m]'); 
ylabel('East Position [m]'); 
zlabel('Altitude [m]'); 
title('Reference Tracking'); 
legend('desired trajectory',... 
       'position response','location','best') 
set(findall(gcf,'type','line'),'linewidth',3); 
set(gca,'fontsize',24); 
  
figure('Position', get(0, 'Screensize')); 
plot(t,X,t,Y,':',t,Z); 
hold on 
plot(t,r1,'--',t,r2,':',t,r3,'--') 
grid on 
xlabel('Time [s]'); 
ylabel('Position [m]'); 
title('Reference Tracking'); 
legend('X',... 
       'Y',... 
       'Z',... 
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       'desired X',... 
       'desired Y',... 
       'desired Z','location','best') 
set(findall(gcf,'type','line'),'linewidth',3); 
set(gca,'fontsize',24); 
end 
  
function [] = QrotorPlotStates(t,r,states) 
udes = r(:,4); 
vdes = r(:,5); 
wdes = r(:,6); 
Edes = r(:,7); %common to phi, theta, psi 
pdes = r(:,10); %common to p q r 
  
u = states(:,4); 
v = states(:,5); 
w = states(:,6); 
phi = states(:,7)*180/pi; 
theta = states(:,8)*180/pi; 
psi = states(:,9)*180/pi; 
p = states(:,10)*180/pi; 
q = states(:,11)*180/pi; 
r = states(:,12)*180/pi; 
  
figure('Position', get(0, 'Screensize')); 
plot(t,u,t,v,':',t,w) 
hold on 
plot(t,udes,'--',t,vdes,':',t,wdes,'--') 
title('Velocity Responses') 
legend('u',... 
       'v',... 
       'w',... 
       'desired u',... 
       'desired v',... 
       'desired w','location','best') 
xlabel('Time [s]') 
ylabel('Velocity [m/s]') 
set(findall(gcf,'type','line'),'linewidth',2); 
set(gca,'fontsize',24); 
  
figure('Position', get(0, 'Screensize')); 
plot(t,phi,t,theta,t,psi) 
hold on 
plot(t,Edes,'k--') 
title('Euler Angle Responses') 
legend('\psi',... 
       '\phi',... 
       '\theta',... 
       'desired Euler angle','location','best') 
xlabel('Time [s]') 
ylabel('Euler Angle [deg]') 
set(findall(gcf,'type','line'),'linewidth',2); 
set(gca,'fontsize',24); 
  
figure('Position', get(0, 'Screensize')); 
plot(t,p,t,q,t,r) 
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hold on 
plot(t,pdes,'k--') 
title('Attitude Rate Responses') 
legend('p',... 
       'q',... 
       'r',... 
       'desired attitude rate','location','best') 
xlabel('Time [s]') 
ylabel('Attitude Rate [deg/s]') 
set(findall(gcf,'type','line'),'linewidth',2); 
set(gca,'fontsize',24); 
end 
  
function [] = QrotorMassEstPlot(t,y) 
y1 = y(:,1); 
y2 = y(:,2); 
y3 = y(:,3); 
y4 = y(:,4); 
  
figure('Position', get(0, 'Screensize')); 
plot(t,y1,'k') 
hold on 
plot(t,y3,'r--') 
hold on 
plot(t,y2,'b') 
hold on 
plot(t,y4,'g--') 
title('Gradient Descent Based Mass Estimator') 
legend('actual m',... 
       'estimated m',.... 
       'actual m_p',... 
       'estimated m_p','location','best') 
xlabel('Time [s]') 
ylabel('Mass [kg]') 
set(findall(gcf,'type','line'),'linewidth',3); 
set(gca,'fontsize',24); 
xlim([0, 1]) 
end 
  
function [] = QrotorPlotControl(t,control,lpv,cmd) 
u1 = control(:,1); 
u2 = control(:,2); 
u3 = control(:,3); 
u4 = control(:,4); 
  
lpv1 = lpv(:,1); 
lpv2 = lpv(:,2); 
lpv3 = lpv(:,3); 
lpv4 = lpv(:,4); 
  
cmd1 = cmd(:,1); 
cmd2 = cmd(:,2); 
cmd3 = cmd(:,3); 
cmd4 = cmd(:,4); 
  
figure('Position', get(0, 'Screensize')); 
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plot(t,u1,t,u2,t,u3,t,u4) 
title('Control Inputs') 
% legend('F_z [N]',... 
%        '\tau_\phi [Nm]',... 
%        '\tau_\theta [Nm]',... 
%        '\tau_\psi [Nm]','location','best') 
legend('\Omega_f',... 
       '\Omega_r',... 
       '\Omega_b',... 
       '\Omega_l','location','best') 
xlabel('Time [s]') 
% ylabel('Magnitude') 
ylabel('Angular Speed [rad/s]') 
set(findall(gcf,'type','line'),'linewidth',2); 
set(gca,'fontsize',24); 
  
figure('Position', get(0, 'Screensize')); 
plot(t,lpv1,t,lpv2,t,lpv3,t,lpv4) 
title('LPV Commands') 
% legend('F_z [N]',... 
%        '\tau_\phi [Nm]',... 
%        '\tau_\theta [Nm]',... 
%        '\tau_\psi [Nm]','location','best') 
legend('\Omega_f',... 
       '\Omega_r',... 
       '\Omega_b',... 
       '\Omega_l','location','best') 
xlabel('Time [s]') 
% ylabel('Magnitude') 
ylabel('Angular Speed [rad/s]') 
set(findall(gcf,'type','line'),'linewidth',2); 
set(gca,'fontsize',24); 
  
figure('Position', get(0, 'Screensize')); 
plot(t,cmd1,t,cmd2,t,cmd3,t,cmd4) 
title('Scaled LPV Commands') 
% legend('F_z [N]',... 
%        '\tau_\phi [Nm]',... 
%        '\tau_\theta [Nm]',... 
%        '\tau_\psi [Nm]','location','best') 
legend('\Omega_f',... 
       '\Omega_r',... 
       '\Omega_b',... 
       '\Omega_l','location','best') 
xlabel('Time [s]') 
% ylabel('Magnitude') 
ylabel('Angular Speed [rad/s]') 
set(findall(gcf,'type','line'),'linewidth',2); 
set(gca,'fontsize',24); 
end 
  
% Actuator PI Controller Parameters 
function [numa, dena, N, Kpi, Kpa] = ActuatorPI(cm,tau) 
numa = cm; 
dena = [tau 1]; 
zeta = 1; 
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wn = 100; 
N = 4.58; 
Kpi = (wn^2)*tau/cm; 
Kpa = 2*wn*zeta*tau/cm;  
Kpa = 1.15*Kpa; 
end 
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A.5 Reference Trajectory Build 
 
%MATLAB Simulink function builds the reference trajectory 
function traj = RefTraj(t) 
%Parameters 
h = 40; %heigh of the building [m] 
delta = 10; %height of quadrotor above h [m] 
Vp = 10; %lifting velocity [m/s] 
Vm = 10; %cruise velocity [m/s] 
t1 = (h+delta)/Vp; %time at waypoint 1 [s] 
t2 = t1 + (1000*sqrt(2)/Vm); %time at waypoint 2 [s] 
theta = 45; %angle between point AB and ground [deg] 
tb = 20; %desired time to deliver payload from z=h+delta to z=40 
Vh = 2*delta/tb; %see derivation 
  
%r0 path 
if t <= 0 
   X = 0; Y = 0; Z = 0; 
   r0 = [X, Y, Z]; 
   u = 0; v = 0; w =0; 
   v0 = [u, v, w];  
   Eul0 = [0, 0, 0]; 
   rates0 = [0, 0, 0]; 
   traj = [r0, v0, Eul0, rates0]'; 
  
%r1 path    
elseif t > 0 && t <= t1 
   X = 0; Y = 0;  
   Z = Vp*t+0; 
   r1 = [X, Y, Z]; 
   u = 0; v = 0; 
   w = Vp; 
   v1 = [u, v, w]; 
   Eul1 = [0, 0, 0]; 
   rates1 = [0, 0, 0]; 
   traj = [r1, v1, Eul1, rates1]'; 
    
%r2 path 
elseif t > t1 && t <= t2 
   X = (Vm/sqrt(2))*(t - t1); 
   Y = (Vm/sqrt(2))*(t - t1); 
   Z = h + delta; 
   r2 = [X, Y, Z]; 
   u = Vm*cosd(theta); 
   v = Vm*sind(theta); 
   w = 0; 
   v2 = [u, v, w]; 
   Eul2 = [0, 0, 0]; 
   rates2 = [0, 0, 0]; 
   traj = [r2, v2, Eul2, rates2]'; 
    
%r3 path 
elseif t > t2 && t <= (t2 + tb) 
   X = 1000; Y = 1000; 
   Z = -Vh*(t - t2) + (Vh/(2*tb))*(t - t2)^2 + (h + delta); 
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   r3 = [X, Y, Z]; 
   u = 0; v = 0;  
   w = -Vh + (Vh/tb)*(t - t2); 
   v3 = [u, v, w]; 
   Eul3 = [0, 0, 0]; 
   rates3 = [0, 0, 0]; 
   traj = [r3, v3, Eul3, rates3]'; 
  
%r4 path 
else % t == (t2 + tb) 
   X = 1000; Y = 1000; 
   Z = h; 
   r4 = [X, Y, Z]; 
   u = 0 ; v = 0; w = 0; 
   v4 = [u, v, w]; 
   Eul4 = [0, 0, 0]; 
   rates4 = [0, 0, 0]; 
   traj = [r4, v4, Eul4, rates4]'; 
end 
traj(6) = -traj(6); 
end 
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A.6 LPV Control Simulink MATLAB Functions 
 
 
%Function for ConvexDecomp  
%Workaround to avoid the code generation feature of the Simulink MATLAB 
function 
function alphas = myWrapper(pv,rho_m) 
alphas = polydec(pv,[rho_m(1), rho_m(2), rho_m(3)]); %vertex coordinates 
end 

 

function alphas = ConvexDecomp(pv,rho_m) 
alphas = zeros(1,8); 
coder.extrinsic('myWrapper') 
alphas = myWrapper(pv,rho_m); 
end 

 

%Function for VertexControl 
%Workaround to avoid the code generation feature of the Simulink MATLAB 
function 
function [Ak,Bk,Ck,Dk] = myWrapper2(pdK,alphas) 
SKsys = psinfo(pdK,'eval',alphas); %instantiates the polytopic system for 
the vertex controllers 
[Ak, Bk, Ck, Dk] = ltiss(SKsys); 
end 

 

function [Ak,Bk,Ck,Dk] = VertexControl(pdK,alphas)  
Ak = zeros(43,43); 
Bk = zeros(43,24); 
Ck = zeros(4,43); 
Dk = zeros(4,24);  
coder.extrinsic('myWrapper2') 
[Ak,Bk,Ck,Dk] = myWrapper2(pdK,alphas); 
end 

 

 

  
























