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Suppose that a desired trajectory 𝑞𝑑(𝑡) has been selected for the arm motion. To ensure trajectory 

tracking by the joint variable, define an output or tracking error as

To demonstrate the influence of the input 𝜏 on the tracking error, differentiate twice to obtain

Derivation of Inner Feedforward Loop
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% LQR Control of a Mass-Spring-Damper System
clear all; close all; clc;

%% 1. System Definition (Mass-Spring-Damper)
m = 1.0;    % Mass (kg)
b = 0.5;    % Damping coefficient (N-s/m)
k = 2.0;    % Spring constant (N/m)

% State-space matrices: x = [position; velocity]
A = [0, 1; -k/m, -b/m];
B = [0; 1/m];
C = [1, 0];
D = 0;

%% 2. LQR Design
% Q: Penalty on state error [position, velocity]
Q = [100, 0;
     0, 1];

% R: Penalty on control effort (Force)
R = 0.1;

% Calculate the optimal gain K
[K, S, P] = lqr(A, B, Q, R);

%% 3. Simulation
t_span = 0:0.01:10;         % Time vector
initial_x = [1; 0];         % Initial position = 1m, velocity 
= 0

% Closed-loop system: dx/dt = (A - B*K)x
sys_cl = ss(A - B*K, B, C, D);
[y, t, x] = initial(sys_cl, initial_x, t_span);

% Calculate Control Trajectory (u = -K*x)
u = -K * x';

%% 4. Plotting
figure('Position', [100, 100, 800, 600]);

% System Response (States)
subplot(2,1,1);
plot(t, x(:,1), 'b', 'LineWidth', 2); hold on;
plot(t, x(:,2), 'r--', 'LineWidth', 1.5);
grid on;
title('System Response (States)');
xlabel('Time (s)');
ylabel('Amplitude');
legend('Position (x_1)', 'Velocity (x_2)');

% Control Trajectory (Input)
subplot(2,1,2);
plot(t, u, 'g', 'LineWidth', 2);
grid on;
title('Control Trajectory (Input Force)');
xlabel('Time (s)');
ylabel('Force (N)');

computed-torque control

Then we substitute ⑭ into robot arm dynamics ⑫
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Proportional-plus-Derivative (PD) Outer Loop_
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Proportional-plus-Derivative (PD) Outer Loop
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To make⑳ asymptotically Stable ,(AS),
we need to ensure all eigenvalues of M

being negative
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We just need to select
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Part b : PID Control
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Robot Arm Motion Equation
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Tracking Error
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disturbance input function
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Then , e = U t ω

Design PID
controlter feedback on State
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kp : proportinal gain to be designed'
KI : integ ral gain

put the PED u into è
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Now we need to make sure X = AX is stable

Then we can have bounded system X =AX +Bu

(Bw is bounded)



To get Stable A
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we need to have

all negative eigenvalues of A.
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Routh Test
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Recall that PD control
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