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1 INTRODUCTION

The objective of this laboratory is to develop a feedback system to track the spring-driven cart to a desired position as
quickly as possible while minimizing the overshoot and residual vibration. A full-state-feedback controller is designed
using the Linear Quadratic Regulator (LQR) methodology.

Topics Covered

Developing of a mathematical model of the linear flexible joint system using Lagrangian mechanics.

Obtaining the linear state-space representation of the open-loop system

Designing a state-feedback controller using the LQR algorithm.

Simulating the closed-loop system to ensure that the specifications are met

Implementing the controller on the LFJC-E plant and evaluating its performance

Prerequisites

In order to successfully carry out this laboratory, the user should be familiar with the following:

The required software and hardware outlined in Section 4.

State-space modeling fundamentals.

Some knowledge of state-feedback.

Basics of LabVIEW™ |

Laboratory described in the LabVIEW Integration [2] in order to be familiar using LabVIEW™ with the IP02
Base Unit.




2 MODELING

2.1 Background

2.1.1 Model Convention

The linear flexible joint cart system schematic is shown in Figure 2.1. The positive direction of linear displacement
is to the right when facing the cart.

x>0

XC XJC

Figure 2.1: Linear Flexible Joint Cart schematic

2.1.2 Equations of Motion

In this section the Lagrange method is used to find the equations of motion of the system. This systematic method is
often used for more complicated systems such as robotic manipulators with multiple joints. The equations of motion
(EOM) of the system could also be determined using a free body diagram and force analysis.

More specifically, the dynamics equations that describe the motion of the linear cart and flexible joint cart with
respect to the motor voltage will be obtained. By neglecting the Coulomb (static) friction of the LFJC-E system, we
can formulate a linear representation of the pure spring-mass-damper system using the Euler-Lagrange equation:

L L
otdq;  0q;

Qi
The variables ¢; are called generalized coordinates. For this system let
q(t) " = [ze(t) e (t)] (2.1)

where z.(t) is the cart position and z,.(t) is the LFJC-E cart position. The corresponding velocities are

07 = [axgt(t) 696(]5;(25)]

Note: The dot convention for the time derivative will be used throughout this document, i.e., 2, = dz.  The time

dt -
variable t will also be dropped for z. and zj, i.e., z. = z.(t) and z;. = x;.(t).

With the generalized coordinates defined, the Euler-Lagrange equations for the linear pendulum gantry are:

0?L oL

005, Ow. O
L 9L 0
otdzj. Oxje  °
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The Lagrangian of the system, L, is described:
L=T-V

where T is the total kinetic energy of the system and V' is the total potential energy of the system. Therefore, the
Lagrangian represents the difference between the kinetic and potential energy of the system.

The potential energy of a system is fundamentally a measure of the energy that a system has due to some kind of
work that was performed to move it from a lower energy configuration. In the case of the LFJC-E since the vertical
motions of the carts are fixed, the system's total potential energy is due to the elastic potential energy of the linear
spring. Therefore, the total potential energy of system is:

1
Vr = §Ks($jc —x.)” (2.2)

where K is the joint spring constant.

The total kinetic energy of the system is the sum of the translational and rotational kinetic energies arising from the
motion of the IP02 cart, and the translational kinetic energy of the LFJC-E cart. The translational kinetic energy of
the IP0O2 cart, T,;, can be expressed as:

1 2

Tct = §mc-%:c

and the rotational energy due to the DC motor, T,,, is:

_ 1ngJnEKja?
S T2

where the corresponding IP02 parameters are defined in the IP02 User Manual [1]. Finally, the translational kinetic
energy of the LFJC-E is:

-2
cht = 7MjcTjc

2

If we combine the kinetic energy equations together, the resultant total kinetic energy of the system is:

1 . 1 .
Tr = ijeqxf + §mjcx36 (2.3)

where )
K2,
Jog = M+ =g
Tip

The generalized forces, Q.. and Q,, , are used to describe the non-conservative forces applied to a system with
respect to the generalized coordinates. The generalized forces acting on the linear carts are:

Qxc = Fc - Beqx.c (24)

and acting on the pendulum is
Qflfjg = _Beq]'c:tjc- (25)

where B, and B.,,, are the equivalent viscous damping of the IP02 and LFJC-E carts respectively.
Note: The nonlinear Coulomb friction applied to the linear carts have been neglected in the dynamic model.

By substituting the total kinetic and potential energy of the system shown in Equation 2.2 and Equation 2.3, and the
generalized forces into the Euler-Lagrange formulation, the equations of motion are:

Jeq@e + Ksxe — Kstg = Fp — Begie (2.6)




and
mjcjéjc — Koz + KS.I’J‘C = _Beqjcftjc- (27)

Solving for the acceleration terms in the equations of motion yields:

. 1 .
Le = Jeq ( - Kz + stjc - Beqxc + Fc) (28)
and
, 1 .
Zje = — Ksve — Ksje — Beg; Tje |- (2.9)
je

The linear force applied to the cart, F, is generated by the servo motor and described by the equation:

F.

_ ngK Ky K¢K,, 2.
B Rmrmp

+ ﬁme) (2.10)

Tmp

where the servo motor parameters are defined in the IP02 User Manual [1].

The equations of motion for the IP02 and LFJC-E derived in Equation 2.8 and Equation 2.9 match the typical form
of an EOM for a single body:
Ji+bi+ g(x) = Fy (2.11)

where z is a linear position, J is the moment of inertia, b is the damping, g(x) is the gravitational function, and F; is
the applied force (scalar value).

For a generalized coordinate vector ¢, this can be generalized into the matrix form

D(q)i+C(q,4)4+g(q) = F (2.12)

where D is the inertial matrix, C is the damping matrix, g(q) is the gravitational vector, and F' is the applied force
vector.

The equations of motion given in 2.6 and 2.7 can be placed into this matrix format.

2.1.3 State-Space Maodel

The linear state-space equations are
z = Az + Bu (2.13)

and
y=Cz+ Du

where z is the state, u is the control input, A, B, C, and D are state-space matrices. For the linear pendulum gantry
system, the state and output are defined

2l = [we wje T Ejc] (2.14)

and

y' = [z ). (2.15)

In the output equation, only the position of the IP02 and LFJC-E carts are being measured. Based on this, the C
and D matrices in the output equation are
= {1 0 0 0} (2.16)

0 1 0 0

Q
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and

p-].

(2.17)

The velocities of the carts can be computed in the digital controller by taking the derivative and filtering the result

though a high-pass filter.

2.1.94 Free-Oscillation of a Second Order System

25 T

o (deg)

" oscillation

O

1
0.8 1 t 12 ¢ 1.4 16 t
time (s)

Figure 2.2: Free Oscillation Response

Finding the Natural Frequency

The period of the oscillations in a system response can be found using the equation

the1 — 1
n

Tosc =

(2.18)

where t,, is the time of the n!" oscillation, ¢, is the time of the first peak, and n is the number of oscillations considered.

From this, the damped natural frequency (in radians per second) is

2w

and the undamped natural frequency is

Finding the Damping Ratio

The damping ratio of a second-order system can be found from its response.

damped system, the subsidence ratio (i.e., decrement ratio) is defined as

s=Lin O
n On+1

(2.19)

(2.20)

For a typical second-order under-

(2.21)




where O, is the peak of the first oscillation and O,, is the peak of the n'" oscillation. Note that O, > O,,, as this is a
decaying response.

The damping ratio is defined
(= —=— (2.22)

Q
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2.2 Pre-Lab Questions

1. Find the linear state-space model of the flexible joint cart system.

2. Consider the linear spring-damper-mass portion of the system having parameters K, B.,,., and m;. respec-
tively. If the displacement of the mass center of gravity is x;., determine the ordinary differential equation
(ODE) that describes the free-oscillatory motion of the mass. Hint: Refer to the generalized second order
single body EOM shown in Equation 2.11.

3. Taking the Laplace transform of the ODE describing the free motion of the mass found in Question 2, express
the coefficients of the ODE in terms of the generic damping and natural frequency parameters, ¢ and w,,, found
in the second-order characteristic equation:

s2 + 2Cwps +w? (2.23)

Note: For an underdamped system where ( < 1, the roots of the characteristic equation are the complex

conjugate roots:
51 = —CQwn + jwny/1 _C2

S2 = _Cwn — JWn 1- CZ

and




2.3 In-Lab Exercises

The goal of this laboratory is to explore the state-space model of the linear flexible joint cart. You will begin by
determining the damping and spring constant of your particular LFJC-E. You will then conduct an experiment to
validate the model by comparing the response of the model to the response of the actual system.

2.3.1 Impulse Response Test

Experimental Setup

The LFJC Model Parameters VI shown in Figure 2.3 is used to measure the impulse response of the LFJC-E load
cart.

{3 Model Parameters.vi Front Panel =RlC) =
File Edit View Project Operate Tools Window Help £ ®
[ [@]/@)[1n] [ 15pt Eurostile LT 5td bt Two |~ | [ 3~ | [ |8~ | [~ |[+1 search NE |%
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Time

Figure 2.3: LabVIEW VI used to measure LFJC-E impulse response

Note: Before you can conduct these experiments, you need to make sure that the lab files are configured according
to your IP02 and LFJC-E setup. If they have not been configured already, then go to Section 4.2 to configure the
lab files before you begin.

1. Open the LabVIEW project called Linear Flexible Joint Cart.lvproj, shown in Figure 4.1, in Section 4.2.
Open the LFJC Model Parameters.vi shown in Figure 2.3.
If you haven't already, set the HIL Initialize vi to match your DAQ board as described in Section 4.2.

Clamp the IP02 cart to the track end-plate so that it cannot move.

o > v DN

With the IP02 cart immobile, you should be able to fully compress the linear spring by pushing on the LFJC-E
load cart. When the cart is released, the spring restoring force will apply an impulse force and initiate free
oscillations of the LFJC-E spring-damper-mass system.

6. Run the VI. Release the load cart and observe the oscillations on the LFJC-E Cart Position chart. When the
oscillations have decayed significantly, click on the Stop button.

Q
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7. Your response should resemble the scope shown in Figure 2.4. Plot the response of the load cart and attach

8.

10.

it to your report.

LFIC-E Cart Position
| 100-
75

50-

Position (mm)

-100-

1
oo 10 20 30 40 50 60 70 80 90 100
Time

Figure 2.4: LFJC-E load cart impulse response

Using the response from Question 7 and the subsidence ratio Equation 2.21, calculate the experimental damp-
ing ratio, ¢. You can use the Graph Palette to zoom in on the response.

Using the measured damping ratio, we can now calculate the experimental natural frequency of the system.
Using the response from Question 7 and the period of the oscillations expressed in Equation 2.18, calculate
the experimental natural frequency, w,,.

Using the measured values of ¢ and w,,, and the relationship you derived in Section 2.2, determine the exact
values of the equivalent spring stiffness, K, and equivalent damping coefficient, B, , that correspond to
your particular LFJC-E system. How do your values compare to the specification values of Ky = 142 N/m and
Beg,;. = 2.2 N-s/m, given in the LFJC-E User Manual [3]?

Note: The mass of the LFJC-E load cart with the spring assembly is 0.293 kg, and each additional weight is
0.125 kg. Therefore, the total mass of the LFJC-E load cart with two weights, m;., is 0.543 kg.

2.3.2 Model Analysis

The LFJC Model Design VI shown in Figure 2.5 is used to create the state-space model of the linear flexible joint
cart system. Once the model has been constructed using the state matrices that were developed in Section 2.2, you
can export the state-space model for use in other Vis.

Note: Before you can conduct these experiments, you need to make sure that the lab files are configured according
to your IP02 and LFJC-E setup. If they have not been configured already, then go to Section 4.2 to configure the
lab files before you begin.

o > w b

. Ensure that you have configured the lab files for your IPO2 and LFJC-E setup. If they have not been configured

already, then go to Section 4.2 to configure the lab files before you begin.

Open the LabVIEW project called Linear Flexible Joint Cart.lvproj, shown in Figure 4.1, in Section 4.2.
Open the SPG Model Design.vi shown in Figure 2.5.

Open the MathScript window under Tools | MathScript Window.

Open the setup_lfic_.model_student script. Nearthe bottom of the script, you should find the following code:
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Figure 2.5: VI used to confirm system model

= eye(4,4);
[0;0;1;0];
eye(2,4);
zeros(2,1);

OQ W=

%Actuator Dynamics

A(3,3) = A(3,3) - B(3)*eta_g*Kg 2xeta_m*Kt*Km/r_mp~2/Rm;
A(4,3) = A(4,3) - B(4)*eta_g*Kg~2xeta_m*Kt*Km/r_mp~2/Rm;
B = eta_g*Kg*eta_m*Kt/r_mp/Rm*B;

The representative C' and D matrices have already been included. You need to enter the state-space matrices
A and B that you found in Section 2.2. The actuator dynamics have been added to convert your state-space
matrices to be in terms of voltage. Recall that the input of the state-space model you found in Section 2.2 is the
force acting on the IP02 cart. However, we do not control force directly - we control the servo input voltage. The
above code uses the voltage-torque relationship given in Equation 2.10 in Section 2.1.2 to transform torque to
voltage.

Note: The model parameters are denoted as Jeq, M_jc, Beq_jc, Ks, and Beq.

Run the setup_Ific_model_student script to load the state-space matrices. Show the numerical matrices that
are displayed in the Output Window.

Copy the resultant state-space matrices into the A and B fields in the LFJC Model Design V1. Run the model
to verify that the parameters were loaded properly.

Using the VI, record the open-loop poles of the system.

Enter a title for the state-space model in the Model Name field and press Save to export a copy of the model
into the Model Files folder.

Update the values of the equivalent spring stiffness, K, and equivalent LFJC-E damping, B.g;., with the
experimental values you found in Section 2.3.1. The values can be entered in the following script location:

QUANSER



% #it### USER-DEFINED MODEL PARAMETERS ##i#i##
% Specify perticular equivalent spring stiffness, Ks, and equivalent
% damping, Beq_jc, parameters:

%Ks = 0;
%Beq_jc = 0;

11. Copy the updated state-space matrices into the A and B fields in the LFJC Model Design V1. Run the model
to verify that the parameters were loaded properly.

12. Enter a title for the alternative state-space model in the Model Name field and press Save to export a copy of
the model into the Model Files folder.

Before ending this lab... To do the pre-lab questions in Section 3.3, you need the A and B matrices (numerical
representation) and the open-loop poles. Make sure you record these.




2.3.3 Model Validation

Experimental Setup

The LFJC Modeling V1 shown in Figure 2.6 is used to confirm that the actual system hardware matches the state-
space model derived in Section 2.1.3. This VI applies a voltage to the DC motor, and outputs the IP02 and LFJC-E
cart positions, as well as the spring deflection.
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Figure 2.6: LabVIEW VI used to confirm system model

Note: Before you can conduct these experiments, you need to make sure that the lab files are configured according
to your IPO2 and LFJC-E setup. If they have not been configured already, then go to Section 4.2 to configure the
lab files before you begin.

1. Open the LabVIEW project called Linear Flexible Joint Cart.lvproj, shown in Figure 4.1, in Section 4.2.
Open LFJC Modeling.vi shown in Figure 2.6.

If you haven't already, set the HIL Initialize vi to match your DAQ board as described in Section 4.2.

> w0 DN

Before starting the VI, load the state-space model you developed in Section 2.3.2 by double-clicking on the
State-Space block on the block diagram, and clicking on "Load Model".

5. Ensure that the LFJC-E is in the middle of the track, and that the motor and encoder cables are able to move
freely.

6. Run the VI. The IP02 cart, and LFJC-E load cart should begin moving back and forth along the track, and the
graphs should resemble Figure 2.7. The blue trace is the simulated position of the cart, and the red trace is
the corresponding measured position.

S

QUANSER



Simulated Position (mm) [/~

Measured Position (mm:
1P02 Cart Position (mm) (mm) L | Lesce cat position tmm Spring Deflection (mm)

200- [ 100+ 50
75- 40|
50- 30
25+ 20
0- 10-|
o :
50+ -10-
75+ 20
-100-| -30-
-150- 25| a0
200, : , : , . Ely : : : : : 50

150~
100+
50-

(mm)
Position (mm)

Positior

50|

Pasition (mm)

-100-

Figure 2.7: IP02 open-loop step response

. Load the state-space model that was generated using the experimental values for the equivalent damping and
stiffenss parameters.

. Re-run the model and observe any changes in the response. Does the updated simulation match the measured
response better than the default? Why might this be the case?

. Create a figure that compares the simulated and experimental response of the cart positions and spring de-
flection. Comment on why there may be discrepancies in the response of the updated model and the actual
system.




S POSITION CONTROL

3.1 Specifications

The response of the linear flexible joint cart should satisfy the following requirements:

e Percent Overshoot: PO <10 %
o Maximum settling time (5 %): ¢ < 0.6s

o Steady-state error: ¢,; = 0.
The control effort should be minimized as much as possible within the specified hard limit.

Note: The previous specifications are given in response to a £20 mm square wave cart position setpoint.

3.2 Background

3.2.1 Linear Quadratic Regular (LQR)

If (A,B) are controllable, then the Linear Quadratic Regular optimization method can be used to find a feedback
control gain. Given the plant model in Equation 2.13, the LQR algorithm finds the control input « that minimizes the
cost function

J= / () Qu(t) + u(t) Ru(t) dt, (3.1)
0

where @) and R are the weighting matrices. The weighting matrices affect how LQR minimizes the function and are,
essentially, tuning variables.

Given the control law © = — Kz, the state-space becomes

¢ = Az+ B(—Kz)
(A— BK)x

Designing a controller with the Linear Quadratic Regular (LQR) technique is an iterative process. In software, you
have to select the Q and R matrices, generate the gain K using the LQR algorithm, and then simulate the system
or implement the control to access the control performance. The relationship between changing @ and R and the
closed-loop response is not evident. However, we can gain insight into how changing the different elements in @
and R will effect the response. We will only be changing the diagonal elements in @, thus let

g 0 0 0
10 ¢ 0 0

Q=119 0 ¢ 0 (3.2)
0 0 0 q

Since we are dealing with a single-input system, R is a scalar value. Using the Q and R defined, the cost function
given in Equation 3.1 becomes:

o0
J = / Q73 + g3 + qz73 + qua + Ru? dt. (3.3)
0

S
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3.2.2 Feedback Control

The feedback control loop that controls the position of the mass cart is illustrated in Figure 3.1. The reference state

is defined
Tqg = [xjcd 00 0]

where z .4 is the desired LFJC-E load cart position. The controller is

u=K(Zjcq — ). (3:4)

Note that when z ;.4 = 0 then u = — K, which is the control used in the LQR algorithm.

State-Feedback LFJC-E
~ Control Plant
Xa Xg-X s o u X
— ) K~ ~—» (ABCD) >
N ///'/

Figure 3.1: State-feedback control loop
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3.3 Pre-Lab Questions

1. Based on the location of the open-loop poles determined in Section 2.1.1, what can you infer about the stability
and dynamic behaviour of the open-loop system?

2. For the feedback control v = — Kz, the Linear-Quadratic Regular algorithm finds a gain K that minimizes the
cost function J. Matrix @ sets the weight on the states and determines how u will minimize J (and hence how
it generates gain K). From the relationship between the cost function and @Q and R parameters expressed in
Equation 3.3, explain how increasing the diagonal elements, ¢;, effects the generated gain K = [k ko k3 k4.

3. Explain the effect of increasing R has on the generated gain, K.

4. Based on your results in Question 1 and Question 2, predict which elements of the @ matrix will require the
largest weight in order to achieve the system specifications outlined in Section 3.1.

S
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3.4 In-Lab Exercises

The goal of this laboratory is to design a state-feedback controller for the linear flexible joint cart system using the
Linear-Quadratic-Regulator (LQR) algorithm. The controller is then implemented on the system, and an experiment
is conducted to access the performance of the controller.

3.4.1 Control Simulation

Experiment Setup

The LFJC Control Design VI shown in Figure 3.2 is used to simulate the closed-loop response of the linear flexible
joint cart using the state-feedback control described in Section 3.2.2 with the control gain K. The response of the
system is simulated to verify that the specifications are met, and the motor is not saturated.

13 LFIC Control Design.i Front Panel =8 %
File Edit View Project Operate Tools Window Help E
= = 8
([ 1n] [ 15pt Eurostile LT 5td Ext Two |~ | [~ |7 |5 | |29~ | | Search NE
B st Setpoint (mm) I~
(s Simulated Posit [~
State-Space Model Path 1P02 Cart Position (mm) % imtes Reiion, (o)
R \@l] 32354
State-Space Equation 20-
T 10
£
s o
£ 0
-
WA o
00 05 10 15 20 25 30 35 40 45 50 55 60 65 70
Q Time

100 0.00 0.00 000
0.00 1.00 0.00 0.00
0.00 0.00 1.00 0.00
0.00 0.00 0.00 100

LFIC Cart Position (mm)
40
30-|

20-

10-|
001
0-

Position (mm)

-10-
20~
30-

40, . . . . ' ' ' ' . .
00 10 200 30 40 50 60 70 80 90 100

Motor Voltage (V)
[ 10-

o w

Motor Valtage (V)
ln

A5
00 05 10 15 20 25 30 35 40 45 50 55 60 65 70
Time

Figure 3.2: VI used to simulate the state-feedback control

Note: Before you can conduct this experiment, you need to make sure that the lab files are configured according
to your system setup. If they have not been configured already, go to Section 4.2 to configure the lab files first.

1. Open the LabVIEW project called Linear Flexible Joint Cart.lvproj, shown in Figure 4.1, in Section 4.2.
2. Open the LFJC Control Design.vi shown in Figure 3.2.

3. If you haven't already, set the HIL Initialize vi to match your DAQ board as described in Section 4.2.




4. Note that the Q and R are initially set to the default values of:

100 0
0100

Q= 1901 0|2
000 1

R = 001

which will not give you the desired response.

5. Run the VI to simulate the closed-loop response with this gain. See figures 3.3 for the typical response.
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Figure 3.3: Default Simulated Closed-Loop Response

6. Vary the value of the R parameter and observe its effect on the response of the system.

7. If Q@ = diag|q1, g2, g3, q4], vary each g; independently and examine its effect on the gain and the closed-loop
response. For example, when increasing ¢3, what happens to z. and z;.? Vary each ¢; by the same order
of magnitude and compare how the new gain K changes compared to the original gain. Keep R = 0.01
throughout your testing. Summarize your results.
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Note: Recall your analysis in pre-lab Question 2 where the effect of adjusting @ on the generated K was
assessed generally by inspecting the cost function equation. You may find some discrepancies in this exercise
and the pre-lab questions.

Find a Q and R that will satisfy the specifications given in Section 3.1. When doing this, try to maintain a
low-amplitude smooth control signal within £10 V. This control will later be implemented on actual hardware.
Enter the weighting matrices, @ and R, used and the resulting gain, K.

Note: Recall that the most important design objective for the controller is to maintain the pendulum in the
balanced inverted position.

Record the responses from the Cart Position (mm), LFJC Cart Position (mm), and Motor Voltage (V) scopes.

Measure the settling time and overshoot of the simulated LFJC-E load cart position response. Does the re-
sponse satisfy the specifications given in Section 3.17?

3.4.2 Control Implementation

In this section, the LQR based state-feedback controller that was designed and simulated in the previous sections
is run on the actual linear flexible joint cart.

Experiment Setup

The LFJC Position Control VI shown in Figure 3.4 is used to implement the LFJC-E controller with the control
gains that were developed using the LQR algorithm. The response of the system is measured to verify that the
specifications are met.

I3 LFIC Position Controlvi Front Panel o B R

File Edit View Project Operate Iools Window Help

()] 10] [15pt Eurostle LT Std Ext Twa |~ || $or || ||~ |[69~

Halt?

+| Search iy @ﬁ

i = 5 Setpoint (mm) Y
Stop
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Figure 3.4: VI used to implement the LFJC position controller




Note: Before you can conduct these experiments, you need to make sure that the lab files are configured according
to your IP02 and LFJC-E. If they have not been configured already, then go to Section 4.2 to configure the lab files
before you begin.

o ~ w DN

. Open the LabVIEW project called Linear Flexible Joint Cart.lvproj, shown in Figure 4.1, in Section 4.2.

Open the LFJC Position Control.vi shown in Figure 3.4.
If you haven't already, set the HIL Initialize vi to match your DAQ board as described in Section 4.2.
Ensure that the LFJC-E system is in the centre of the track. Run the VI.

The response should resemble the simulation. Once you have obtained a suitable response, click on the STOP
button to stop the controller. Use the graphs to plot the IP02 cart, LFJC-E cart, and motor voltage responses
in a figure.

Measure the settling time, overshoot, and steady-state error of the LFJC-E load cart position. Are the specifi-
cations given in Section 3.1 satisfied?

How could you alter the controller to compensate for the steady-state error?

3.4.3 Partial-State Feedback

—_
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. Open the LabVIEW project called Linear Flexible Joint Cart.lvproj, shown in Figure 4.1, in Section 4.2.

Open the LFJC Position Control.vi shown in Figure 3.4.

If you haven't already, set the HIL Initialize vi to match your DAQ board as described in Section 4.2.
Enter the control gain that you found in Section 3.4.1 into the Feedback Gain field.

Set the State-Feedback toggle to the Partial-State Feedback (downward) position.

Ensure that the LFJC-E system is in the centre of the track. Run the VI.

Stop the controller once you have obtained a representative response.

Create a figure representing the IP02 cart and LFJC-E cart position response.

Examine the difference between the partial-state feedback (PSF) response and the full-state feedback (FSF)
response. Explain the behaviour of PSF control by examining the block diagram.

Turn off the power to the amplifier if no more experiments will be performed in this session.
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4 SYSTEM REQUIREMENTS

Required Hardware

e IP02 and LFJC-E as described the IP02 User Manual [1], and the LFJC-E User Manual [3].

e Power Amplifier (e.g., Quanser VoltPAQ-X1)

e Data Acquisition Device (e.g., Quanser Q1-cRIO, Q2-USB, or NI DAQ with the Quanser-NI Terminal board)

Required Software

Make sure LabVIEW™ is installed with the following required add-ons:

1. LabVIEW™
NI-DAQmx

NI LabVIEW™ MathScript RT Module

o > w b

Quanser Rapid Control Prototyping Toolkit®

Note: Make sure the Quanser Rapid Control Prototyping (RCP) Toolkit is installed after LabVIEW. See the RCP

Toolkit Quick Start Guide for more information.

4.1 Overview of Files

File Name
Linear Flexible Joint Cart Workbook (Student).pdf

NI LabVIEW™ Control Design and Simulation Module

‘ Description

This laboratory guide contains a modeling and po-
sition control experiment demonstrating state-space
modeling and feedback control of the linear flexible
joint cart. The in-lab exercises are explained using
the LabVIEW software.

setup_Ific_.model_student.m

Creates the model parameters and student state
space model of the linear flexible joint cart system.

LFJC Model Parameters.vi

LabVIEW VI that is used to find the experimental
equivalent damping and stiffness.

LFJC Model Design.vi

VI that is used to create the state-space model of the
LFJC-E

LFJC Modeling.vi

LabVIEW VI that simulates and compares the state-
space model to the linear flexible joint cart system.

LFJC Control Design.vi

VI that is used to tune the feedback control parame-
ters using LQR.

LFJC Position Control.vi

LabVIEW VI that implements the state-feedback po-
sition controller

Table 4.1: Files supplied with the Linear Flexible Joint Cart Laboratory.




4.2 Software Setup

Virtual Instrument Setup

Follow these steps to get the system ready for this lab:

1. Load the LabVIEW™ software.

2. Open the LabVIEW project called Linear Flexible Joint Cart Project.lvproj, shown in Figure 4.1.

{3 project Explorer - Linear Flexible Joint Cart Pr... = Cl =

File Edit View Project Operate Tools Window Help

[t ee « IECYERE
Items | Files
k., Project: Linear Flexible Joint Cart Project.vproj

= B My Computer

|;i|, LFJC Control Design.vi

- [ LFJC Model Design.vi

|;§. LFIC Model Parameters.vi

- [ LFJC Modeling.vi

|;i|, LFJC Position Control - Integral.vi

- [l LFJC Position Control.vi
L

.

setup_Ifjc_model.m
setup_Ifjc_model_student.m
i+ %2 Dependencies

'% Build Specifications

Figure 4.1: Linear Flexible Joint Cart Project

3. Open the LFJC Position Control.vi VI under My Computer.

Q1-cRIO users: Before proceeding, make sure your project is configured with your NI CompactRIO (as per-
formed in the Q1-cRIO Quick Start Guide).

4. Go to the block diagram (CTRL-E) and double click on the HIL Initialize Express VI, shown in Figure 4.2.

HIL Initialize

Figure 4.2: RCP Toolkit HIL Initialize VI

5. Under the Main tab, select the data-aquisition device that is installed on your system in the Board type section
(e.g., Q2-USB) as shown in Figure 4.3.

QUANSER
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ﬂ Configure HIL Initialize [HIL Initialize] ——
| Encoder Inputs | PWM Outputs | Other Qutputs
Main | Hardware Clocks | Analeg Inputs | Analeg Outputs | Digital 'O
Board type
&
= Quanser
hexapod_ush
longpen_ush
q2_usb '
qé
q8
a8 ush Y
Board identifier '
a
Board-specific options
d0=digital:d1=digital;led=auto;update_rate=normal;decimation=1 |J
[ QK ] [ Cancel ] [ Help

Figure 4.3: Select the DAQ device

6. Repeat this procedure for LFJC Modeling.vi, and LFJC Model Parameters.vi.

MathScript Setup

Ensure that the following configuration is specified before beginning the laboratory:

1. Load the LabVIEW™ software.
2. Open the LabVIEW project called Linear Flexible Joint Cart.lvproj, shown in Figure 4.1.
3. Open the MathScript setup_lfic_.model_student.m

4. At the top of the script, ensure that the load configuration is set as follows:

% it CONFIGURATION ##t##t#tHtiti#

%Type of IP02 Cart Load: set to 'NO_WEIGHT', 'WEIGHT'
%IPO2_WEIGHT_TYPE = 'NO_WEIGHT';

IPO2_WEIGHT_TYPE = 'WEIGHT';

% Type of LFJC Load: set to 'NO_WEIGHT', 'ONE_WEIGHT', 'TWO_WEIGHT'
%LFJC_WEIGHT _TYPE 'NO_WEIGHT';

%LFJC_WEIGHT_TYPE 'ONE_WEIGHT';

LFJC_WEIGHT_TYPE = 'TWO_WEIGHT';




S LAB REPORT

When you prepare your lab report, you can follow the outline given in Section 5.1 to build the content of your report.
Also, in Section 5.2 you can find some basic tips for the format of your report.

5.1 Template for Content

. PROCEDURE

I.1. Modeling Experiment

1. Briefly describe the main goal of this experiment and the procedure.

o Briefly describe the experimental procedure (Section 2.3.1), Impulse Response Test
o Briefly describe the experimental procedure in Step 7 in Section 2.3.1.

o Briefly describe the experimental procedure (Section 2.3.2), Model Analysis

o Briefly describe the experimental procedure in Step 5 in Section 2.3.2.

o Briefly describe the experimental procedure in Step 6 in Section 2.3.2.

e Briefly describe the experimental procedure (Section 2.3.3), Model Validation

o Briefly describe the experimental procedure in Step 8 in Section 2.3.3.

I.2. Position Control Experiment

1. Briefly describe the main goal of this experiment and the procedure.

o Briefly describe the experimental procedure (Section 3.4.1), Control Simulation

e Briefly describe the experimental procedure in Step 6 in Section 3.4.1.

o Briefly describe the experimental procedure in Step 7 in Section 3.4.1.

e Briefly describe the experimental procedure in Step 9 in Section 3.4.1.

¢ Briefly describe the experimental procedure (Section 3.4.2), Control Implementation
o Briefly describe the experimental procedure in Step 7 in Section 3.4.2.

e Briefly describe the experimental procedure (Section 3.4.3), Partial-State Feedback
o Briefly describe the experimental procedure in Step 8 in Section 3.4.3.

Il. RESULTS
Do not interpret or analyze the data in this section. Just provide the results.

Il.1. Modeling Experiment

1. Impulse response plot from Step 7 in Section 2.3.1, Impulse Response Test
2. Numeric matrices from Step 6 in Section 2.3.2, Model Analysis

3. Comparison plot from Step 9 in Section 2.3.3, Model Validation
I1.2. Position Control Experiment

Q
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1. Cart position and motor voltage plots from Step 9 in Section 3.4.1, Control Simulation

2. Cart position and motor voltage plots from Step 5 in Section 3.4.2, Control Implementation

3. Cart position plots from Step 8 in Section 3.4.3, Partial-State Feedback

lll. ANALYSIS
Provide details of your calculations (methods used) for analysis for each of the following:

lll.1. Modeling Experiment

1. Step 8 in Section 2.3.1, Impulse Response Test.
2. Step 9 in Section 2.3.1, Impulse Response Test.
3. Step 10 in Section 2.3.1, Impulse Response Test.
4. Step 8 in Section 2.3.2, Model Analysis.

5. Step 8 in Section 2.3.3, Model Validation.

lll.2. Control Simulation

1. Step 8 in Section 3.4.1, Control Simulation.

2. Step 10 in Section 3.4.1, Control Simulation.

3. Step 6 in Section 3.4.2, Control Implementation.
4. Step 9 in Section 3.4.3, Partial-State Feedback.

IV. CONCLUSIONS
Interpret your results to arrive at logical conclusions.

1. Steps 10, and 9 in Section 2.3.
2. Steps 10, and 6 in Section 3.4.

5.2 Tips for Report Format

PROFESSIONAL APPEARANCE

e Has cover page with all necessary details (title, course, student name(s), etc.)

e Each of the required sections is completed (Procedure, Results, Analysis and Conclusions).

e Typed.

o All grammar/spelling correct.

e Report layout is neat.

e Does not exceed specified maximum page limit, if any.
e Pages are numbered.

e Equations are consecutively numbered.




Figures are numbered, axes have labels, each figure has a descriptive caption.

Tables are numbered, they include labels, each table has a descriptive caption.

Data are presented in a useful format (graphs, numerical, table, charts, diagrams).

No hand drawn sketches/diagrams.

References are cited using correct format.
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