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Summary 

Several years ago, a data-based control algorithm called Iterative Feedback Tuning has 
been introduced. In contrast to model-based control design, no model of the plant is 
required for this approach. Iterative Feedback Tuning is an iterative gradient based 
approach, where some cost function is minimized. In this traineeship, the Iterative 
Feedback Tuning algorithm is worked out and implemented on the RRR-robot in the 
Dynamics and Control Laboratory. 



Summary 



Sarnenvat ting 

Enkele jaren geleden is er een data-gebaseerd algoritme, genaamd Iterative Feedback 
Tuning, ge'introduceerd voor het ontwerpen van een regelaar. In tegenstelling tot model 
gebaseerde regelaars, is er voor deze ontwerp methode geen model van het te regelen 
systeem benodigd. Dit specifieke algoritme is een iteratieve gradient gebaseerde be- 
nadering om het minimum van een kostencriterium te bepalen. Tijdens deze stage is 
het algoritme uitgewerkt en gei'mplementeerd op de RFCR-robot in het Dynamics and 
Control laboratorium. 



Samenvatting 



Contents 

Summary 1 

Samenvatting iii 

1 Introduction 1 

. . . . . . . . .  1.1 Introduction to the Iterative Feedback Tuning algorithm 1 

. . . . . . . . . . . .  1.2 Motivation of the project and problem formulation 1 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1.3 Outline of the report 2 

2 The Iterative Feedback Tuning algorithm 3 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  2.1 Problem definition 3 

. . . .  2.2 Iterative Feedback Tuning for a one-degree-of-freedom controller 5 

. . . . . . . . . . . . .  2.3 The general Iterative Feedback Tuning algorithm 8 

3 Implementation issues and design choices 13 

. . . . . . . . . . . . . . . . . . . . . . . . . . .  3.1 Non-convex optimization 13 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.2 Convergence proof 14 

. . . . . . . . . . . . . . . . . . . . . . .  3.3 Non-minimum phase controllers 15 

. . . . . . . . . . . . . . .  3.4 Hessian approximation and choice of stepsize 16 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  3.5 Design parameters 17 

4 Simulations 19 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.1 The RRR-robot 19 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.2 Controller choice 21 



Contents 

. . . . . . . . . . . . . . . . . . . . . . . . . .  4.2.1 Feedback controller 21 

. . . . . . . . . . . . . . . . . . . . . . . .  4.2.2 Feedforward controller 22 

. . . . . . . . . . . . . .  4.3 Choice of reference trajectory and disturbances 23 

. . . . . . . . . . . . . . . . . . . .  4.3.1 Choice of reference trajectory 23 

. . . . . . . . . . . . . . . . . . . . . . . .  4.3.2 Choice of disturbances 24 

. . . . . . . . . . . . . . . . . . . . . . . .  4.4 Choice of update parameters 26 

. . . . . . . . . . . . . . . .  4.5 Tuning of the remaining design parameters 26 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  4.6 Evaluation 28 

5 Experimental results 31 

. . . . . . . . . . . . . . . . .  5.1 Transition from simulation to experiments 31 

. . . . . . . . . . . . . . . .  5.2 Experimental results . third order controller 33 

. . . . . . . . . . . . . . . .  5.3 Experimental results . extended complexity 34 

6 Conclusions and recommendations 41 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.1 Conclusions 41 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.2 Recommendations 42 

A Continuous and discrete time controllers 45 

B Matlab files 49 

. . . . . . . . . . . . . . . . .  B.l Simulink diagram for simulation purposes 49 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  B.2 M-files 50 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  B.2.1 Main program 50 

. . . . . . . . . . . . . . . . . . . . . . . . . . . .  B.2.2 Additional file 55 

Bibliography 57 



Chapter 1 

Introduction 

1.1 Introduction to the Iterative Feedback Tuning algo- 
rithm 

Often, control design is performed by using a model of the plant. If the model is a good 
representation of the plant, one can design a high performance controller. However, if 
the model is not accurate, the performance of the controller is usually poor. In practice 
it is often time consuming and costly to model the plant accurately. Moreover, if the 
model is complex, the resulting controller based on this model can be too complex for 
real-time implementation. 

Another approach to design a controller is data-based control design. Data-based control 
design does not require a model of the plant. Several years ago, a data-based control 
design method, called Iterative Feedback Tuning (IFT) has been introduced [I]. In 
this approach, a control performance criterium is defined. The optimization of this 
criterium, also known as objective function, is performed by an iterative gradient-based 
minimization method. The main contribution of [l] is the estimation of the gradient of 
this criterium with respect to the controller parameters directly. To be more precise, 
because the gradient may depend on the plant in a complicated way, this gradient is 
generated by the plant itself during a special experiment on the system. The controller 
complexity is arbitrary, one can for example tune the parameters of a PID controller to 
obtain optimal performance with this controller. 

1.2 Motivation of the project and problem formulation 

In the Dynamics and Control laboratory, an =-robot is installed. In previous work, 
a nonlinear model-based compensation of the robot dynamics has been designed. This 
compensation results in mostly linear dynamics in the robot joints. One can now design 
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a controller using common linear techniques. Several feedback designs were already 
applied on these linear dynamics to obtain a robust and high performance controller. 
The problem formulation for this study is given by: 

Is  the data-based control algorithm Iterative Feedback Tuning applicable to design a 
satisfactory feedback controller for the linear dynamics of the RRR-robot? 

1.3 Outline of the report 

Chapter 2 begins with the formal derivation of the Iterative Feedback Tuning algorithm. 
After that, several implementation issues are discussed in chapter 3. Those two chapters 
are mainly a summary of the available literature on Iterative Feedback Tuning. In the 
next chapter, several simulation results will be interpreted. In chapter 5, several experi- 
mental results of the RRR-robot will follow. Finally, conclusions and recommendations 
are given. 

In appendix A a short note on approximation of continuous time controllers in discrete 
time is given. In appendix B, an example Matlab program is given. 



Chapter 2 

The Iterative Feedback Tuning 
algorit hrn 

In this chapter, the Iterative Feedback Tuning algorithm will be derived. Firstly, the op- 
timization problem will be defined. After that, the Iterative Feedback Tuning algorithm 
will be explained in detail for a simplified objective function and a one-degree-of-freedom 
controller. Finally, the Iterative Feedback Tuning procedure will be extended to handle 
more general objective functions and two-degree-of-freedom controllers. 

2.1 Problem definition 

Let the system under consideration be described by the following discrete time model: 

where P,(z) is a linear-time-invariant (LTI) operator and z denotes the forward shift 
operator. Also, u(t) E R is the process input and y(t) E R is the corresponding process 
output. This implies that P,(z) is a single Input Single Output (SISO) model. Moreover, 
v(t) denotes unmeasured disturbances. The disturbances are associated with the output 
without loss of generality. For the derivation of the Iterative Feedback Tuning algorithm, 
the disturbances are assumed to be zero mean and weakly stationary. The system will 
be controlled by the following two-degree-of-freedom controller: 

Here, the controller parameters are denoted by pT E RnT and py E Rny . In the remainder 
of this report, the controller parameters will be collected inone vector of parameters 
p E Rnp, with p = [pTT, pyTIT. If C,(Z, p) = Cy(z, p), a one-degree-of-freedom controller - - - -  - - 
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(a) One-degree-of-from controller 

(b) Two-degrees-of-freedom controller 

Figure 2.1: Controllers of various degrees of freedom 

is obtained. In figure 2.1, both the one-degree-of-freedom controller and the two-degree- 
of-freedom controller are depicted. It can be remarked that, in this report, u(t, - p)  and 
y(t, p) will denote signals that are obtained from a closed loop system. 

Next, a desired output response to the reference signal r(t) will be given. For example, 
it can be the output of a reference model Td(z), as indicated in equation (2.3). The 
error between the actual and the desired output response of the system is defined by 
equation (2.4). 

Now the control design objective will be introduced. A quadratic objective function 
given by equation (2.5) will be used. Of course, other objective functions can be used, 
for example by using the absolute error instead of the quadratic error 121. 

In the control design objective function (2.5), it is possible to both penalize the error 
$(t, p) and the control effort u(t, - p). With parameter X one can change the penalty on 
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the control effort. Moreover, it is possible to use a frequency weighting on both the error 
and the control input by means of the filters Ly (z) and L,(z) respectively. Of course, it 
is possible to include the parameter X in the frequency weighting filter Ly(z) or L,(z), 
but the definition of the criterium given by equation (2.5) is common in literature. 
Another extension of the objective function is the use of time weighting filters [3]. It 
can be noted that E[.] in equation (2.5) denotes the expectation with respect to the 
disturbance v(t). This expectation will be used later on in equation (2.34) 

The purpose of the Iterative Feedback Tuning algorithm is to find the optimal controller 
parameter - p  which minimizes the criterion defined by equation (2.5): 

p* = arg min J(p) . - p - 

In the next section, the Iterative Feedback Tuning scheme will be derived for a sim- 
plified control design objective and a one-degree-of-freedom controller. After that, the 
algorithm will be extended to include the complete criterion given by (2.5) and a two- 
degree-of-freedom controller. 

2.2 Iterative Feedback Tuning for a one-degree-of-freedom 
controller 

In this section, the design parameters will be chosen as: Ly(z) = 1 and X = 0. This 
means that the control objective function (2.5) reduces to equation (2.7), its derivative 
is given by equation (2.8). The property that the desired output yd(t) is independent 
of the controller parameters is used in equation (2.8). 

A necessary condition for the optimal controller tuning p* is that the first derivative of 
the objective function with respect to the controller parameter - p is zero: 

If an unbiased estimate of the gradient d J / d p  is available, the solution of equation (2.9) 
can be found by using an iterative algorithm: 
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I I 

Figure 2.2: Block diagram corresponding to equations (2.11) and (2.12) 

Here, yi is a sequence of positive real numbers that determine the step size and R, is a 
sequence of appropriate positive definite matrices. The choice of both parameters will 
be discussed later on. Moreover, the est operator denotes the estimate. It can be noted 
that the iterative approach of equation (2.10) is used because an explicit solution to the 
optimalisation problem requires full knowledge of the plant and disturbances, as well 
as complete freedom in the complexity of the controller. This is where the Iterative 
Feedback Tuning algorithm differs from, for example, LQG and H ,  control. 

It should be noted that the estimation of the partial derivative of the objective function 
J(p) with respect to the controller parameter - p is not straightforward, as it requires 

the signal g(t, - p) and the gradient 3 (t, p), see equation (2.8). The signal C(t, - p) can 

be obtained by performing a closed~loop experiment as shown in figure 2.1 (a) and 
using equation (2.4). The gradient of the process output with respect to the controller 
parameter is harder to obtain. This can be illustrated by differentiation of equation (2.1) 
and equation (2.2) with respect to the jth element of the controller parameter p, see 
equations (2.11) and (2.12) respectively. It can be remarked that C(z, - p) = ~,(z;p) - = 

C,(z, - p), because the controller has one degree of freedom. 

It is possible to express equations (2.11) and (2.12) in a block diagram, as done in 
figure 2.2. By using this figure, the derivative of y(t, - p) with respect to all the controller 
parameters can be written as: 

Here, S,(z, - p) denotes the sensitivity function given by equation (2.14) and %(z,p) 
- 

denotes the gradient of the controller, see equation (2.15). 
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Figure 2.3: Block diagram corresponding to equations (2.11) and (2.12) when Po is 
assumed to be a LTI SISO system 

By considering equation (2.13) once again, it can be concluded that it is a function of 
the unknown plant P,(z). However, by observing figure 2.2 again, it is possible to apply 
the signal (r(t) - y(t, - p)) of a previous experiment, filtered by E ( z ,  - p), at the process 
input of the real plant. By applying this technique, one could obtain an estimate for 
*(t, p) by performing a special experiment on the plant Po(z). Unfortunately, this 
~ P J  - 
experiment has to be performed np times at each iteration step. Under the assumption 
that the system Po(z) is a LTI SISO system, figure 2.2 can be transformed in figure 2.3. 
This setup is also used in 131. It can be noted that various setups are possible, each 
one has its own advantages and disadvantages. See [4] for an overview of the different 
setups. The advantage of the setup as shown in figure 2.3 is that only one experiment 
is necessary to determine an estimate of $ ( t , ~ )  instead of np experiments. It can be 
observed that if the real plant is to be used in figure 2.2, an unmeasured disturbance 
will also be introduced, see equation (2.1). Therefore, only an estimate of the gradient 
can be obtained. At the end of section 2.3 it will be shown that the estimate of this 
gradient is unbiased. 

The Iterative Feedback Tuning algorithm for a one-degree-of-freedom controller with the 
objective function given by equation (2.7), can be performed by taking the following 
steps (note that an initial stabilizing controller is necessary): 

Perform an experiment using the setup given by figure 2.1 (a) and use r i ( t )  = r( t)  
as reference signal. Here, the superscript 1 refers to the first experiment and the 
the subscript i indicates the iteration step, as in equation (2.10). This experiment 
results in an output y:(t, p,) = To(z, p,)r(t) + SO(~)v: .  It  can be observed that 
the controller is also updated each iteration step i. Moreover, an 
exact realization of &(t, pz) can be obtained from equation (2.4). This experiment 
will be called a normal experiment, because the reference signal is given by the 
reference signal under normal operating conditions. 
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2. Perform a special experiment using the setup of figure 2.1 (a), also known as a 
gradient experiment, where the reference signal r: = r( t)  - y: is used. Now output 
y?(t, pi) = To(z, pi)(r(t) - y;(t, - pi)) + So(z, - pi)v? can be obtained. 

3. NOW, calculate est I a' (2, pi) y: (t, - pi), similar to figure 2.3. 

4. By considering equation (2.8) again, one can estimate the derivative of J(pi) - with 
respect to - pi with experimentaliy obtained data: 

5. Use equation (2.10) to  update the controller parameters. 

6. Repeat the sequence from step 1 until condition (2.9) is fulfilled to a sufficient 
extend. 

2.3 The general Iterative Feedback Tuning algorithm 

In this section the general equations for the Iterative Feedback Tuning algorithm will 
be discussed. The resulting equations can be used for both the one-degree-of-freedom 
controller and the two-degree-of-freedom controller. Moreover, various design param- 
eters will be included to improve the flexibility of the design. Consider the objective 
function (2.5) once more. The derivative of J(p) - with respect to p equals: - 

As noted in section 2.2, signal y(t, p) is straightforward to obtain. This is also true for 
the signal u(t, p). The gradients ofy(t, p) and u(t, p) are those that cause a problem to 
compute the gradient of J(p). In this section it w a  be shown how those gradients can 
be estimated. First, note that 

where: 
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It  can be observed that the relation To(z, p) + So(z,p) = 1 does not hold for the two- 
degree-of-freedom controller. However, it iseasy to see that the relation 

TO(z7p)~(t7p) = ( ~ 0 ( ~ 7 p ) ) ~ ~ ( ~ )  +T0(z7p)S0(z7p)v(t)7 (2.20) 

does hold. The derivative of y(t, p) with respect to p can be written as: - - 

where 

By using equations (2.18), (2.19), (2.20), (2.22) and (2.23), equation (2.21) can be 
manipulated to: 

Expression (2.24) will be used when the algorithm is introduced. Now, an expression 
for g ( t ,p )  will be derived. First, notice that n(t ,e)  equals 

~ ( ~ 7 ~ 1  = ~ O ( ~ 7 p )  (cT(z7p)r(t) - cy(z7p)v(t)) (2.25) 

using the block diagram of figure 2.1 (b). The derivative of equation (2.25) with respect 
to the controller parameter - p equals: 
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Unlike the simple case discussed in section 2.2, it is not easy to express equations (2.21) 
and (2.26) in a block diagram. Therefore, three experiments will be posed now together 
with the basic Iterative Feedback Tuning gradient computation rules. Afterwards, the 
gradient estimates will be compared with equations (2.21) and (2.26). To obtain an 
estimate for "(t, p) and %(t,e), one should perform the three experiments given by 

ap - 
tables 2.1, 2.2 and 2.3 at each iteration step. 

Table 2.1: Experiment 1 of the IFT procedure 

I Experiment 11  1 I 

Table 2.2: ~ x ~ e r i m e n t . 2  of the IFT procedure 

Reference signal 
Process input 
Process output 

I Experiment 11  2 

/ Reference sinnal 11  r?(t) = r ( t )  - d ( t ,  pi )  

ri (t) = r ( t )  
u;(t,pi) = So(z,pi)(CT(z, pi)r(t) - Cy(z,&$(t)) 
yt (t, pi) = To(z, pi)r(t) + So(z, pi)v'(t) 

Table 2.3: Experiment 3 of the IFT procedure 

WETI the signals ui (t, pi), u: (t, - pi), (t, pi), yi (t, pi), y; (t, pi) and y: (t, - pi) have been 
obtained, one can calculate: 
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est -(t, pi) = 
1 

[;; -1  - 

(2.28) 

Several remarks can be made at  this point. Firstly, it can be observed that the estimates 
of the gradient given by equations (2.27) and (2.28) are perturbed by disturbances 
v:(t) and vg(t), which can easily be seen when the estimates given by equations (2.27) 
and (2.28) are compared with equations (2.24) and (2.26): 

where 

Moreover, it is very important to use uS(t, - p,) and y2(t, - pi) in equations (2.27) and (2.28). 

This results in an unbiased estimate of est [$$ (&)I, because the errors in est (2 (t, p)] and 
- - 

est[$$(t, p) ] ,  are not correlated with f ( t ,  p) and u(t, p) respectively. This can be seen if 
- - - 
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equation (2.29) is written as: 

N 

+ C E [ ( L Y  ( ~ ) @ ( t ,  p,)) ( L Y ( W ,  41 
t=l 

where the zero mean property of the disturbance and the uncorrelated assumption of 
the disturbance is used. 

As already shown in section 2.2, only the first two experiments are necessary for a one- 
degree-of-freedom controller. This can easily be seen from equations (2.27) and (2.28), 
as terms from the third experiment vanish if a one-degree-of-freedom controller is used. 
Finally, one can perform the controller parameter update by applying equation (2.10) 
and continue iterations as discussed in section 2.2. 
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Implementation issues and design 
choices 

After the Iterative Feedback Tuning algorithm has been elaborated in chapter 2, several 
important issues regarding the algorithm will be discussed in this chapter. In the 
first section, the optimization problem will be examined further. After that, several 
comments will be made about the convergence proof. The proof itself will be omitted 
kom this report. In the next section, several ways will be discussed to avoid non- 
minimum phase controllers and it will also be discussed why it is important to do so. 
After that, the parameters in equation (2.10) will be highlighted. Finally, the design 
parameters of the objective function (2.5) will be discussed. 

3.1 Non-convex optimization 

As discussed in chapter 2, the pIant is unknown and the minimum of the objective 
function given by equation (2.5) is obtained by using an iterative Gauss-Newton scheme. 
This Gauss-Newton procedure, given by equation (2.10), makes it possible to adjust the 
controller parameters in a descendent direction of the objective function J(p). However, 
there is no guarantee that the minimum found, is the global minimum- Indeed, in 
many cases the objective function will be non-convex, which results in the existence of 
local minima. Non-convexity can be expected if the simple objective function given by 
equation (2.7) is written as: 

(3.1) 
where the reference model Td is assumed to be equal to 1. Clearly, the objective function 
may depend in a fairly complicated way on the controller parameter p (for an example - 
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Figure 3.1: A non-convex objective function 

of the controller structure, see equation (4.8)). Because the objective function can 
be non-convex, the surface of the objective function can be very rough and numerical 
optimization can be difficult. To illustrate the meaning of local and global minima, a 
fictional non-convex objective function is depicted in figure 3.1. Here, the number of 
controller parameters, np, equals one. It can be remarked that the shape of this objective 
function is not known in general. Suppose the initial controller parametrization is given 
by pl, as defined in figure 3.1. By using the Iterative Feedback Tuning algorithm, it 
is possible to estimate %(p). Now, if equation (2.10) is used to update the controller 
parameter (using a "small" step size y and R the unity matrix for the steepest gradient 
descent method), the minimizer p~ocal will eventually be found as the optimal controller. 
It is easy to see from figure 3.1 that the minimizer pl*ocal corresponds to a local minimum, 
whereas pZlobal corresponds to the global minimum. From figure 3.1 it can be concluded 
that the controller will converge to the global minimum if the initial controller is close 
enough to the globally optimal one. In this case, the initial controller should be in the 
interval (a, b). 

3.2 Convergence proof 

In references [I], [3], and [4] a formal proof can be found about the convergence of the 
Iterative Feedback Tuning algorithm. The most important requirement to obtain con- 
vergence of the optimization problem, is that the signals should remain bounded during 
the iterations, in other words, instabilities should be avoided during the closed loop 
experiments. There is, however, no guarantee that the updated controller parameters 
give a stable controller when equation (2.10) is applied. Intuitively, one would expect 
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that the cost criterium increases when approaching regions of unstable controllers in 
the design space. This way, the Iterative Feedback Controller will automatically avoid 
unstable controllers as it searches for the minimum of the objective function J(p). This 
is not always the case in practice and the controller might become unstable-during 
the iterations before any warning is given. In [5], this problem is solved by estimating 
the stability margin using an open-loop experiment. In this report, this method is not 
used. However, it is possible to examine the Bode-plot of the updated controller. If the 
changes are very large, for example due to some measurement error, one can reduce the 
step size during this iteration step. 

3.3 Non-minimum phase controllers 

A problem which is often encountered when implementing the Iterative Feedback Tuning 
algorithm is that the controller becomes non-minimum phase during the first iterations. 
When the controller is non-minimum phase, its inverse is unstable. Therefore, the 
gradient estimates in equations (2.27) and (2.28) are not feasible as one has to filter 
with the inverse of CT(z, p).  In many cases, at least for a low order controller, the 
optimal controller has appeared to be minimum phase. One reason why the controller 
becomes non-minimum phase is that a zero of the controller might cancel the fixed 
integrator. Due to the approximations in the gradient, it can happen that this zero is 
just outside the unit circle, resulting in a non-minimum phase controller. After a few 
iterations, the controller usually remains minimum phase because the integral action is 
employed in the controller design. 

Several solutions to the non-minimum phase controller problem exist. In reference [6] 
a disturbance signal with suitable character is added during the first iterations, which 
emphasizes the low frequent gain of the controller. After a few iterations, the zeros of 
the controller stay within the unit circle and the disturbance signal can be removed. 
Another approach is to extend L,(z) and Ly(z) with an all-pass weighting filter L,(z) 
and the controller CT(z, p) in equations (2.27) and (2.28) is replaced by a minimum 
phase controller with thesame gain characteristic as the non-minimum phase variant. 
In this approach, the controller used during the closed loop experiments remains non- 
minimum phase. For this well-known procedure, the reader is referred to [3]. Some 
problems occurred when this procedure was implemented in Matlab. Therefore, a third 
approach was used in this report. This approach is not mentioned in the references, 
but it is a modification of the previous approach. After each iteration, it is checked 
whether there are any zeros outside the unit circle in the complex plane. If so, the 
zeros are mapped into the unit circle and a correction is made for the gain. This way, a 
minimum phase controller will be obtained with the same gain characteristic as the non- 
minimum phase controller. This minimum phase controller is used in equation (2.27), 
equation (2.28) and during the closed loop experiments of the next iteration step. It 
should be remarked that convergence is not guaranteed anymore, because the optimal 
controller can be a non-minimum phase controller. However, it has appeared to be an 
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effective method to overcome the non-minimum phase controller problem during the 
first iteration steps. 

3.4 Hessian approximation and choice of stepsize 

In chapter 2, an iterative algorithm given by equation (2.10) was posed to find the 
minimum of the objective function J(p). In this section, various choices of the matrix 
Ri will be discussed. If R, is chosen equal to the identity matrix, the well-known steepest 
descent method is obtained. The update of the controller parameters will be in the 
negative gradient direction. This method is exact for objective functions that are linear 
in the controller parameters, which is clearly not the case here, see also equation (3.1). 
One is thus restricted to very small step sizes y in equation (2.10). However, if one 
can approximate the Hessian matrix of the objective function J(p) with respect to the 
controller parameter p, a modified Newton method is obtained. TGS method is exact for 
objective functions that are quadratic in the controller parameter. Indeed, by choosing 
the step size y equal to one, it is possible to find the minimum for an objective function 
which is quadratic in the controller parameter in one iteration. As already discussed, 
the objective function used in the Iterative Feedback Tuning algorithm is not quadratic 
in the controller parameter, but the modified Newton method is known to converge 
better than the steepest descent method. The main drawback of the modified Newton 
method is the effort to compute the Hessian matrix. The Hessian can be approximated 
by: 

0 a positive definite approximation of the Gauss-Newton direction given by: 

(3.2) 
Because the estimates @(t,pz) and $(t,p,) are perturbed by the disturbances ap - 
during the second and third experiment, the estimation of the Gauss-Newton 
direction will be biased. 

0 using the Broyden-Fletcher-Goldfarb-Shanno method [7]. Here, one estimates the 
Hessian from the gradient of J(p) - with respect to - p, and from - p itself. 

0 generating an estimate of the second derivative of y(t, p) with respect to the con- 
troller parameter p using a similar approach as the estimate of the first derivative, 
as discussed in chapter 2. It can be shown that the Hessian obtained here will 
be unbiased. For further information about this method, the reader is referred to 
reference 151. 

The first two methods were both tried on simulation level. It is not easy to conclude 
which method is better, as it is case-dependent. 
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3.5 Design parameters 

In this section, various design parameters will be discussed. In the objective function 
given by equation (2.5), parameters A, L,(z) and Ly (z) are available. Moreover, one can 
specify a reference model in equation (2.3). It can be remarked that the final controller 
will be optimized for the specific reference r(t).  The reference should thus also be chosen 
with care. Anether desigr, choice is the strxture and complexity of the controller. It 
can be observed that one can not directly shape the sensitivity or the complementary 
sensitivity function. Also, stability margins as the gain and phase margin can not be 
specified. This means that the optimal controller for a badly chosen objective function 
might be non-robust, which is not desired in general. 

Firstly, the reference model Td(z) will be discussed. At frequencies where the reference 
signal spectrum dominates that of the disturbances, it is clear that the desired closed 
loop response is defined by the reference model. This can easily be seen when equa- 
tion (2.3) is compared with equation (2.17). A suitable situation to include a reference 
model is when the reference signal r(t) is difficult to track. In that situation, the It- 
erative Feedback Tuning will probably increase the gain to reduce the tracking error. 
The disturbances have far less effect on the error than the tracking error part, so the 
disturbance rejection properties of the controller will not be very good. To decrease the 
tracking error contribution in g(t, - p), one can use the reference model Td(z). 

Moreover, as already pointed out in section 3.1, one should start close enough to the 
optimal controller to obtain good convergence rates. This means that for a very weakly 
tuned controller the process output y(t, - p) should not differ too much from the desired 
process output yd(t). A seemingly very appealing approach is using this reference 
model Td(z) and gradually increase the bandwidth of the reference model. However, 
this approach does not really work well in practice. This conclusion followed from 
simulations but can also be found in litature 131. Later on, a reference signal r(t) will 
be chosen that is easy to track by the system. Therefore, the reference model will not 
be used as a design parameter in this report and will be defined as Td(z) = 1. 

To get an idea about the influence of the various design parameters in the frequency 
domain, the objective function can be rewritten using Parseval's formula. In case of 
a one-degree-of-freedom controller and the reference model Td(z) = 1, the criterion 
becomes approximately 131 : 

where a,, and a,, denote the power spectra of the reference signal r( t)  and the distur- 
bance signal v(t) respectively. This expression clearly shows how one can influence the 
shape of the sensitivity function. To design a controller with good stability robustness 
properties, one would like to keep the sensitivity function below a certain bound. This 
also means that the open-loop gain stays away from the point -1 in the Nyquist plot 
with a certain bound. Of course, the controller is inherently robust against disturbances 
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encountered during the first experiment, but the resulting controller should also be able 
to handle, for example, the situation when one connects something to the robot tip. 
Therefore, one can increase the gain of the filters Ly (z) and L,(z) at certain frequencies 
to reduce the gain of the sensitivity function So(z, p)  at that frequency. It can also 
be observed from equation (3.3) that the shape of the sensitivity function depends on 
both the reference spectrum and the disturbance spectrum in the same way. Adding a 
synthetic noise signal during the first experiment will also emphasize the disturbance 
rejection properties of the controller at certain frequencies [8]. Although some experi- 
ments were performed with this noise, its results are omitted from this report. It should 
be noted that for a two-degree-of-freedom controller a more complex relation is involved, 
because So(z, - p) and To(z, - p) are not complementary in this case. 



Chapter 4 

Simulations 

In this chapter, the Iterative Feedback Tuning algorithm will be used to tune a controller 
for a simulation model of the first degree of freedom of the RRR-robot. Firstly, a short 
introduction is given about the RRR-robot. After that, the Iterative Feedback Tuning 
procedure will be applied to the simulation model. In each case, the result of the 
final controller after convergence to a minimum is investigated. In literature, this is 
often omitted and the result after a few iterations is given. Several simulation results 
have shown that the first iterations usually improve the controller design, while further 
iterations can lead to a non-robust or even unstable controller due to a large controller 
gain. The main reason for this is a bad choice of design parameters in the objective 
function. Here, the main interest is the final, optimal controller. Several conclusions on 
the choice of the design parameters, as already mentioned in chapter 3, will be drawn. 

4.1 The RRR-robot 

A picture of the RRR-robot is given in figure 4.1, as well as the definition of ql, q2 and 
q3. As already discussed, the Iterative Feedback Tuning algorithm will be applied to 
the first joint, namely ql(t). The remaining joints will be kept at its initial position 
(~~+--,~(t) = -;, qref,3 ( t )  = 0) by means of PD-controllers. 

For more information about the RRR-robot, see [9] and [lo]. In previous work, a 
compensation for the nonlinear robot dynamics has been designed [ll]. Hereto, a 
rigid-body dynamic model of the RRR-robot has been derived. By writing the dynamic 
model in the form: 

7(t) = Z(g(t))$(t) + h(g(t), g(t)), (4.1) 

one can use the following control law: 
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(a) Photograph (b) Kinematic diagram 

Figure 4.1: The RRR-robot 

Here, ~ ( t )  is a vector of control torques, is the inertia matrix, h is a vector which 
contains centripetal, Coriolis, friction andgravitational forces. Moreover, - q(t), - Q(t) and 
q(t) denote the joint position, velocity and acceleration respectively. The subscript ref - 
indicates the reference motions. Also, r,(t) denotes the total control law and g(t) is 
the new control input. By combining equation (4.1) with equation (4.2), the following 
closed loop equation can be obtained: 

In the ideal case, - q(t) = gTef (t) and - q(t) = q (t). Then, equation 4.3 reduces to: 
-ref 

Clearly, g(t) should consist of a feedforward signal gTef (t) and of a feedback controller, 

to ensure asymptotic stability. A commonly used choice for g(t) is given by: 

where a PD-controller is used. Here, - Kd and Kp are both diagonal positive definite 

matrices that contain the coefficients o f t h e  ~ccon t ro l l e r .  In this chapter, a more 
complex feedback controller to control the remaining dynamics of the RRR-robot will 
be designed using Iterative Feedback Tuning. Of course a good model of the remaining 
dynamics is required to perform representative simulations. A 1 5 ~ ~  order state space 
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Figure 4.2: Identified and ideal dynamics after feedback linearization 

model of the remaining dynamics is available in [12]. Its frequency response function 
is depicted in figure 4.2, together with the frequency response function of the ideal 
feedback linearized plant given by equation (4.4). It can be remarked that this is the 
frequency response function between input y(t) and output q l ( t )  of the robot's first 
joint. It can also be noted that the identified dynamics are non-minimum phase. 

4.2 Controller choice 

In this section, the structure of both the feedback and the feedforward controller will 
be discussed. It is chosen to use a fixed feedforward design, similar to the one in 
equation (4.5). The feedback controller will be tuned using the Iterative Feedback 
Tuning scheme. The total controller is thus a two-degree-of-freedom controller, but 
only the feedback controller will be optimized using the Iterative Feedback Tuning 
algorithm. 

4.2.1 Feedback controller 

The Iterative Feedback Tuning algorithm uses a discrete time controller. In appendix A, 
a continuous time proportional-integral-derivative (PID) controller is approximated in 
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discrete time. Its representation in discrete time is given by: 

The easiest way to obtain an initial controller is to tune a parameter in continuous time, 
for example by using [13]. This controller can then be approximated in discrete time 
by using the information in appendix A. For the initial, weakly tuned controller used 
in this chapter, pl = 2108, p2 = -4192 and p3 = 2083. During the Iterative Feedback 
Tuning procedure, the controller given by equation (4.6) will be extended with one 
parameter to gain more freedom in the design, for example a high-frequency roll-off can 
be incorporated. This extended PID controller is given by: 

and its derivatives with respect to the controller parameter - p are given by: 

It is important to realize that adding an extra coefficient in discrete time domain can 
not be interpreted as in continuous time domain. Moreover, the final controller will 
have fixed coefficients and will also be implemented in discrete time. This implies that 
conversion from discrete time to continuous time is not necessary. 

4.2.2 Feedforward controller 

As already mentioned, the same feedforward design as in equation (4.5) will be used, 
the signal qTef(t) will be added to the process input. However, here rises the question 
whether the feedforward controller should be implemented before or after the feedback 
controller is tuned. There are no problems if the feedforward controller is implemented 
after optimizing the feedback controller. However, the feedback controller will be op- 
timized to reduce a typically low frequently error. Therefore, it is beneficial for the 
performance to optimize the error that occurs when the controller is tuned after im- 
plementing the feedforward controller. Both the error with and without a feedforward 
signal using the initial controller are depicted in figure 4.3. It should be remarked that 
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- Without feedfonvard signal 
- - With feedfonvard signal 

Time [s] 

Figure 4.3: Error g(t, - p) with and without feedforward signal 

the feedforward controller should be implemented only during the first experiment to 
obtain y(t, - p) and not during the second and (optionally) third experiment as discussed 

in chapter 2. This is necessary to keep the estimates of %(z, p) and h ( z ,  p) unbiased. ap - ap - 
This can best be understood if the feedforward signal is interpreted as a disturbance 
and by examining equations (2.30) and (2.31). Clearly, the zero mean assumptions 
of the noise do not hold if a feedforward signal is used during the second and third 
experiment. Moreover, it is important to exclude the feedforward signal from ul(t, - p) ,  
because it should be interpreted as an unmeasured disturbance. 

During the remainder of this report, the Iterative Feedback Tuning algorithm will be 
applied to the plant while the feedforward signal is present during the first experiment. 
If this is not done, which is of course possible, it has appeared to be difficult to  obtain 
a satisfactory controller without the use of frequency weighting factors. 

4.3 Choice of reference trajectory and disturbances 

4.3.1 Choice of reference trajectory 

Several different reference signals were tested with the Iterative Feedback Tuning algo- 
rithm. As already discussed in chapter 3, the choice of reference signal is important 
because the controller will be optimized for this reference trajectory. Therefore, one 
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would like to use the same kind of reference signal during the Iterative Feedback Tun- 
ing procedure as the trajectories the system should follow during its normal use. In other 
words, the power spectrum of the reference signal used during the Iterative Feedback 
Tuning procedure should be approximately equal to that of a normally used trajectory, 
see also equation (3.3). A few of the trajectories tried with the Iterative Feedback 
Tuning scheme are: 

e Chirp signal; 

Step signal; 

0 Third order reference signal. 

It can be remarked that a single sine wave was avoided because of the restricted fre- 
quency content. During the first simulations, a chirp signal has been tried. At very low 
frequencies, the system will easily follow the chirp signal. However, when the frequency 
of the sinusoid increases, the error will grow rapidly. As already mentioned in sec- 
tion 3.5, it is beneficial for the Iterative Feedback Tuning algorithm to have a relatively 
simple desired process output. Next, a step signal was explored. Of course, no system 
with finite control input can track a step signal correctly. Therefore, the step signal is 
considered to be a very difficult reference trajectory and a reference model was neces- 
sary to achieve good convergence rates and an acceptable final controller. However, as 
already discussed in section 3.5, this is also not very easy to do in practice. Finally, 
a third degree reference signal was used. For motion systems, the maximal velocities 
and accelerations are commonly known. With this knowledge, one can easily design 
a reference trajectory [14]. This reference signal is used during the remainder of this 
report, as it turned out to work quite well and no reference model is required to obtain 
good convergence results. The first joint of the RRR-robot will make a rotation of 4 
rad and back again using the following parameters: 

0 maximum velocity of 6 rad s-l; 

0 maximum acceleration of 25 rad s-'; 

maximum jerk of 1000 rad s - ~  

This reference motion is shown in figure 4.4. Moreover, in figure 4.5, an estimate of the 
power spectral density of the reference motion r( t)  is depicted. 

4.3.2 Choice of disturbances 

In order to obtain representative simulations, unmeasured disturbances were also added 
to the Matlab/Simulink diagram. In the first attempt, the position encoder resolution 
was simulated using a Quantizer block in Matlab/Simulink. This approach resulted 
in errors during the simulations and therefore the Quantizer block was replaced by an 
uniformly distributed random signal, with -0.5 x 5 v(t) 5 0.5 x 
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Figure 4.4: Reference trajectory used during the Iterative Feedback Tuning procedure 
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Figure 4.5: Power Spectral Density of the reference signal r ( t )  
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4.4 Choice of update parameters 

During the simulations, the Gauss-Newton approximation of the Hessian matrix, given 
by equation (3.2), will be used in equation (2.10). This implies that a step size of 1 will 
give the optimum defined by (2.6) if the objective function is quadratic. Because the 
latter is clearly not the case here, a smaller step size is used during the optimization 
process. A step size of 0.5 will be used during the remainder of this report. 

4.5 Tuning of the remaining design parameters 

In this section choices for design parameters A, L, (z) and Lu(z) will be made. Of course, 
they should be chosen such that the final controller will be robust and it should also 
achieve good performance. It is obvious why good performance is desired. Robustness 
is desirable if one would, for example, want to attach something to the robot tip after 
the optimization procedure. This would change the robots dynamics and might result 
in an unstable closed loop system when a non-robust controller is used. If the controller 
is robust, this would only cause a small change in performance. In general some tradeoff 
should be made between robustness and performance. 

One can always judge the performance in the time domain by examining the tracking 
error ij(t, p). In the frequency domain, one can examine the Bode-plot of the open loop 
system ~Tz,p)P,(z) to get some insight on the controller performance. A well-known 
measure for robustness is a maximum absolute value of the sensitivity function of 6 dB. 
This implies that the open loop gain stays away from the point -1 in the Nyquist plot 
with a certian bound. This measure is often used in model based designs to make sure 
the system works satisfactory despite of modelling errors or disturbances. It should be 
noted that one requires knowledge of the plant Po(z) to obtain information about the 
open-loop frequency response function or the sensitivity function. Normally, one does 
not have this information about the system if a data-based control algorithm is used. 
During simulations, full knowledge of the system is available. This information will be 
used to gain some experience in choosing the design parameters, but it is not used in 
the Iterative Feedback Tuning algorithm explicitly during the iterations. 

Firstly, a controller will be tuned without the use of the frequency weighting filters 
L,(z) and Lu(z). Both the control input u(t, p) and the error ij(t, p)  will be penalized 
by means of design parameter A. When a normal experiment is performed using the 
initial controller, the amplitude of the input signal u(t, p) is approximately lo3 times 
higher than the error signal y(t,p). To improve the performance, it is expected that 
the gain should probably be increased. This means that A should be chosen lower 
than approximately loV6 to make sure the penalty on the control effort is reduced 
in equation 2.5. In figure 4.6, the maximum value of the gain plot of the sensitivity, 
max(/So/) is determined by means of simulation for loV8 5 X 5 loV6. For each value 
of A, enough iterations were performed to find a minimum of the objective function. 
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Figure 4.6: Maximum value of the sensitivity (max(lS,I)) for lo-' 5 X 5 

In figure 4.7, the sensitivity, open loop gain, controller and error of the optimal controller 
are shown for X = 1 x lo-', X = 4.3 x and X = 1 x It can be concluded 
that X should not be chosen too low, as X = 1 x causes unacceptable peaks in 
the sensitivity function. Moreover, the gain of the controller is very high if X is low. 
If X is chosen too high, the bandwidth of the system decreases and the performance 
gets worse, see for example figure 4.7 (d). From figures 4.6 and 4.7 it can be observed 
that X = 4.3 x is a good choice if both performance and robustness are taken into 
account. 

As discussed in section 4.2, a very low order controller is used during the simulations. 
It is for example impossible for the Iterative Feedback Tuning algorithm to reduce the 
effect of resonances by means of a notch filter. However, by looking at figure 4.7 again, 
it can be observed that the high frequency roll-off can be increased to reduce the effect 
of the resonance at approximately 200 Hz. To achieve this, the frequency weighting 
filters were introduced. To emphasize a certain frequency band, the gain of LY(z) or 
L,(z) should be increased, see equation (3.3). If the peaking at 200 Hz is reduced, 
one can reduce X until the peak at approximately 15 Hz reaches 6 dB. The results of 
those simulations are given in figure 4.8. The frequency weighting filters are depicted 
in figure 4.9. It can also be concluded from figure 4.8 (c) that the integral action of 
the controller is reduced. In another simulation the frequency weighting filters were 
used to emphasize the low frequency band, which resulted in more integral action. It 
can be concluded that the frequency weighting filters are an efficient way to emphasize 
certain regions in the sensitivity function, but with the low order controller not much 
can be gained. Therefore, the frequency weighting filters will be omitted during the 
implementation of the Iterative Feedback Scheme with the simple controller on the RRR- 
robot. If the controller complexity is extended, it can be expected that the frequency 
weighting filters Ly (z) and L,(z) can be used to place notch filters at certain frequencies. 
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Frequency [Hz] Frequency [Hz] 
(a) Magnitude plot of sensitivity function (b) Bode plot of the open loop gain 

Frequency [Hz] 
(c) Magnitude plot of the controller 

Figure 4.7: Iterative Feedback Tuning simulation results for X = [l x lo-', 4.3 x 1 x 
lop6], L,(z, p) = 1 and Ly ( 2 ,  - p)  = 1. All results shown are for the resulting controller. 

4.6 Evaluation 

From the simulations it is understood how to design a controller using the Iterative 
Feedback Tuning algorithm. However, the choice of the design parameters is crucial, as 
it influences the final closed loop system. On a simulation level, it is easy to incorporate 
frequency domain aspects because the plant is known. In practice, one does not have the 
full knowledge of the plant. Therefore, it is not easy to design both a well performing 
and a robust controller in practice. It  can be noted that in the next section, the Nyquist 
plot, complementary sensitivity, criterium function and controller parameters during the 
iterations will also be shown for X = 4.3 x lop7, L, = 1 and L, = 1. 
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Chapter - 5 

Experimental results 

In this chapter some experimentally obtained results of the Iterative Feedback Tuning 
algorithm will be given. Firstly, several issues regarding the transition from simulation 
to experiments will be discussed. After that, the results of the third order controller as 
used in chapter 4 will be given. Next, the complexity of the controller will be extended. 
After that, an evaluation is given. 

5.1 Transition from simulation to experiments 

In the previous chapter, the Iterative Feedback Tuning algorithm was successfully im- 
plemented on the simulation model as depicted in figure 4.2. If the Iterative Feedback 
Tuning algorithm is to be implemented on the real system, relation (4.2) should also 
be incorporated in the Matlab/Simulink scheme. This was of course not necessary on 
simulation level, because the input of the simulation model was ~ ( t )  instead of ~ ( t ) .  
Clearly, equation (4.2) is dependent on the reference motion gTef (t)  and reference veloc- 

ity gTef (t) .  During the first and optionally third experiment, both the reference motion 
and reference velocity are perfectly known, see figure 4.4. However, during the second 
experiment only the reference motion is known exactly. A simple way to overcome this 
problem is to estimate the reference velocity by numerical differentiation and filtering 
by a low pass filter. However, as discussed in chapter 4, the actual velocity should 
be close to the reference velocity to make sure the nonlinear compensation works well. 
Differentiation of the reference trajectory is thus discussable. One can, of course, also 
use the differentiated position measurement of the plant as estimated velocity. Then, 
equation (4.2) transforms to: 

where 4(t) indicates the estimated velocity by numerical differentiation and filtering by 
a low-pass Butterworth filter. Another approach is to omit the velocity information in 
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the feedback linearization control law, but this results in no compensation of friction 
and coriolis effects at all. 

Because the reference signal of the second experiment is small (O(r(t) - yl(t, p)) = 

rad), it can be expected the coriolis forces can be neglected. Friction forces will 
probably be the most present nonlinear effect. To make sure the linear dynamics are 
dominant over the nonlinear dynamics, one can amplify the reference of the second 
experiment by a factor a. For linear systems, the new process input and output will 
also be amplified with the same factor a. It should be noted that a should not be taken 
too large to avoid other non-linear effects of the plant, for example input saturation. It 
can be noted that this is a commonly used approach for linear systems to increase the 
signal-to-noise ratio. 

Another approach is to use r2 (t) = y1 (t, - p) instead of r2(t) = r( t)  - y1 (t, p). The other 
- 

experiments are the same as in table 2.1 and 2.3. The gradient %(t,p) can now be 
- 

estimated from [l]: 

A similar equation can be derived for e ( t ,  p). A disadvantage of this approach is that 

it requires three experiments, even in case of a one-degree-of-freedom controller. Also, 
during experiments, this method did not prove to be a lot better than the amplification 
technique as discussed before. It will therefore not be explained further. 

The problems discussed in this section mainly apply to the gradient experiment. If 
the gradient estimate is not accurate, it might take longer to converge to the optimal 
controller. It should be stressed that only data from the first experiment influences the 
shape of the controller. If there is, for example, a lot of Coulomb friction, the final 
controller will probably contain a large integral part. This is due to the fact that the 
Coulomb friction is present in the first experiment. The coulomb friction in the second 
experiment only decreases the quality of the estimate of the gradient of the objective 
function with respect to the controller parameters. This can best be seen by examining 
equation (2.5) once again. The objective function is entirely defined by results of the first 
experiment, and thus its minimum is only dependent on results of the first experiment. 
From equations (2.29), (2.30) and (2.31) it can be confirmed that the errors during the 
second (and optionally third) experiment influence the quality of the estimate of the 
gradient of the objective function with respect to the controller parameters. 

It turns out to be quite difficult to determine which method in this section performs 
best. As discussed, the methods mainly influence the rate of convergence and not the 
final design of the controller. This was also concluded from different experiments. For 
the experiments discussed in this chapter, the feedback linearization control law given 
by equation (4.2) was used during the first experiment, whereas equation (5.1) was 
used during the second experiment. Moreover, a factor a = 5 was used during the 
experiments. 
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5.2 Experimental results - third order controller 

In this section, experiments will be performed on the real system using the design 
parameters discussed in section 4.5. For clarity, the design parameters are summarized 
in table 5.1. 

Table 5 .1: Design parameters 

I Design parameter I/ value 1 

With the parameters in table 5.1, simulation results were already obtained, see figure 4.7. 
The Iterative Feedback Tuning algorithm has also been applied to the real system. In 
both cases iterations were started with the initial controller as discussed in section 4.2. 
In figures 5.1, 5.2, 5.3 and 5.4, both the simulation and the experimentation results are 
depicted. The results of the initial controller are given as well. 

In figure 5.1 (a), the magnitude plot of the sensitivity function S,(z, p) is given. It can 
be concluded that all of the controllers do not exceed the 6 dB boundary. The final 
controller obtained during the experiments seems to have a lot more integral action than 
the final controller during the simulations, as the 60 dB/decade slope is present for a 
larger frequency range. This can also be observed from figures 5.1 (b) and 5.1 (c). The 
discrepancies between simulations and experiments can be explained by the presence of 
unmodelled effects such as friction and other nonlinear dynamics. The effect of friction 
is supported by figure 5.1, during the experiments there is a large offset in the error, 
which is not present during simulations. During previous studies, it was concluded that 
unmodelled nonlinear effects are mostly low frequent. Moreover, it can be observed 
from figure 5.1 (c) that the high frequency roll-off is more present in the experimental 
result than in the simulations. This also results in a reduction of the peak at 200 Hz in 
the sensitivity function. A possible cause for the high frequency roll-off is the presence 
of measurement noise during the experiments, which mostly has high frequency content. 

In figure 5.1 (d), the complementary sensitivity function is depicted. As already noted in 
section 4.2, the controller is actually a two-degree-of-freedom controller due to the fixed 
feedforward controller. This feedforward controller has no influence on the sensitivity 
function in any way. However, the complementary sensitivity function is influenced by 
the feedforward controller. This can best be seen when equations (2.18) and (2.19) are 
observed once again. In figure 5.1 (d), the complementary sensitivity is depicted for the 
initial controller, the resulting controller during simulations and the resulting controller 
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during experiments. It can be seen that very high peaks occur for frequencies above 
100 Hz. Unlike the disturbance spectrum a,,, the reference spectrum a,, is known, see 
figure 4.5. For frequencies above 100 Hz, the reference spectrum has very little power and 
therefore, these peaks are no problem. In figure 5.1 (d) the complementary sensitivity 
function is also depicted for the initial controller without feedforward controller, so the 
influence of the feedforward signal can be seen. It should be remarked that in figure 5.1, 
the model of the plant was used to create figures (a), (b) and (d). 

In figure 5.2, a Nyquist plot of open loop gain is given for the simulation result, exper- 
imental result and initial design. It can easily be concluded that all three designs are 
stable. Again, it can be remarked that the model of the plant was used to create this 
figure. From figures 5.1 and 5.2, the cross-over frequency as well as gain and phase 
margin can be estimated. The results are given in table 5.2. 

Table 5.2: ~s t ima ied  cross-over frequency and stability margins 

Now remains the question whether the algorithm has converged to a (local) minimum, 
given by equation (2.9). Firstly, the objective function J(p) seems to have converged 
to a minimum, see figure 5.3. The difference between simulation and experiment can 
again be explained by unmodelled effects. Moreover, in figure 5.4, the values of the 
controller parameters pl, pz, p~ and pp are given during the iterations for both the 
simulation and experiment. During the simulations, the parameters seem to converge 
to stationary values. During the experiments, the controller parameters seem to be 
bounded around some stationary values after a few iterations. The fluctuations in 
the controller parameters can be explained by the error in the gradient estimation as 
discussed in section 5.1. From figure 5.4 it can also be seen that the final controller has 
a different parametrization during the simulation and the experiment, this supports the 
earlier conclusion from figure 5.1 (c). 

5.3 Experimental results - extended complexity 

Phase margin [deg] 

36 
25 
50 

To show the fact that the Iterative Feedback Tuning algorithm can also be used to tune 
higher order controllers, an example will be given in this section. It can be noted that 
one can always extend the order of the controller during the iterations, just by adding 
a coefficient which is initially zero. This is also done in the example here. After the 

Gain margin [dB] 

18 
20 
32 

Simulation result 
Experimental result 
Initial 

Cross-over frequency [Hz] 

12.5 
8.0 
4.0 
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experimental results of figure 5.1, an optimal controller is obtained for the controller 
parametrization given by equation (5.3) and the design parameters given by table (5.1). 
The controller will now be extended from third order to seventh order: 

Iterations will thus be started from the final controller of figure 5.1, its parameters are 
shown in figure 5.4. 

Now remains the question whether the Iterative Feedback Tuning can reduce the objec- 
tive function J ( p )  when the controller complexity is extended. From figure 5.5 it can 
be concluded that this is clearly the case, so the Iterative Feedback Tuning algorithm 
can handle more complex controller structures in practice. 
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(d) Magnitude plot of complementary sensitivity 
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Figure 5.1: Iterative Feedback Tuning simulation and experimental results for X = 
4.3 x , L, (z, p) = 1 and Ly (z, - p)  = 1 
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Figure 5.2: Nyquist diagram corresponding to the results of figure 5.1 
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Iteration [-] 

(a) Simulation 

Iteration [-] 

(b) Experiment 

Figure 5.4: Controller parameter - p during iterations for X = 4.3 x , Ly(z ,p )  = 1 
and Ly (z, - p) = 1 
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Figure 5.5: Iterative Feedback Tuning experimental results with controller extension for 
X = 4.3 x , L, (z, - p) = 1 and Ly(z, - p) = 1 
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Chapter 6 

Conclusions and 
recommendat ions 

6.1 Conclusions 

In chapter 1, the introduction, it is noted that the Iterative Feedback Tuning algorithm 
is a data-based control design approach. In chapter 2, the Iterative Feedback Tuning is 
elaborated formally. Iterative Feedback Tuning turns out to be an iterative procedure, 
which requires one normal experiment (the controller will be optimized for the trajectory 
of this normal experiment) and one special (gradient) experiment during each iteration 
step to optimize a one-degree-of-freedom controller. Both of the experiments are closed- 
loop. In chapter 3, some practical issues are discussed. 

In the fourth chapter, a simulation model of the RRR-robot is used to show that it is 
possible to optimize the feedback controller of the RRR-robot using Iterative Feedback 
Tuning. In chapter 5 an answer to the problem formulation in the introduction is found, 
it is indeed possible to obtain a satisfactory controller for the mainly linear dynamics 
of the RRR-robot using Iterative Feedback Tuning. 

It can be concluded that Iterative Feedback Tuning is an efficient procedure to minimize 
a cost function over some reference trajectory. In chapter 4 it is shown that it is up to 
the designer so specify a good cost function and reference trajectory. The final controller 
strongly depends on them. It turns out that for the RRR-robot, a good choice for a 
reference trajectory is a third order reference signal. The cost function is typically some 
performance criterium that contains the square of the error and optionally the square 
of the control input. 

In this report, it is shown that it is important to include weighting on the input signal 
to avoid a very high gain in the controller. During the simulations in chapter 4, a 
model of the plant is used to choose an appropriate input weighting. By using the 
input weighting, the sensitivity function is kept below a certain bound to make sure the 
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resulting controller is robust against changes in the plant properties and disturbances. 
However, when one normally uses data-based algorithms, not much knowledge about 
the plant is available and the robustness of the final controller is more difficult to judge. 

The main application of the Iterative Feedback Tuning algorithm in literature are in 
the process industries. In such industries, a lot of processes are very complex making 
modelling a difficult task. There, the Iterative Feedback Tuning algorithm might be an 
efficient too! to gain some improvement in performance. In motion co~tr01, both high 
performance and robustness are often required. With the current choice of objective 
function, it is not easy to combine those two requirements. However, it is interesting 
that this "blind" algorithm can come up with a satisfactory controller. 

6.2 Recommendat ions 

In this section, several recommendations will be made. It can be noted that a lot of 
extensions to the basic Iterative Feedback Tuning algorithm exist. 

1. To continue the subject of the previous section, the objective function can be 
extended to handle also robustness aspects. For more information, see [15]. 

2. As discussed in section 3.2, an extension can be made to Iterative Feedback Tun- 
ing to guarantee stability. This could increase the designers confidence in the 
procedure. 

3. The use of the reference model Td(z )  was omitted in this report. This reference 
model can be explored further, as well as other reference signals. Moreover, the 
frequency weighting filters L,(z) and Ly(z) can be used to improve the resulting 
controller. 

4. The structure of the controller should be investigated further, because the struc- 
ture in section 5.3 might not be optimal. One can also use the Iterative Feedback 
Tuning algorithm to optimize the feedforward part of the controller as discussed 
in chapter 2. This will require an extra experiment at each iteration step. 

5. Other methods can be explored to cope with non-minimum phase controllers, as 
discussed in section 3.3. 

6. Other Hessian approximations can be investigated. If better convergence can be 
obtained, it would take less iterations to obtain the optimal controller. Also, the 
choice of the stepsize can be optimized, for example by performing a line search. 
Moreover, one can change the entire optimization algorithm given by (2.10) and 
use a more advanced algorithm. This means that one can also impose constraints, 
see also [16], [17]. 
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7. It is possible to tune the controller on the RRR-robot without feedback lineariza- 
tion. Of course, the performance can not be expected to be as good as in the 
feedback-linearized case. It would be interesting to see if the Iterative Feedback 
Tuning algorithm works for a nonlinear plant despite of the assumption that the 
plant is linear. In literature, several satisfactory results were already obtained 
using a non-linear plant. See references [3] and [18] for more information. 

8. Investigate MIMO controllers if the different joints influence each other, see [is]. 
The main drawback of MIMO controllers is that a lot of experiments are necessary 
at each iteration step, because figure 2.2 can not be transformed to 2.3 in case of 
MIMO systems. 
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Continuous and discrete time 
controllers 

The Iterative Feedback Tuning algorithm uses a discrete time notation to describe the 
controller. Moreover, it also requires initial parameter values that can be updated dur- 
ing the iterative procedure. A condition for the initial controller is that it is stable. 
Often, a stable controller is already available but it is parameterized in the continuous 
time domain. In this section, it will be discussed how the continuous time domain con- 
troller (differential equations) can be approximated in discrete time domain (difference 
equations) [20]. It can be remarked that it is not possible to approximate a non-proper 
continuous time system with a discrete time system using the Matlab command c2d.m. 

Suppose the initial controller is of the proportional-integral-derivative (PID) type. This 
controller is given by 

1 K 
K + - + K T D s .  C ( s ) = K ( l + - + T o s ) =  - 

 TI^ TIS + (A-1) 
proportional derivative 

integral 

Next, the terms of the PID controller will be rewritten in discrete time one by one. 
Hereto, the backward difference formula given by equation (A.2) will be used [21], 
which is also known as the Euler's method. Here, T denotes the sample interval, or 
T = tk+l - tk. Because the sample time is constant, it also holds that tk = kT, with 
k E Z. Moreover, x(k) denotes the value of x a t  time tk, whereas xk-1 denotes the value 
of x at time tk-l. 

The terms of the PID controller in discrete time are: 
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Proportional action 

Appendix A. Continuous and discrete time controllers 

Integral action 

U s )  - K CI (s) = - - - 
E(s)  TI^ 

Differential action 

Here, a-I denotes the backward shift operator. By combining equations (A.3), (A.4) 
and (A.5), the following result can be obtained: 



A continuous time controller given by equation (A.l) can thus be approximated by the 
discrete time controller 

with: 

It can be noted there are many more methods to approximate a differential equation 
by a difference equation [20]. Most of the methods result in smaller errors compared 
with Euler's method. However, Euler's method is a simple method to approximate a 
controller in discrete time without the use of a computer algorithm. Moreover, if the 
sample fi-equency is high enough with respect to the frequency content of the signals, 
the errors due to approximation are negligible. Another reason why this simple method 
is used is that the approximation is only applied for the initial controller, the result- 
ing controller will be optimized in discrete time and is therefore not sensitive to the 
approximation method used. 
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Appendix B 

Matlab files 

In this appendix, a sample Matlab program will be given. In figure B.l, the correspond- 
ing Simulink diagram is given. In the next section, a .m file is given. The diagram for 
the implementation is omitted due to space limitation (it contains a few subsystems). 
The .m- file itself still contains code that is useful for implementation using Wincon [22]. 
The plot commands are also omitted but are straightforward to include. It can be noted 
that an input saturation as well as an integrator anti-windup is omitted. This is due to 
the fact that the maximum input voltage is known, but after the feedback linearization 
part, it is unknown what the maximal value of is. It is therefore important to monitor 
the input voltage during the experiments on the robot. 

B. 1 Simulink diagram for simulation purposes 

Uniform Random 
Number 

Measurement Noise 

con' - 
1 

Contreller- Integrator. 

Figure B.1: Matlab/Simulink file for simulation purposes 
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B.2.1 Main program 

% Example file for Iterative Feedback Tuning algorithm 
% 
% Created by T.A.E. Oomen 
X Version 1.0 
% Last changes: 22/10/2003 
% 
% Files used: 
% NoMinPhaZMinPha-d.m (map unstable zeros inside unit circle) 
% init.m (contains parameters for nonlinear model-based feedforward) 
% ift-ldof-sim.mdl (Simulink model for simulation purposes) 
% ift-ldof-imp.mdl (Simulink model for implementation purposes) 
% Wincon commands (for real-time implementation) 
% 
% note: all commands starting with wc are Wincon commands 
% note: the definition of rows/columns differs from the report 

clear all, close all, clc 

% IFT settings 
lambda=43e-8; 
stepsize=.5; 
alpha=5 ; 
s imu=O ; 

% input weighting 
% stepsize = 0 for variable stepsize 
% scaling factor alpha in the report 
% for simulation choose 1, for implementation 0 

% simulation parameters 
t end=5 ; % simulation time [s] 
T=1/1000; % sample time [s] 
t=[O:T:tendl '; % time vector 

% Filters - note: use discrete time filters in num/den notation 
filters.Lu.num=[l I]; 
filters .Lu.den= [I 11 ; 

filters .Ly .num= [I 11 ; 
f i1ters.L~ .den=[l I] ; 

f ilters.Td.num=[l] ; 
filters. Td. den= [I] ; 

filters .dCdrl .num= [I 01 ; 
filters.dCdrl.den=[l -11 ; 

filters . dCdr2 .num= [O I] ; 
f ilters.dCdr2.den=[l -11 ; 

filters .dCdr3 .num= [O 0 11 ; 
filters . dCdr3. den= [I -1 01 ; 

filters.dCdr4.num=[O 0 0 11 ; 

% input frequency weighting filter 
% input frequency weighting filter 

% error frequency weighting filter 
% error frequency weighting filter 

% Reference model 
% Reference model 

% dC/d(rhol) 
% dC/d(rhol) 

% dC/d(rho2) 
% dC/d(rho2) 

% dC/d(rho3) 
% dC/d(rho3) 

% dC/d(rho4) 



filters . dCdr4. den= [l -1 0 01 ; % dC/d(rho4) 

% load data (model and reference signal) 
load Pd-dofl-15ord-mean.mat % contains 15th order model of the first joint 
load ref -signal.mat % contains the reference motion signal q-{ref) 
load vel-signal .mat % contains the reference velocity signal \dotCq)-{ref) 
load acc-signal.mat % contains the reference acceleration signal \ddot{q)-{ref) 

% desired process output yd(t) 
yd=filter(filters.Td.num,filters.Td.den,r); 

'/, initial controller - continuous time parameters (tuned using diet) 
K=250 ; 
Td=1/12; 
Ti=inf ; 

con=[K+K*T/Ti+K*Td/T -K-2*K*Td/T K*Td/T 01'; % discrete time approximation 

% create structure to save data during iterations 
datastorage. J= [I ; 
datastorage. controllers= [I ; 
datastorage. e= [I ; 
datastorage. y-tilde=[] ; 
datastorage. yl= [I ; 
datastorage. y2= [I ; 
datastorage. ul= [I ; 
dat ast orage. u2= [I ; 
datast0rage.n-iter=O; 
datastorage. est-grad-J= [I ; 

% define simulink model 
if simu==l 

model='IFT-ldof-sim'; % 
else 

model='IFT-ldof-imp'; % 
path=wc-path(mode1) ; 
eval('initl) % 

end 

% iterations 
niter=input('How many iterations? 
while niter>=O 

if niter==O; 
figure 

simulink file to perform simulations 

sirnulink file to use with Wincon 

initialization (feedback linearization) 

plot ([I :datastorage.n-iterl ,datastorage. J(: ,I), . . . 
C1:datastorage.n-iter] ,datastorage. J(: ,2), . . . 
C1:datastorage .n-iter] ,datastorage. J(: ,3) ) ; 

xlabel('Time [s]'); ylabel(JCost function J'); legend('J','J-uJ,'J-y',O); 
axis tight; shg 
niter=input( 'How many iterations? (-1 to stop) ') ; 

elseif niter>O; 
7 --------== -------- F' ~rst, experiment ========== 

REF= [t r] ; % reference signal used in sirnulink 
ACC= [t acc] ; % acceleration signal used in sirnulink 



Appendix B. Matlab files 

if simu==l 
sim(mode1) 
ul=U(: ,2); 
yl=Y(: ,2); 

else 
VEL= [t vel] ; 
EXPNR=l; 

% simulation 

% experiment 
% velocity signal used in simulink (feedback linearization) 
% experiment number 

plot-namel= 'U'; 
plot_name2= 'YJ; 
wc~openplot(model ,[ model ' \ '  plot-namell); 
wc-openplot (model , [ model ' \ ' plot-name21 ) ; 

wc-start (model) ; 
pause (0.5) 
while wc-isrunning(mode1) 

fprintf ( ' . ' I ;  
pause (0.5) ; 

end 

fnamel = ['exl-itJ int2str(datastorage.n-iter) 'U.matJl; 
if exist (fnamel , 'file' ) 

delete (fnamel) ; 
end 
wc-saveplot ( ['Scope - ' model ' \ '  plot-name11 ,fnamel) ; 

done=O ; 
whilecdone == 0) 

pause (0.5) 
if (exist (fnamel, 'file') ==2) 

done = 1; 
end 

end 

fname2 = [ 'exl-it ' int2str (datastorage .n-iter) 'Y .mat '1 ; 
if exist(fname2,'file') 

delete(fname2) ; 
end 
wc-saveplot ( ['Scope - ' model ' \ '  plot-name21 , fname2) ; 

done=O ; 
while(done == 0) 

pause (0.5) 
if (exist(fname2, 'file') ==2) 

done = 1; 
end 

end 



ul=IFT-ldof-imp-U; 
yl=IFT-ldof-imp-Y; 

end 

y-tilde=yl-yd; % Calculation of y-{tilde) 

if simu-1 % simulation 
sim(mode1) 
u2=U( : ,2) /alpha; 
y2=Y ( : ,2) /alpha; 

else % in case of experiment 
VEL=[t zeros(size(ve1))l; % velocity signal used in simulink (feedback linearization) 
EXPNR=2 ; % experiment number 

plot-namel= 'UJ; 
plot_name2= 'Y'; 
plot_name3= 'Control'; 
wc~openplot(model,[ model ' \ I  plot-namel]); 
wc~openplot(model,[ model ' \ '  plot-name21); 
wc~openplot(model,[ model '\ ' plot-name31); 
wc-start (model) ; 
while wc-isrunning (model) 

fprintf('.'); 
pause (0.5) ; 

end 

fnamel = ['exl-it' int2str(datastorage.n-iter) 'U.mat'1; 
if exist (fnamel, 'file' ) 

delete (fnamel) ; 
end 
wc-saveplot(['Scope - ' model '\ ' plot-namel1,fnamel); 

done=O ; 
while(done == 0) 

pause (0.5) 
if (exist (fnamel, 'file') ==2) 

done = 1; 
end 

end 
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fname2 = ['exl-it' int2str(datastorage.n-iter) 'Y .mat'] ; 
if exist (fname2, 'file' ) 

delete (fname2) ; 
end 
wc-saveplot ( ['Scope - ' model ' \ ' plot-name21 , f name2) ; 

done=O ; 
while(done == 0) 

pause (0.5) 
if (exist (fname2, 'f ileJ ) ==2) 

done = 1; 
end 

end 

u2=IFT-Idof-imp-U/alpha; 
y2=IFT-Idof-imp-Y/alpha; 

end 

========== Gradient calculation ========== 

filters.C.num=[con']; )/. Update filters .structure with the controller 
filters.C.den=[l -1 0 01; % Update filters structure with the controller 

Ly-y-tilde=f iltf ilt (f ilters .Ly .num,f ilters .Ly .den, y-tilde) ; 
Lu-ul=f iltf ilt (f ilters .Lu.num,filters .Lu.den,ul) ; 

est -grad-u=filter(filters.C.den,filters.C.num,... 
[filter(filters.dCdrl.num,filters.dCdrl.den,u2) ... 

filter(filters.dCdr2.num,filters.dCdr2.den,uZ) ... 
filter(filters.dCdr3.num,filters.dCdr3.den,u2) ... 
filter(filters.dCdr4.num,filters.dCdr4.den,u2)1); 

Lu-est-grad-u=f iltf ilt (f ilters .Lu.num,f ilters .Lu.den,est-grad-u) ; 

Ly-est-grad-y=f iltf ilt (f ilters .Ly .num,f ilters .Ly .den, est-grad-y) ; 



datastorage. J= [datastorage. J; J J-u J-yl ; 
datastorage.controllers=[datastorage.controllers;con']; 
datastorage.e=[datastorage.e; (r-yl) 'I ; 
datastorage. y-tilde= [datastorage. y-tilde; y-tilde 'I ; 
datastorage. yl= [datastorage. yl; ylJ 1 ; 
datastorage. y2=[datastorage.y2; y2'1; 
datastorage .ul=[datastorage .ul;ul'] ; 
datastorage. u2= idatastorage. ii2 ; -dlJ 1 ; 
datast0rage.n-iter=datastorage.n-iter+l; 
datastorage. est-grad- J= [datastorage. est-grad-J; est-grad-J] ; 

f igure(1) ; 
bode(C-init,C-old,C-new); 
legend('Initia1 controllerJ,'Previous controller', . . .  

['New controller with \gamma = ',num2str(gamma)l); 

proceed=input ('Proceed with current stepsize? [yhl ' , 'sJ) ; 
end 

else 
gamma=stepsize ; 

end 

con=con-gamma*pinv(R)*est-grad-J'; % pinv to compute the "best possible" inverse 

c=f ilt ( [con1 ' ,[I -11 ,T) ; 
c2=~o~inPha2MinPha-d(c, T) ; 
con=tfdata(c2,'v')'; 

niter=niter-I ; 
disp(['Iterations left: 'num2str(niter),', J = ',num2str(J)l); 

end 
end 

% Add plot commands here 

B.2.2 Additional file 

The above script also uses a program called NoMinPha2MinPha-d .m, to compensate for 
the non-minimum phase controllers. It is given by: 

'/, function P-MinPha = NoMinPha2MinPha_d(P_NoMinPha,Ts) 
% Design of mininum phase counterpart to a given nominimum phase discrete-time system. 
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% Non-minimum and minimum phase systems should have similar amplitude-frequency characteristics. 
% Created by D. Kostic 

function P-MinPha = No~inPha2MinPha-d(P-NoMinPha,Ts); 

W-MinPha=W-NoMinPha; 
zeP-MinPha=zeP-NoMinPha; 
for ii=l:length(zeP-NoMinPha), 

if abs(zeP-NoMinPha(ii))>I, 
zeP-MinPha(ii)=l/zeP-NoMinPha(ii); 
disp('N0N MIN PHASE COMPENSATIONJ); 
kP-MinPha=kP-MinPha*abs(zeP-NoMinPha(ii)); 

end 
end 
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