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This thesis analyzes the performance and stability of a novel control algorithm designed for
linear systems. The algorithm is designed to reduce the needed data transfer between the
system and controller. Simulation experiments were conducted in MATLAB to evaluate the
algorithm’s performance, and to compare it against a conventional control algorithm.

Results indicate that the algorithm achieves stability, and while the data transfer needs are
indeed lower than those of the conventional P-type controller, its performance is otherwise
inferior.

While the algorithm functions as intended, the subpar performance limits it’s applications
considerably. Further research could be conducted on possible applications, where the algo-
rithms main strength would be necessary.
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Téssd kandidaatintydssid analysoidaan uudenlaisen, lineaarisille jédrjestelmille suunnitellun
sadtdalgoritmin suorituskykyd seki stabiiliutta. Algoritmi on suunniteltu vihentdmiin tar-
vittavaa tiedonsiirtoa jarjestelmin ja sddtimen vililli. MATLABissa suoritetuilla simulaa-
tioilla arvioitiin algoritmin nopeutta ja tarkkuutta, joita verrattiin perinteiseen sddtdalgorit-
miin.

Tulosten perusteella voidaan todetta, ettd algoritmi saavuttaa stabiiliuden ja sen vaatima tie-
donsiirto on vihdisempi kuin perinteiselld P-sddtimelld. Algoritmin muut ominaisuudet sen
sijaan ovat heikommat kuin perinteiselld algoritmilla.

Vaikka algoritmi toimii tarkoitetulla tavalla, sen vaatimattomat ominaisuudet rajoittavat mah-
dollisia kdyttokohteita merkittavisti. Lisdtutkimuksia olisi mahdollista tehdi sovelluskohtei-
den 16ytdmiseksi.



Symbols and abbreviations

Greek characters

(delta)

Dimensionless numbers

QO w ®

Linear system gain

Largest expected disturbance

Controller’s bounds

Number of steps that have elapsed in emergency mode
Number of steps to be done in normal operation mode
Number of quantization bins

Probing factor

Discrete time steps

Control value given to the system

System value

Disturbance value
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1 Introduction

Modern industrial systems and processes almost always have some kind of feedback control.
This is due to the increase in efficiency, and ability to adjust the process during operation.
Often this control is done with a digital controller, that receives data from the system or pro-
cess through a data bus. Digital controllers are advantageous because of their comparatively
low design and manufacturing costs compared to analog control. Their reliability and resis-
tance to outside noise is also superior. The data buses have limited transfer rates, which is
problematic both for the speed and accuracy of the system, but also for the number of devices
that can be connected to the same bus. Reducing the amount of data transfer needed for the
control can allow for the data to be transferred more often, resulting in more accuracy and
speed, or alternatively for more devices to connect to the same bus, reducing cost due to not

needing as many buses for the same number of devices.

In the case of a linear stochastic system, the amount of data that must be acquired by the

controller from the process can be calculated based on the system gain using the equation
M<|a)+1, (1)

where M is the number of quantization bins needed and a is the system gain (Kostina et al.,
2022). Based on this amount of data needed, Kostina et al. (2022) postulate an algorithm
for a quantizer-controller pair, that could achieve stability with the minimum number of bits
transferred from the quantizer to the controller. The algorithm presented by Kostina et al.
(2022) is expressed in terms of its mathematical theory. This study aims to put that theory

into practice.

1.1 Research objectives and limitations

The aim of this research is to produce a practical implementation based on the theory outlined
by Kostina et al. (2022). The focus will be on the special case where the system gain is less
than 2. The implementation is simulated and the results are compared against a conventional

control algorithm. Goals:

e To develop a practical implementation of the proposed algorithm
e To simulate the implemented algorithm

e To compare the simulation results against those obtained from simulating a conven-

tional control algorithm



1.2 Structure of the thesis

The precise function of the algorithm and the methods of simulation and comparison are
described in the second chapter of this study. The results of the simulation and comparison
are presented in chapter three. Chapter four contains analysis of the results, and conclusion
made from the analysis. Chapter five has discussions about subjects of future research and

improvements that could be made.



2 Methods

The algorithm was implemented in MATLAB version R2023b. The simulations were also
done in the same version of MATLAB. The aim of the simulation is to find two metrics:
the peak system value, and the convergence time. The peak system value is effectively the
largest deviation from the desired level and as such represents the accuracy of the algorithm.
The convergence time tells how quickly the system reaches the desired level at the highest

possible accuracy, and it represents the speed of the system.

2.1 The System

The system is presented as a block diagram in Figure 1. The system consist of three parts:
the plant or process that is being controlled, a quantizer that samples the system value X
and a controller, that uses the information provided by the quantizer to stabilise the plant or
process. Three important variables can be identified from the diagram: i) the system value
X, which represents the analog output of some measurement of the process; 11) the control

value U, which is changed discretely by the controller; iii) the outside disturbances Z.

Disturbances

V4
> Plant/process > System
value
X
Y
Quantizer
Data transfer from
Quantizer to
U controller at rate M
Controller <

Figure 1: Block diagram of the system

2.2 The algorithm

The algorithm works in rounds, that contain a specific number of moves in normal operation
mode, dictated by the variable k. After k moves the algorithm switches to checking whether

or not the value of the system output is still within bounds. If the value is out of bounds, the
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emergency mode is activated, where the bounds are rapidly expanded until the value is found

again and the next round begins.

The quantizer performs two different tests depending on the mode of operation. During the
normal operation, the quantizer performs a sign test, sending one bit, either O or 1 depending
on if the value of X is positive ore negative. During the emergency mode, the quantizer
performs a magnitude test, sending a zero or one depending on whether the value of X is

within the bounds or not.
During normal operation, the bounds are shrunk by
Cpi1 =aC,+B (2)

and

a
Cnti = ECm—H—l +B, 3)

where C,, denotes the bounds during discrete time step m and B denotes the largest expected

disturbance. During emergency mode, the bounds are expanded by
Cntktj = PCnikrj1 = P'Cuyx j>0, (4)

where P is the probing factor, a parameter set based on the system gain a and step number k.

J is the number of steps that have elapsed in the emergency mode.
The control signal is determined from the size of the bounds by

U, = (a/2)Cpsgn(Xy), (5)
where sgn(X,) refers to the sign of the system value X at the time step n.

A pseudocode implementation of these equations is presented in Algorithm 1.
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Algorithm 1: Pseudocode impelemntation of a round of the algorithm

startofround:
C[m+1] := a = C[m] + B
X[m+1] := a * X[m] + Z[m]
// Normal mode
for i := 2 to k

Clm+i] := 0.5 = a = Clm+ti—1] + B
Um+i] := 0.5 = a * Clm+i] % sign(X[m+i])
Xm+i+1] = a = X[m+i] + Z[m+i] + U[m+i |

end
/! Emergency mode
if X[m+k] > Clm+k]
j =1
Clm+k+j ] P x Clmtk+j—1]
X[m+k+j] = a = X[m+k+j—-1] + Z[m+k+j—-1]
while X[m+k+j] > Clm+k+j ]
j =3 +1

X[m+k+j] = a = X[m+k+j-1] + Z[m+k+j—1]
Clmtk+j] := P % Clmt+k+j—1]
end
m := mt+k+]j
else
m := mt+k
end

// Start the next round

goto startofround

The MATLAB code for the algorithm is presented in Appendix 1.

2.3  Simulation

The algorithm is simulated by running it multiple times with different values for the param-
eter k. The values of the other parameters are kept the same wherever possible. The main

exception to this is the probing factor P, as it is governed by the equation

a-A k1
a k a
PMZmaX{(m) zﬂ} ©

and as such has to increase as k increases.

To find the relation between peak system value and the parameter k, the algorithm is run for
500 steps, after which the largest absolute value of X is recorded in a list. The values in the

list are then plotted against the k values that produced them.
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Observing the relation between the convergence time and & is slightly more complex. Using
the system values X (n) is impractical, since only the theoretical limit for convergence is
known, and it is unlikely that the system will reach that in a reasonable amount of steps.
Instead, the bound values stored in C(n) can be utilized. As the system is simulated without
outside disturbances, we can determine that convergence happens when the lowest value of
the bounds no longer changes from one cycle to the next. Therefore, the convergence time is

the step with which the lowest value is first reached.

The traditional control algorithm that serves as the comparison point will be a P-type (propor-
tional) controller, as it is the closest to the working principle of this algorithm. It is simulated

the same way as described previously, and the results of the simulation are compared.
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3 Results

Simulating the algorithm is possible with MATLAB. The algorithm works as described. It
achieves stability, as can be seen from figure 2. The system value does not grow exponen-
tially as it would in an uncontrolled system, rather it stays within a certain range of the

desired level.

200 T T T T T T T T T

150 | 4

100 | 4

_100 Il Il Il Il Il Il Il Il Il
0 100 200 300 400 500 600 700 800 900 1000

t
Figure 2: Graph of the system value over time with uniformly distributed random distur-

bances. Time-step on the x-axis and system value on the y-axis.

Results of the simulation with different values for k were obtained as described previously.
The values that were used for the parameters that were kept constant can be found in Table
1.

Table 1: Parameter values

| Parameter | Value |

t (number of steps to simulate) | 1000
a (system gain) 1.5

B (largest expected disturbance) 5

o 1
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3.1 Peak value of the system

The peak value of the system seems to correlate with the value of the parameter k. As can
be seen from figure 3, the peak system value decreases as the value of k increases, until it
reaches a plateau. The performance of the P-type controller is marked into the figure with
a horizontal red line. From this we can see that the conventional P-type controller performs

much better on accuracy compared to the new algorithm.

120

100
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max(X)
D
o

20

0 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50

Kk

Figure 3: Peak value of the system with different k values. The maximum system value on
the y-axis and the value of k on the x-axis.

3.2 Convergence time

The relation between the convergence time and the value of k isn’t as clear. But as can be seen
from figure 4, the value of k does have an effect on the convergence time. The performance
of the P-type controller is marked into the figure with a horizontal line. Similarly as with the

peak value, the P-type controller has superior performance.

3.3 Optimal value for £

Based on the results obtained, a value of 10 — 15 is optimal for k. These values are the lowest

that grant good performance on both metrics.
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Figure 4: Convergence time in steps with different k values. Convergence time on the y-axis
and the value of k on the x-axis.

3.4 Comparison with the P-type controller

The performance of the P-type controller is superior in both metrics. In this case the con-
troller was given the full 64-bit double precision floating point number every cycle, meaning
that the difference in data transfer rate is 64 times that of the new algorithm. Considering
this, the new algorithm’s peak value being only 10-20 times larger is considerably good

performance. The convergence time being 100-200 times longer is still quite poor.

Overall, the new algorithm performs adequately, but the traditional algorithm performs con-

siderably better.
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4  Conclusions

The aim of this thesis was to simulate the control algorithm described by Kostina et al.
(2022), and compare its speed and accuracy with a traditional control algorithm. Simulating
the algorithm in MATLAB was successful, and the algorithm achieved stability. Comparing
the algorithm against a P-type controller was unfavorable, as the algorithm performed worse

on both metrics.

Further research would be needed to determine applications where the algorithms strength,
its low data usage, could offset the losses in speed and accuracy.Other avenues for future
research could be simulation of the effects of different sample rates for the quantizer, and the
controllers response to different kinds of disturbances. The disturbances could yield particu-
larly interesting results as this study only used uniformly distributed random numbers. Other

kinds of distribution or even periodic disturbances could affect the performance significantly.

In conclusion, the algorithm functions as described, but its performance is subpar for most
applications, and it would require very specific conditions for its main strength to make up

for its weaknesses.
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Appendix I Matlab function code for the algorithm

function [X, C, U] = quantizerController(a,B,P,delta ,k,t ,X_init ,dist_
intensity)

if k < ceil(log(—(3=xdelta—-1)/2)/log(a/2)) % number of "moves"

error (’k is not large enough’);

end

X = zeros(t,l); %system values

U = zeros(t,l); %controller inputs

Z = (rand(t,1) —-0.5).%«B.«dist_intensity; %disturbances
C = zeros(t,1l); %bounds

%initial values
X(1) = X_init;
C(1) max (B/(1—-a/2) ,X_init+1);

n = 1; % number of steps in the current round
for m = 1:t-1

%define bounds for normal operation for the round

if n ==
C(m+1) = a*xC(m)+B;
for i = 2:k
C(mti)=a/2+C(m+i—-1)+B;
end
end
if n <=k

U(m) = (a/2)*C(m)=*sign(X(m)); %normal operation
n=mn+ 1;
else
if abs(X(m)) > C(m)
C(m+1) = P+xC(m); %emergency mode
else
n = 1;
C(m+1)
end

C(m) ;

end
X(m+1) = a*xX(m) + Z(m) — U(m) ;
end

end
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