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ihe program plots the membership functions for the two inputs
15 well @s calculating the percen: difference between the
sredicted outpul and Lhe actual ovulput,

'he data set Z

(01; % Number of data tuples nsed in This cone

o inpelatihanh.maty © Number nf datsa tuples can he drcreazed

errcrpelatiharb,derrorpelatihant;’'; 4
ve-X;

Jave this for testirg Lthe fuzzy svstem laler

n X the columns ere the input vectors and the cutputs are

d outpelatiharsS.mat

e

Mumber of data touples can bg increased

utpelatihant:

i)

VosY g

I

ave tisz for testing the fuzzy system later
ad=2G0;

DY=X;
pY=T?

k—2:HNgrad
K=[X tempxz];: % Makes ceclumns that are the input portions
¥Y=[Y; tempvi; % Makes one lcng column

et number of inputs anc rulesg

=2xt sel the initial condilions for the Gradient m=thod

2 start off by selecting the output memharship function canters Bpast
nd initiate the system by using the output memoership function centers
»r the first 14 data tuples.

~150;

3:

150;

st=[B3 Bl Bl);
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Jext, plck the *iniltial* input memborship function centors to
lie in the middle of the training data at some typs of
regular spacing - this 15 just a guess at where they should
e

L==1750;

<=07

3=1741;

L==650;

=05

1=650;

sst=[C11 C13 C13;
21 Q22 CZ3]:

'inally, pick an initiszl spread for all the irput membership functicns.
lere, we simply pick 21} the intlal spreads to be the same.

mapast={720 750 750;
300 300 3001

ote that these “past" values correspond teo time zere,, but this will
2 indexed with fTime one since Matlab car't vse the zerc index.

ext, we chocose the step sizes for the algorithm.

bda_1=1; %51lze slep for the output menEership function
pda 2=1; % Step size for the ¢ parameters in C
bda 3=1: + Step size for theosigma parameters in Sigma

ext, we have the main lcop where we train
he fuzzy systaem,.

k=1:Ngrad*M % For all the training data, now we have M*Ngrad data polnts
um{k)=0;
osmpute the xi (chi) vectors for the given data pair.

or i1=1:R
mui{i,k)=1l; & Initializatien
for j=1l:n
mafi,RK)=muii,k)*exp(—. 02" {({(Xi{J,kKi-Cpast(]j,1))/Sigmavast (1,1))"2);
2l
and

amorator{k)=0;

snominator{kl=0;

or 1-1:R

o=Bpast (i};

nroamarabtor (K) =numorator (kK +mu (i, k) *b;
denominator (k) =denominator (ky+ma{i, kj;

nd

(k)=rnumorator (k) /denominatori{k); % Compute ths outpur veortor

* for kth training data pair
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den(ki=sumimui:, k:i;

wifs, ky=mul:, k) /deniki;

zpsilon(ki=f{k)-Yik): “ For use in the gradient updates

2 (kI1=0.5*{epsiloniki)~2; L Compute the approximation error

While cfiten vou wou-d, we do not use
this o help specify A termination
condition, Here, we simply train

tor a rixed number of steps.

text, we specify the Gradient egquations

"irst, set a value for which no Input membership function spread can
lecrease below - call thlis value sigmabar

matiars=_01;
‘2xt wo update the output centers B
i—1:R

B(il)=Bpast(i}-lambda_ l*epsilonik)*xi(i,kj}:
* Update vmensequent parareters

for 4=L:n

Ci{j,iy=Cpast (j,i)-lambda, 2*epsilon{k}* ((Bpast (i)-f(k)i/deniki*.
mu (3, ) ({X{), k)=-Cpast (9,1} }/ (SlgmapasL (7,112 ;
¥ Update input mf centers

Sigma(j,i)=8igmapast(j,i}—lambda#3*epsilonik)*((Bpast(i)—f(k))fden{k))*...
mu{i,ky* ({X(3,k)}-Cpast (3,11} "2/ (3igmapast (§,1))7°3);
%t Upcatce input mf spreads
tf Sigma{j,1i)<sigmakar, Sigma(],l)=sigmabar;
end
= This-makes sure that we dosnot divide
2 by zero by making sure thnat sigma will
¥ not decrease below sigmnabar

ave Che& past values of the parameters for uss the next Lime
round the k loop.

Bpast=3;

Cpast—=C;
Sigmapast=3igma;

Ngrad=M-1: % Set fLime vector for pletzing




Plot the wa_ue of e vs., timse -~ just to chack afterwards that the

fixed number of stcps that woe uscd for training was long enough.

Lot (K, o)
lakwed {"Time siep, k')

itle("Sradient method: error betwesn actual and astimated output':

text, print out the resualts of the final step of the gradient
et hiod .,

“Display cutput membership Zunctlon centers
»Display intput membership function centers
(. “Display the spread for the Input membership funcrions

‘ezt the furzy system at training data pairs and three other
est points

o

= {¥zave];

nal_ cutput={Ysavel;

mma=501r F MGamma 1s the number of test points

1=1 s MCamrma

exlt cumpule bhe fuzzy system = use the same zpproach as above
y o computing the X1 vector then the predicted ouiput.

i=1"k
muf (i,1=1: % Initizlizatieon
numf (i, Ey=0;

for j-1:in
mufl (i, 31)-muf{i,l)*exp(-.5{ {Xhat (j,1)=C(j,i1)/Sigmald,i):"21;
end

nmoratorf (1)=0;
cnominatorf (1)
or 1=1:R
h-Bpast{i}:
numoratorf (L) =numcratorf (L)+muf (i, 1) *b;
denominatorf{ly=dencminatorf {1 y+muf (i, 11;

nd

redicted output{l)=numoratorf(l)/dencminatcorf(l;;
2rcent_srroril)=abs(({({predicted ocutput{l)-actual sutput(l}))/(oredictec
tual ocutput{l)))*100;

t Compute the oulpul for

the test point

outputili e
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Jext, alsplay the inputs and outpucs

at * Plsplay test sat

2dilcied oulput AoDisplay predicied vublpuln

ual output % bisplay actual output

“cent _error v Display percent error between predictad and actual ouput

S[=1750: 180 ¢ 10B0 |;
“[=650: 50 : 650 ]:
rer x1=-1750;

er ®i=1750;

rer ®Z2=-€5C;

wr ®KZ=6307

i=1:R

count=1;

for t—lower x=l: 100: upper =l

muxl (i,count)=exp(-0.5* 1 {{L)-C{l,1})/Sigmaid, i)} 2);
count=l+ccunt;

erd

i=1:R

count=1;

fer s=lower_=2: 50: upper_ xZ

muxd (i, count)-exp{(-C.5* (((3)~Ci2,1}}/Bicma (s, i1 72);
count—=1l+count;

end

ure(l) ;

t{xl, maxl{:,:});

Del{'input 1, =1*);

kel {'membership value, mu');

le('Gradient method: rule base merbership functicon for rule base input 1');

ure(l);

ti{xZ2, mux2{:, 12

pelf'input 2, x2'):

bel {*memborship value, muati;

le{'Gradisent method: rule base membership funclion for rule base inpat 2');
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Control System Toolbox (€} [#]

Linear Models

Typically, control engineers begin by developing a mathematical description of the dynamic system that they want to
control. The system 1o be controlled is called a p/ant. As an example of a plant, this saction uses the DC motor. This
section develops the differential equations that describe the electromechanical properties of a DC motor with an

nertial lcad. [t then shows you how to use the Control System Toolbox to build linear models based on these
rquations.

Linear Model Representations
The Control System Toolbox supports the following model representations:

+ State-space models (58} of the form

%: = Av+ Bu
v = Cx+ Du

where A, B, C, and D are matrices of appropriate dimensions, x is the state vector, and v and y are the input
and output vectors,

» Transfer functions (TF), for example,
His) = S*2
s=+s5+ 10
+ Zero-pole-gain (ZPK) models, for example,
Hizy= pz31+ fhiz+l-f
T 240202 4+0.1

» Frequency response data (FRD) models, which consist of sampled measurements of a system's frequency
response. For example, you can store experimentally collected frequency response data in an FRD model.

Note The design of FRD modeis is a specialized subject that this quide does not address. See
Frequency Response Data (FRD) Models for a discussion of this topic.

3ISO Example: The DC Motor

. simple model of a DC motor driving an inertial load shows the angular rate of the load, wi £, as the output and
pplied voltage, = v, .11 ). as the input. The ultimate goal of this example is to control the angular rate by varying
¢ applied voltage. This picture shows a simple model of the OC modor:

. Simple Model of a DC Motor Driving an Inertial L.oad

it R
—_—
2 VA%A
+ L g]t)‘.f.‘
Vistous
- [‘ p fritsion
+ -
Inertial
. DC blotor
Ul 1! Load J
2 19
) |
Tnigue @i 1) |
Angular cane

04/05/2010 14:
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In this model, the dynamics of the motor itseif are idealized; for instance, the magnetic field is assumed to be
constant. The resistance of the circuit is denoted by R and the self-inductance of the armature by L. If you are
unfamiliar with the basics of DC motor modeling, consult any basic text on physical modeling. The important thing
here is that with this simple model and basic laws of physics, it is possible to develop differential equations that
describe the behavior of this electromechanical system. In this example, the relationships between electric potential

and mechanicai force are Faraday's law of induction and Ampére's law for the force on a conductor moving through a
magnetic field.

Mathematical Derivation
Fhe torque t seen at the shaft of the motor is proportional to the current i induced by the applied voltage,

ity = K it

vhere Km, the armature constant, is related to physical properties of the motor, such as magnetic field strength, the
wmber of turns of wire around the conductor coil, and so on. The back (induced) electromotive force, Copri 82
oltage proportional to the angudar rate w seen at the shaft,

L-‘{.m’,rlf_‘ = wal t
vhere Kp, the emf constant, also depends on certain physical properties of the motor.

"he mechanical part of the moter equations is derived using Newton's law, which states that the inertial load J times
he derivative of angular rate equals the sum of all the torques about the motor shaft. The result is this equation,

dw - - -
I = th = ——waﬂ','l-l-Kml[fJ

K

(b . | . 3 F
there "~/ is a linear approximation for viscous friction.

inally, the electrical part of the motor equations can be described by

g dl !
"'app'-r"%mf'” = LE+ Riit)

r, soiving for the applied voltage and substituting for the back emf,

di . :
Copp't’ = Ld_r+R”t)+ Kbu.»m

his sequence of equations leads to a set of two differential equations that describe the behavior of the motor, the
rst for the induced current,

di R. K, 1 i~

i _Z |t;—qut; +zb’0pplf,‘
nd the second for the resulling angular rate,

dor 1 1 {4

7 - _ijuutHiju?r

tate-Space Equations for the DC Motor

iiven the two differential equations derived in the last section, you can now develop a state-space representation of
e DC motor as a dynamic system. The current / and the angulfar rate w are the two states of the system. The
oplied voltage, U, .. is the input to the system. and the angular velocity ,,, is the output.

R K ]
dii L L { =
_— = +|L| v tf
dt [”] Kn: Kf l;‘:l 0 “or
J 7T

04/05/2010 14:



State-Space Representation of the DC Motor Exampie

Vit = [0 l:l [:I;I+{O] L'oppl_f'_l

Constructing SISO Models

N R R L TL T

L TSP

—

R L Ll R P P TR RN

Jnce you have a set of differential equations that describe your plant, you can construct SISO rmodels using sirmple

sommands in the Control System Toolbox. The following sections discuss

» Constructing a state-space modei of the DC motor

» Converting between model representations
+ Creating transfer function and zero/pole/gain models

sonstructing a State-Space Model of the DC Motor

.isted below are nominal values for the various parameters of a DC motor.

R= 2.0 =% Ohms

L= 0.5 % Henrys

Em = .015% % torgue conslant
Kb = .015 % emf constant
Kf = 0.2 % Nms

J= 0,02 ¥ kg.m™z

siven these values, you can construct the numerical state-space representation using the ss function.

A = [-R/L -Kb/L; Km/J -KE/J]
B {1/L; 0];

o= (4 17

D = {0};

sys do = s5s5(A,B,C, D

‘his is the output of the fast command.

a =

x1

2 0.
‘b =

x1

w2
C =

vl
d =

vi

onverting Between Model Representations
ow that you have a state-space representation of the DC motor, you can convert to other model representations,
cluding transfer function (TF) and zero/pole/gain (ZPK) models.

ransfer Function Representation. You can use tf to convert from the state-space representation to the transfer
‘ntion. For example, use this code to convert to the transfer function representation of the DC motor.

®i
-4

1zl
CI

2
-{.03
-10

04/05/2010 14:4
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sys tf = L@{sys uo)
Transfer functiocrn:

s™~2 + 14 s + 40.02

Zero/Pole/Gain Representation. Similarly, the zpk function converts from state-space or transfer function
representations to the zero/pole/gain format. Use this code to convert from the state-space representation to the
zero/pole/gain form for the DC motor.

Sys_zhk = zpk(sys_dc)

Zero/pole/gain:
1.h

(544,004 (249,996

Note The state-space representation is best suited for numericai computations. For highest accuracy,
convert 10 state space prior to combining models and avoid the transfer function and zerofpole/gain
representations, except for model specification and inspection. See Reliable Computations for mere
information on numerical issues,

-onstructing Transfer Function and Zero/Pole/Gain Models

1 the DC motor exampie, the state-space approach produces a set of matrices that represents the model. If you
hoose a different approach, you can construct the cofresponding models using t £, zpk, ss, or frd.

sys = tf{num, den} “ Tranafer funcflion

sys = zpklz,p, k) Y Tero/pole/gain

sys = s8s3i{d,b,c,d) Toitate~-space

sys — frd(rcsasponse, frequencies) | Freguency respolice data

‘or exampie, if you want to create the transfer function of the DC motor directly, use these commands.

5 = tfi{'s');
sys_ tf = 1.5%/(8°2+14%3+40.02)

‘he Control System Toolbox builds this transfer function.
Transfer function:

1.5

572 + 14 5 + 406,07

lternatively, you can create the transfer function by specifying the numeraior and depominator with this code.
sys tf = tf{1.53,11 14 40.02})

Transfer function:
1.5

o0 build the zero/polefgain model, use this command.
sys_zpk = zpk([],[-9.996 -4,004], 1.%)

his is the resulting zero/pole/gain representation.
Zero/pole/gain:

1.5

{s+9,996} (3+1,004)

04/052001G 14




— N - C e = — e B I e L LI N L PR Ry ) uvri\_vuru.‘II\.IPJLUUIU\J.‘U&\)IIL[

Discrete Time Systems

The Control System Toolbox provides full support for discrete-time systems. You can create discrete systems in the
same way that you create analog systems; the only difference is that you must specify a sample time period for any
model you build. For example,

sys ditso = £f (1, [1 1), .01);
sreates a SISO model in the transfer function format.
Transfer function:

Zampling time: 0.01

idding Time Delays to Discrete-Time Models

fou can add time delays to discrete-time models by specifying an input or output time delay when building the model.
“he time delay must be a nonnegative integer that represents a multiple of the sampling time. For example,

sys_delay = tf(l, {1 1], 0.01, "outputdelay’, 5);
woduces a system with an output delay of 0.05 second.

Transfer function:

Sampling time: 0.01

\dding Delays to Linear Models

‘ou can add time delays to finear models by specifying an input or output detay when building a mode!. For axample,
3 add an input delay to the DC motor, use this code.

sys_tfdelay = ££(1.5, {1 14°40,02], 'inputdelay’,0.09;
he Control System Toolbox constructs the DC motor transfer function, but adds 2 0.05 second delay.
Transfer function:

exp{-0.05*8) ¥ —mermem—mmmmm oo

or a complete description of adding time delays to models, see Time Datays.

.Tl Objects

or convenience, the Control System Toolbox uses custom data structures called £ 7f objects to store model-related
ata. For example, the variable sys_dc created for the DC motar example is called an SS object. There are alsa TF,
PK, and FRD objects for transfer function, zero/pole/gain, and frequency data response models respectively. The

wr LTi objects encapsulate the model data and enable you fo manipulate linear systems as single entities rather
1an as collections of vectors or matrices.

o see what LTI objects contain, use the get command. This code describes the contents of sys dc from the DC
wtor exampie.

get (sys_dc)
a: [2x2 double]
b: [2%1 double]
oy [0 13
d: ¢

04/05/2010 14:4
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e: |1l
Stateams: {Zx1 cell}
Internallelay: [Ux]l doublc)
Ts: O
InputDelay: ©
OutputDelay: 0
InputName: {''}
DutputName: {''}
InmputGroup: [1x1 struct]
OQutputCroup: [1xl struct]
Mames: 11
Notes: |}
UserData: [] CQuiputBame: {''}
InputGroup: {0x2 ccll}
outpurGroup: {022 cell)
Notes: (1}
HserData: []

You can manipulate the data contained in LT objacts using the . - command; see the Control System Toolbox
nline reference pages for descriptions of set and get.

Another convenient way to set or retrisve LTI model properties is to access them direcily using dot notation. For
ample, if you want to access the value of the A matrix, instead of using . -, you can type

sys_dc.a
it the MATLAR prompt. MATLAB returns the A matrix.

4ns =

-4.0000 -0.0300
0.7500 -10.6000

similarly, if you want to change the values of the 2 matrix, you can do so directly, as this code shows.

A new = [-4.5 -0.05; 0,8 ~12.0];
sys_dc.a = A new;

‘or more information on LTI properties, type Lt iprops at the MATLAB prompt. For a complete description of LTI
hjects, see Creating and Manipulating Models.

#] Building Models MIMO Models ]

3 1984-2007 The MathWorks, Inc. - Terms of Use - Patents - Tragdemarks - Acknowledgments
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