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Abdract

Electric motors play an important roleinindustry aswdl as our day-to-day life. They are used to gererate dectricd power
in power plants and provide mechanicad work inindustries. They are dso an indigpensable part of our daily lives. Electric
motors are very important pieces of equipment in our everyday lives. The brushed DC motor is corsidered to be basic
eectric motors. The aim of this paper is to i ntroduce students to the moddling of brushed dc motor and to use computer
smuation as a todl for conducting transent and control studies. Smu ation can be very hdpfu in gaining insights to the
dynamic behaviour andinteractiors that are often not readily apparent from readi ng theory. Next to having an actud system
to experiment on, S mulation is often chosen by engineers to study trarsient and contral performance or to test conceptud
desigrs. Presertly, there are many contral laws available to contral the brushed dc motor. The control law of angular
veocity depends on the motor parameters. The motor parameters are time varying, especidly load torque, hence adaptive
contral is one of the best contral law. In standard adaptive contral, i nstability may be occur in the presence of unmodeded
dynamics. Robust adaptive control isdes gned so the stability can be guaranteed.

Keywords: brushed dc motor, unmodded dynarics, robust adaptive control, s mulation.

Abdrak

Motor dektrik memegang sebuah peranan yang penting dalamindustri, begitu juga dalam hidup kita hari per hari. Motor
tersebut digunakan untuk membangkitkan daya dektrik dalam plant-plant daya besar dan menyediakan kerja mekanik
dalam industri. Motor-motor ter sebut juga sebuah bagian yang tidak terlepaskan dari kehidupan kita sehari-hari. Maotor-
notor dektrik merupakan bagian peralatan yang sangat penting dalam kehidupan stiap hari kita. Motor DC bersikat
dipertimbangkan sebagai motor dektrik dasar. Tujuan paper ini adalah memperkenalkan pada s swa terhadap pemodean
notor dc berskat dan menggunakan smulas komputer sebagai sebuah alat untuk menpédajari kondis peralihan dan
kendali. Smulas dapat sangat menbantu dalam menabah permehaman terhadap tingkah laku dinarmik dan interaks-
interaksinya yang seringkali tidak narmpak dalam teori yang dibaca. Untuk dilanjutkan pada sistem nyata dalam bentuk
percobaan, smulas sering dipilih deh para indnyur untuk mempe gjari kinerja peralihan dan kendali atau untuk
mencoba rancangan-rancangan konseptual. Saat ini, ada beberapa hukum kendali yang tersedia untuk mengendalikan
notor dc berskat. Hukumkendali untuk kecepatan sudut tergantung pada parameter-parameter motor. Parameter notor
tersebut bervarias terhadap waktu, khususnya torka beban, sehingga kendali adaptif mer upakan salah satu hukumkendali
yang terbaik. Dalam kendali adapatif standar, ketidakstabilan mengkin terjadi dengan adanya dinamika yang tidak
termode kan. Kendali adaptif kokoh dirancang sedenikian sehingga kestabilan dapat dijamin.

Kata kunci: motor dc bersikat, dinamka yang tidak ter modelkan, kendali adaptif kokoh, simulas

Introduction A high performance motor drive system must have

good dynamic responses, athough the motor
The brushed DC motor is widely used in many  parameters are time varying. The development of
variable speed drives. Open-loop operetion of the  new technologies for dc motor control such as PID,
motor can be unsdtisfectory in some industrial  optimal, robust, and other control laws have been
goplications. If the drive requires constart-speed  proposed in many applications [2,3,5,7,9,11]. Gene-
operation under changing load torque, closed-loop  rgly, these high performance cortrol laws depend on
cortrol is necessary. The dynamic resporse of the  the operation conditiors. In high performance drive,
brushed dc motor angular velocity cortrol depends  adaptive cortrol is the best contral law if parameters
onthe designed cortrol law. of sysem to be controlled are time varying [1].
Angular velocity control of brushed DC motor is
time varying system, hence adaptive cortrol is one of
Catatan: Diskusi urtuk makalah ini diterima sebelum tanggal 1 the best controller. The traditiond adaptive system
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bances [6]. Robust adaptive contral is proposed to
guarantee the gability in the presence of  uncer-
taintay.

This paper proposes a high performance Robust
Modd Reference Adaptive Control (RMRAC)
control law to control the brushed dc motor angular
velocity. This method should be able to learn about
parameters changes by processing the output of
system and use appropriate gains to accommodate
them s0 it avoids the need of the knowledge the
mechanica parameters motor exactly and it does not
require the identification of these parameters [1]. It is
proposed the gpplication of this technique on the
mechanic part of the system.

The remainder of this paper is organized as follows.
Section 11 introduces the modd of brushed dc notor,
section |11 presents the RMRAC structure, section 1V
presents simulatiion results, section V' discussion.
Fnally, section VI presents conclusions of this paper.

M odelling

A theory is a general statement of principle abstrac-
ted from observetion. A model is a representation of
a theory that can be used for control and prediction.
For a model to be useful, it must be redigtic and yet
simple enough to understand and manipulate. These
requirements are not eesly fulfilled as redidic
models are seldom smple and smple models are
sddomredidtic.

The scope of a modd is defined by what is consi-
dered relevant. Features or behaviour thet is relevant
must be included in the modd and those thet are not
can be ignored. Modelling refers to the process of
amalysis and synthesis to arrive a a mathematical
description thet cortains the relevant dynamic
charac-teristics of the particular model [10].

L r L

Faure 1 Brushed DC Motor Cons-truction

The stator of the DC motor hes poles, which are
excited by DC current to produce magnetic fields.
The rotor has a ring-shaped laminated irorn-core with
dats. Coils with several turns are placed in the dots.
The distance between the two legs of the coil is aout
180 degrees. The coils are connected in series. To
keep the torque on a DC motor from reversing every
time the coil moves through the plane perpendicular
to the magnetic fidd, a split-ring device cdled a
commutator is used to reverse the current at that
point. The commutator shown in Fgure 2 consists of
insulated copper segments mourted in a cylinder.
The dectrical contacts to the rotating ring are called
"brushes’ since copper brush contacts were used in
early motors. Modern motors normally use spring-
loaded carbon contacts, but the historical name for
the contacts has persisted. Two brushes are pressed to
the commutator to permit current flow. The brushes
are placed in the neutral zone (magretic fidd is close
to zero) to reduce arcing [ §].

Figure 2 Concept of The Commutator

In any eectric motor, operation is based on simple
electromagnetism. A current carrying conductor
generates a magnetic field which when placed in an
externd magnetic field, it will experience a force
proportiond to the current in the conductor and to the
strength of the externd magnetic field. The internal
corfiguration of a DC motor is designed to harness
the magnetic interaction between a current-carrying
conductor and an external magnetic field to generate
rotational mation

The geometry of the brushes, commutator contacts,
and rotor windings are such that when power is
applied, the polarities of the energized winding and
the stator magnet(s) are misaligned, and the rotor will
rotate until it is dmost digned with the gtator's field
magnets. As the rotor reaches alignment, the brushes
move to the next commutator contacts, and energze
the next winding.
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To peform the smulation of a sysem, an
gppropriate mode needs to be ettablished. For this
paper, the system contains a DC motor. Therefore, a
model based on the motor specifications needs to be
obtained.

V \

Fgure 3 Schematic Diagram of a Brushed DC Motor

Applying a constant stator current and assuming
magnetic linearity, the basic motor equations are

T,=K_I, @
e, =K, o ()

Let the switch SW be closed at t = 0. After the switch
isclosed,

di
Vi=e, +1,R, +L dta €)
Fom Equation (2) and (3)
Vf:me+uRa+Lmﬂ€ @)
Tm:KmIa:J%?+Bm+TL ®)

The term Bo represents the rotationd 10ss torque of
the system

The state-space represertaion is gven by the
equaiors.

);( =AX+Bu (6)
y=CX+Du

where

o | @ -B/J K., /J
X=]. YA = ’
i, R, /L, -K,/L,

— 0 _l/J1 _VIl =0, C=|(1 Ola'rd
B_LJLQQ O}U_My orc-f o

L

D =[0]-

The transfer function between angular velocity and
voltageis

o__ A )

V, §’+Bs+B,

The transfer function between angular velocity and
Load Torqueis
o__ A ®)
T, s°+B;s+B,
where
aq a
_(B+ROK,
0 —T'

In most DC moators, the rotor inductance and the
vaue of B are smdll that can be neglected to lead to
reduced order.

If L, isreglected then Eq. (4) becomes
V, =K, o+I,R, ©)

If Bis neglected then Eq. (5) becomes

Ty =Kol =090, (10
dt

The current-voltage relationship for the left hand side

of the equation can be written and manipulated to
relate between voltage and angular vel ocity.

V, —e
[ =t a 11
a R, 11)
T, _ V,-K, o 1)
KI’T'I Ra
do
J—+T,

V,-K, o
Km Ra
14

2
do (K5 ), (Ka)y, T
dt (IR, JR, J

We adopt from Kiong Howe [7] for the nomind first
order linear model of a motor is shownin (15).

do T,

=1 20=503V, —~—- (15)
ot 19.8x 10

Sce T, isurknown, it can be included inthe plant

perturbetion, hence transfer function of the nominal
plartis
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50.3
G,(s) = 12

(16)
The exact model and the nominal modd can be
related as

G=G,1+A,) 7
where G is exact modd, G, is nominal model, and
A, isamultiplicative perturbation

Robug M oddl Refer ence Adaptive Control

Adaptive methods seek to use orHine observations,
aswell asapriori informetion, to improve the control
of system over time in response to changes and
urknowns in the sysem and environment [1].
Adaptive methods in control system posseses several
advartages, eg, fast resporse, good transient
response, robustness of sability, insengitivity to the
maetching parameters variations and  external
disurbances. Modd Reference Adaptive Control
(MRAC) is one of adaptive model methods.

Model Ym

Controller parameters 3
Adjustment

T mechanism | |
u
» Plant y

Figure4. Block Diagram of MRAC

r A 4

Controller

In standard MRAC, the adaptive law is based on a
plart model thet is free of noise, disturbances, and
unmodeled dyrnamics. Anactud plant may beinfinite
dimensioral, nonlinear, and its measured input and
output may be corrupted by noise and exterrdl
disturbances. The effect of the discrepancies between
the plant and the actud plant on the stability and

bounded and y tracks as close as possible the output
Y., Of the reference model
b

e | (19)
s+a,

where a_,, b, > 0. The plant (18) canbe modded as
b

y=—_u (20

s+a
The mode reference control law is given by
U=0,y+0,r 1)
* a._a. * b
where 0, = bm ard GZZF'“ meet the

cortrol objectivefor the plant modd (20) exactly. Let

us now implement the same control law on the actual

plart (18). The closed-loop plant is gvenby
b, A+An(9)

= . 22

s+a, —bo,A (9

whose characteristic equationis

s+a, —bo,A,_(s)=0 (23)

or

1- bo,A . (9 _0 4
s+a,

Because M is grictly proper with stable

s+a,

poles, it follows from the Nyquist criterion that a
aufficient condition for the closed-loop system to be

stableisthat A (S) sdisfies

be;Am(S) (a_ am)Am(S)
s+a,,

s+a,,
Thetrackingerror e=y —y . sdtisfies
o b, S+ am+*b91 AT
(s+ay,) (s+a,—bo,A,(3)
Because r e L and the trarsfer function e(s) / r(s)
hes steble poles for dl A, satisfying (25), we have
thet

<1 (25)

©

©

(26)

peformance may not be known until it is |im sup|e(r)| <Ar, 7
implemented on the actual plant. In Robust Model 2% =t
Reference Adaptive Cortrol (RMRAC), the adaptive  where |r(t)| <r, and
law is based onaplant modd with uncertainty. ,
A :” b, s+a,, + b0, A S (28)
Let us consider the plant l(s+an) (s+a, -bo;A, @) ™ |,
b

y= m(l-i— Am (S))U = G(S)U (18) Furthermore
where G(9) is the overal strictly proper transfer b, A, (S)1+ bo; )H
furction of the plart and A is a muitiplicative  |e], < bf;*za’(“g) Ir, @)
perturbation. The control objective is to choose u (s+ am)(l—(;r—m))
such thet dl signdls in the dosed-loop plart are ) 1.
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Ay (9)
s+a,,

Therefore, the smdler the term is, the

better the stability margin and tracking performance
will be.

If aand b are urknown then u is to be chosen so that
the closed-loop plart is stable and 'y tracks as close

as possible the output y,, of the reference model.
The control law based on modeled part of the plant
obtained by negecting A, isgvenby

U=0,y+0,r (30)
where 6, and 0, are gererated by adaptive laws.
Leting 0, =0, -0, ad 0,=0,—0), where

* a_ a * b
0, = ™ ad 0, :?m ae the unknown
cortroller parameters, we write the control law as
U=0,y+0,r+0,y+0,r @31
and use (18) to obtain the cl osed loop-plant
y =W(s) (b6,y +bO,r+b,r) (32
where
W(s) = 1+ A, (S) ()

s+a—bo; —bolA ()

The condition for W(S) to have stable poles isthe
sare as in the non adaptive case (i.e, 51 =0 ad
0, = 0) ardis givenby

b8, AnGS) (34)
s+a,

Defining the tracking error e=y -y, we obtain
theerror equation
e=W(s)(b8,y + bb,r)

. (35)

+(W(s) - )by

S+ a,
or
e=W(s)(bo,y + bo,r)

(s +)A,(9) (36)

Candidate for Liapunov function

~ ~ 1 1 ~
V(e 6,,0,) = —{ez +—(b#o,)?
2L by (29)

+ %(b '62)2}
Derivative of Ligounov furction

@ _ ed_e+ l(bél) de,
dt at vy dt

+ Y d,) ddezz
¥ (40)
= -a

+ L(bd,)(
Y

e

m

dfl +yye)

d
45

1 0
dt

+=(b8,)(
Y

Adaptation law

oo, _ do,

=—1-_yye 41
a Ty 41

dt ot

2

+yre)

42)

The preserce of A, (S) introduces an exterrel

urknown input thet degpendson A, r andadtsasa
bouded dgurbance in the emor eguation.
Furthermore A, (S) changes the transfer function
1

s+a,,

W (s) asshown by (36). Adaptive laws such as (41)
and (42) may lead to instability when applied to (18)
due to the presence of the disturbance term thet

gopears in the eror equation One way to
courterattect the effect of the disturbance introduced

by A,(S)=0 ad r=0 tomodify (41) and (42)
usngthe o — modification, i.e,

to

thet rlates e to 51 ad e to 52 from

b do

(5+an)(s+a, - boia, @) " B ——yye-yo0, @)
The ided error equation is obtained by sdting
Am =0is %:—yre—ycez (44)

1 ~ ~

€= 12 (b6,y + bo,r) (37)  where & issmall positive corstart.
Oé Block diagram of the designed RMRAC is shownin
—f ——a,e+b0,y+bb,r 38 Houes
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oy

e

GZT
Y Y
S+yo S+YC
t t
Faure 5. Block Diagram of The Designed RMRAC
Note:
s= Laplacetransform operator
u=V,
KZ
a=—>"
JR,
— Km
JR,

Egs. (46) and (47) change Model Reference Adap-
tive Contra (MRAC) to Robust Modd Reference
Adaptive Contral (RMRAC).

Smulation Reaults

Modd reference parameters
a, =10
b, =10

Load torgue is unknown but in the smulation it is
assumed asfollows T, =19.8x10°° Nm

a Assumethet the values of the motor paramaters
are urknown, hence

0(0)=[0 0]"

14f

] e e e R il

== === = =\ - =

08F -~ f- -~~~ -7~~~ 1

angular velocity (rad/sec)

time (sec)
Fogure6. Angular Vedocity Trarsient Res-ponse

Usng Cortroller with Unknown Para
meters

b. Assumethat the nomind values of the motor
paramaters are known, hence

100 150

06(0) =
©=l5e s

]T

i
1

F et e A/ ol ke md e d e m ol — — = = 4 = = o
1

0.5

angular velocity (rad/sec)

09 1

oL __
3
<
=
o
3
o
©

0 01 02 03 04
time (sec)

Hgure7. Angular Vdocity Transent Resporse
Using Controller with Known Parameters

In order to investigate the validity of the proposed
design method, we compare the response with the
proposed controller and the PID controller. In this
cas, it is assumed thet the parameters of the plant
change suddenly after 2 seconds fromstart. The plant
before change is adapted from Eg. 15 and after

changeis

d—°’+4@=20vt—L (45)
dt 12x10°
14 “
||I IFI _
| |
||-|' = - el -
h | !
| |f' |
1 :
. L ] ]
b o
| 1 ;ﬂ
- —_— .*'\-1_. i 'H.T
! ky Tk I'i’f.'
il Ir
, | 1
05 : 1 A b
Taws Iy

Fgure8. Comparison of The Output Response
Using The Proposad Cortroller and The
PID Controller
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Fgures 8 compares the response with the proposed
cortraller and the PID cortroller. The response with

the proposed cortroller is shown dashed, the PID
cortroller is doubledashed and the reference
command input is dash-dotted.

Discusson

Fgure 6 shows angular velocity transient response if
the motor parameters are unknown. The system is
dable, but stling time is large enough, aout 7
seconds. Figure 7 shows transient response after
learning process to find exact parameters. Settling
time is reduced, about 0.6 seconds. This facts show
thet contrd law using RMRAC can contrd the
angular velocity of brushed dc mechine sufficiently
without need to know the exact parameters. In other
hand, if the exact parameters are known then the
performance of angular velocity contrdl is better.

Fom figure 8, it can be seen that the desired veocity
can be tracked using the proposed controller, wherees
traditional PID controlled system tracking results are
much bed, especidly when the parameters of the
plat are change. The sysem with the proposed
method adapts to parameter sudden change
extremely smoothly.

Conclusons

Actud experimentation on bulky power components
can be expensive and timecornsuming. But smulation
offers a fast and inexpensive means to learn more
about these comporents.

The control law based on robust model reference
adgptive control can cortrol angular velocity of
brushed dc motor, dthough the parameters of system
are time varying In order to increase the cortrol
sysem performance, the exact parameters ae
required.

The smulation and modelling of the DC motor aso
gave an inside look of the expected output when
testing the actud DC motor. The results from the
smulation were never likely to occur in red-life
condition due to the response times and condition of
the actual motor.
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