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Abstract

In this paper, a controller design
method for the DC motor driving system
is described emphasizing the specified

degree of accuracy undergoing large time

varying disturbances, coulomb friction
and arm-load resonance. A feedforward
compensation technique using the current
controller is proposed, and resulting in
the performance improvement as well as
the implementational simplicity. A time-
weighted quadratic performance index is
used in the optimigation of the control-
ler, which is a salient way of obtaining
better closed-loop performance in a sim-
ple manner. Computer simulations are al-
so given to show the usefulness of the
proposed techniques.

T. Introduction

In recent years, there have been a
number of researches on the DC motor
driving system(1)-(6) due to the increa-
sing demands in the industrial applica-
tions. In the desien of the control sys-
tem, it is generally known that the con-
trol systems with large loads are more
difficult to desien rather than those
with smaller ones because of the inhere-
ntly existing resonance problem, and pra-

ctical hardware implementation problems
582

(1)-(2).

fy the performance requirements to a spec-

It is needed, however, to satis-

ified degree of accuracy under the large
disturbances caused by more severe opera-

tional conditions. However, little has

been known about the desien of control
system especially engaged with large loads.
As a way of large disturbance rejection,

an anticipatory sisnal method has been att-

empted(1).
compensator has some limitations such as

However, the desien of the

the noise problems in the differentiators

eventhoush it is partially overcome by the
approximation, and thus additional tedious
simulation required. 1In desiening the co-
ntroller, it has mainly been handled in
the frequency-domain using the convention-
al Bode plot or Root-locus analysis(2)-(3),
however, optimization of feedback gains
comes up as a rather difficult problem.
More recently, a modern digital control
theory has been applied to deal with those
problems(4)-(5), neverthless, there exists
gome limitations such as implementation
complexity and extensive computations.

In this paper, a desisn method of the
feedforward compensator and feedback cont-
roller for the precision control of DC
motor driving system is presented. In
order to effectively minimigze the distur-
bance and coulomb friction effect in a si-

mple manner, a feedforward compensation
technique using the current controlled



inner loop is used, thus resulting in the
performance improvement in the steady
state as well as the implementational

simplicity. In the optimization of

the controller, a time-weighted quadratic
performance index is used to obtain bett-
er closed-loop performances, and its adv-

antages are also discussed with the simu-
lation results.

II. Problem formulation

The control system operating in a sta-
tlonary or moving status is desired to
satisfy the elven time domain specifica-
tions such as the specified settling time,
overshoot, and steady state error to a
velocity(or a position) command in spite
of the practical hardware limitations
such as the bounded input, and the satur-

Furt-
hermore, implementation difficulties sho-

ation problems in the sub-systems.

uld also be considered in the design stasze.
To effectively deal with those problems,
a feedforward control concept is applied
for the effective rejection of the large
disturbances before desiening the feedba-
ck controller.

0 Feedforward control problem

Tt is assumed that the disturbances
affecting the motor torgue can be measur-
ed by using the properly chosen velocity
and acceleration sensing units with some
signal processing network. The disturba-~
nce can not be directly rejected at the
motor shaft, but it is possible to compen-
sate effective magnitude in advanced phase

at the side of the motor input(Voltage or

current). It is known as the anticipato-
ry sienal method(1).

The difficulties in the realigzation of
the feedforward compensator are nolse pr-
oblems which are frequently occurred when
implementing the inverse of the transefer
function of the electrical part, P(sg)!
in Pig.1, using the diffentiators and

other passive elements. In the anticipa-
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tory sienal method, these have been part-
ially solved by the proper approximation,
however, additional tedious simulation

work was required to effectivelv minimize

the disturbances. Now, the problem can

be formulated as finding a way of simple
realization of P(s) in the compensator
without noise problems. Note that a rej-
ection of the coulomdb friction is also in-

cluded in Fig.1.

Tq
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KCI
Fig.1 Block diagram of the feed-

forward compensator

o Feedback control problem
Using the feedforward control techni-
que stated above, it is assumed, hereaf-

ter, that there is little influence of
disturbances in the control system. We
take the following PIM controller to meet
the specified dearee of accuracy without
complicating the implementation of the
controller;
u(t)=-kiz2(t)-kp(y(t)-yg(t))-kpeyme(t) (1)
where, 2(t)zy(t)-yg(t). This type of the
controller provides no steadv state error
for a step response, and better dynamic
responses are expected using the measura-
ble variable. Now, we take a TWPI(time-
welghted quadratic performance index)for

the optimization of the feedback gains.
J= J?((t/trf-(y-ys)'Q(y—ys)
+(u-ug) "Rlu-ug)lat

(2)

where kp, ki kme are to be determined as

minimizing the above performance index.



III. Main results

In order to obtain an analytical tool
for analysis, the control system modell-
ing is given in the following. Typical
governing equations, known as the torque
equation and voltage equation, are easily
obtained as (3) and (4). Current control
and main feedback control law are also de-
scribed in (5). A block diagram express~
ing the following governing equations is
given in Fig.2.

o Governing equations

Torque equations ;

P o = Wi By P sen (W ) #T1,/N#Tp =K1y (3-2)

TL=JLWL+BLWL+FLSEn(WL)=KL(Gm—NOL) (3-0)

TT=JTWT=KT(9m—9T) (3=c)
Voltage equations i

Va=Laia*Raia*Ep* 4ep, Ep~Kywn (%)

where Tp denotes torque for tachometer
which is negligible when compared with Tg»
and 4ep, also neglected, refers to brush

drop of motor.

Control laws ;

ic=—kpe—kiJQedt—kmewT (5-a)
Va=N(s)(ig-ig), or (5-b)
kpc(ic—ia)"'kicjm(ic-ia)dt (5"‘0)

where e=wp-wj for velocity control, and

81~-61 for position control.

O
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Fig.2 Block-diagram of the DC motor
driving system

o A feedforward controller design

Using the current control loop as an

a feedforward compensator is
Note that a

imer loop,
designed in this section.
current control method has also the advan-
tages addressing the improvement of the
dynamic performances and simplicitv in the
current limitting(6).

The transfer function of the electrical

part is easily derived as follows ;

P(s)=N(€)K¢/(LastRa*N(E)K g Kt G(s))  (6)

where the tvpe of the current control is
If N(e) is

chosen as large enough, then P(s) leads to

assumed as a hysteresis type.

a constant (without dynamics) as follows ;

Kt/Kes (7)

A similar result can also be derived for
the case of PI type current control by us-

ing the proper inequalities on PI control

gain(6). Therefore, gain of a feedforward

compensator can be simply obtalned as a
constant without phase shift as follows ;

P(5)Kos/Ks - (8)

The switching function for the realigza-
tion of the coulomb friection can be imple-
mented using comparator and some passive
elements with the speed information.

o Feedback controller desien

In the following, motor current is con-
sidered as the gain multiplied command of

the control law by the effect of the curr~
ent control loop as explained above. Fur=-

thermore, disturbance and coulomb friction
are considered negligible by the effect of
a feedforward compensator. With the choice

of the state vector as ;

x(t)=(8y wy &1 wr, 6p wp)' (9)

where 6p,wp denote angular position and

speed of the motor respectively, and 6r1,wr,
those of load, and 6p,wp those of tachome~
ter respectively. Then, the state equati-

ons are developed by ;

x(t)=a x(t) *+ B u(t), x(0) =0 (10-a)
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where u(t) = ig(t)

y(£)=C x(£)) Ype(t)=Cpex(t) (10-Db,c)

where prime denotes tanspose, and y(t),
yme(t), C and Cp, denote position of load,

tachometer output(wT), 6utput vector and
measurable output vector respectively,and

A, B are expressed as follows ;

o] 1 0 0] 0 0
—(K£+NK -Bn/Im KL/Im O Xp/Jm O
m
s = o 0 o 1 0 0
-NKj, -B
Ky /J 0 LALLS PR £ )
L/ L 1 71 0 0
0 0 o 0o 0 1
Kp/Jp 0 0 o Kr o
T
B=(0 ¥Kt/J, O O 0 0O )°'

In the above equations, J denotes inertia,
B viscous damping cocef., and subscript 'm'
load, and 'T'

refers to motor, 'L’ tacho-

meter respectively.

A necessary condition for constant fee-

dback gains beilng optimal with respect to

performance index(2) is given in this sec-
tion and a computational algorithm is also
described. Using the procedures in (7)-

(8), a necessary conditions for optimality

can be derived as follows ;

N+
dy/dg= 2(-B'; (PiL; ) +RKCLy+1)C'
J/4ax Ei% 1Ly N+1

L] L. |
2k 0 Yy | EoEr Ore Bealme)
- H N+ . [ ]
l rtn 1[xszs' Ory Xg¥glpe

where P; and Lj satisfy the following equ~
ations ;

(A-BKC) 'Pq *P4(A-BKC) #N1Q=0

(E-BKC) 'Pj +1 *Pi +¢(A-BKC) +P; =0, (1%1,..,N-1)
(R-BKC) ' Py+q *Py+¢ (A-BKC) *Py *C'K 'RKC=0
(A-BKC)Lj *Li (A-BKC) ' ¥Lj +4 =0 (i=1,..,N)

(A-BKC)Ly+q *Iy+9 (A-BKC) ' +w(0)w' (0)=0

I, 0
K=(ki, kp,kpe)s C= [0 ©C
0  Cme
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o (11)

TWPI.

o A computational algorithm

From the necessary conditions for opti-
mality, it is not possible to find feedba-
ck gains directly, however,explicit expre-
ssions are avilable for J and dJ/dK.
Therefore, a well known gradient technique,
for example, the Davidon-Fletcher-Powell
algorithm(9), may be used for the determi-

nation of optimal gains.

IV. Simulations and discussion

The usefulness of the proposed desisgn
method is shown by simulations in this
section. It is assumed that the normali-
zed parameters with respect to motor ine-
rtia(Jy) are given as follows, and feed-
back gains are summerized in the following
table.

# Optimal gains used in simulations

velocity control position control

kp kj Kme kp ki Kme
127.2 143.4 0.4 388.3 0.45 1.6

(TWPI) (TWPI)
135.9 168.1 0.35

(conventional PI)
* Parameters used;Jp~1.,J7%173913,J050.022
By =0.522,B1,=52174,F=6.522,F1,=2174,
KCS=O’217'KJC=15' 52 'KV=1 -?39.N=150.

With these informations, the output
responses are simulated as shown in Fig.3
through 5 by which it 1s well informed
that a ripple component caused by the me-
chanical resonance is reduced and transint
responses are also improved by using the
In the steady state, disturbance
effects are significantly rejected especi-
ally in the velocity control and steady
state error caused by coulomb friction is
also reduced in case of position control
using the easily implementable feedforward
compensation technigue using the current

control loop.
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velocity control system
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Fig.5 Rejection of disturbance &

coulomb
control

friction in position
system

V. Conclusion
A design method of the feedforward com-

pensator and feedback controller for the
DC motor driving system has been described
to improve the control accuracy undergoing
large time varying disturbances, coulomb

friction, and mechanical resonance. The

disturbance and coulomb friction effect
has significantly been reduced in a simple
manner when a feedforward compensation te-

chnigque using the current controlled inner

loop has been applied. Furthermore, better

closed-loop performances have also been
obtained by using the optimigation techni-
que based on TWPI rather than the convent-
ional performance index. Therefore, it is
concluded that the proposed design method
is useful for the precision control of the
DC motor driving system.
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