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—-Abstract- As the output torque is regulated through the speed regulator in dc
motor drive system, the speed response delays by the lag of tke speed regula-
tor when the load torque is imposed. When this load torque is directly mea-
sured or indirectly estimated, additional torque regulator which bypasses ths
speed regulator is possible and the improved speed response, such as the quick
output torque response and small fluctuation of the motor speed, will become
realized.

This paper proposes the torque-speed regulation which is based on the op-
timal centrol theory, in which the observer is used to estimate the losd tot-
que., This strategy also introduces the easy design of the speed regulator in
de moter drive system, as the desired system performance will be taken into
account in the proposed quadratic performance index. A schematic design pro-
cedure based on this strategy and experimental examples are also shown.

0

1. INTRODUCTION

Recently not only classical control theory but also modern control theory
can become applied to the various areas. °The modern control theory may be ex-
pected to have the large potentiality to improve the system performance in the
drive applications. Mcreover the design procedure is usually simplified in
this modern control theory.

When the modern control theory is applied to the speed control of the
separately excited dc motor, the plant system can be treated as a linear time-
invariant system. This means that the pole-zero assignment is most important
for the total system résponse. But conventional PI controller has less free-
dom in the control design procedure than the regulator based on the modern
control theory. Besides various requirements to the system performance can be
easily taken in the regulator design in the modren control theory.

This paper proposes the unified regulator design procedure based on the
optimal control theory, in which the speed response to both the load torque
and the speed reference can be specified independently. For this purpose, the
suitable quadratic performance index is defined. As the result, concluded
regulator based on this cost function can be classified into two subregula-
tors. One is the speed regulator and the other is the torque regulator. As
the augmented system, there is one series integrator, which allows no steady
state offset. This type of controller is expected to be less sensitive to the
system parameter variations. In the speed regulator, the state feedback of
the measured quantity is necessary. In the torque regulator, the measured or
the estimated load torque is effective for the better regulation. This load
torque is defined as the uncontrollale but observable state variable, so the
observer can be constructed to estimate its value with the ar itrary estima-
tion time cédnstant.

‘This method is also implemented and tested as shown in this paper.
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2. LOAD TORQUE ESTIMATION

The impact of the load torque to the dc motor may give rise to the tempo-
rary speed drop. This is called impact drop. The recovery time of the speed
is determined by the speed regulator, which is driven by the difference of the
speed reference and the actual speed. But the optimal torque regulator, which
can reduce this impact drop, is possible if the imposed load torque is direct—
ly measured or indirectly estimated, This new torque regulator is required to
respond very rapidily, so the control signal cf the torque regulator ought to
bypass the spead regulator., As it is
not economical and practical for the
torque regulation to measure the load

R L ‘
torque directly by the torquemeter, :egﬂgﬂvﬁxr,_/Zﬂﬁ\_
i i i L AN J T

the indirect method to estimate the

PSR, . We ——
load torque should be adopted. h:amsf ! . <z : ;

This estimation is made by the ob- €q js , ¢b[—"
server as follows. J

DC motor is a dynamical system +
governed by the following state equa-

~>>

tion, !
Fig.l Simplified plant model
é—-—x=Ax +Be +ET — (1) of dc motor
de a load ,
y=cx —=€2)
where ¢
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— (3)
load is the imposed load torque to the dc motor, load is considered to
be an unknown 1nput which is estimated by the zero-observer without steady
state error:’°The zero-observer is designed as follows,

1

[ b Ia +{ec~d(s+a)} W ] w—o(4)

AN
Tload s + a

Using (4), the load torque is estimated as follows,

3 1
==

Tload 14 Ts “load - (5)

Therefore the load torque can be estimated through the first order lag. T is
the time constant and may be ‘chosen as an arbitrary positive constant. The pa-

rameters a,b,c and d are determined uniquely by the estimation time constant T
and motor parameters as follows,

1 e J :
a=7r—, b=—_—r-~, C = =2, d='i_- v---(6)
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It is recommended to select.time constant T in relation to the poles of
the total system. In this paper, T is enough small to estimate the load torque
. as compared with the system time constant. The total schematic block diagram
of the implémented observer is shown in Fig.2. This points out that the struc-
ture of this type of the observer is quite simple for realization,

3.0 = { . ]
b} f
E?j\ ! * 1 4\nlﬁkw N

i +7 S+q T /
S s |
l ,l Nyl !
/u I
Tioad l—-v-—-——'- ————-Obs.ervar—"J

Fig.2 Schematic structure of load itorque observer

3. SPEED REGULATION BASED ON OPTIMAL CONTROL THEORY

In order to suppress the impact drop, it is effective to use the addition-
al torque regulator, which bypasses the speed regulator. The load torque is
unknown input, and also is treated as the obsérvable state variable in the dc
motor system., When the speed reference and/or load torque are applied to.the
de motor, equilibrium point of the state is changed according to the value of
the load torque., The transient system performance is therefore represented as
the loci of the all state variables f£rom the initial state to the new equilib-
rium point. These loci are mainly determined through the performance of the
speed regulator,

As the speed regulator can be independent from the torque regulator based
on the observer, only the control poles, which govern the transient performance
, are taken into account in the design of the speed regulator., Desirable
poles are determined from the point of the total trade-off between the control
energy and the system performance. .Moxreover it is required that all control-
lable state variables settle down at the equilibrium point in steady state.

For that purpose, the speed regulator should have one series integrator.
This integrator also gives the better effect to the torque regulator because
the system becomes less sensitive to the parameter variations. These require-
wments are reflected in the quadratic performance index. This cost function 1is
constructed on the modified system, where one integrator is added as follows,

d = ‘== = 5 ' .
EEX*-AX + B v +ETload (7)
y=cx — (8)
where

w O_I
£l I,) 0 B=]0]uoes [3:.00 0] — (9)

e 1

b



0 Ke ] o= |
m— J
J
3 e R 1 E 0 (9
SRl VY P T
_ O 0 0 _] . O A

Hoad
\% x 1 Ea+ 1 __Ic +“ 1 p
S1. A 1LS+R . > JS|

Fig.3 Block diagram of modified system

The quadratic performance index is made to have suitable weighting matrix
in which the specified variables have strong weight.  The system may be de-
Signed to have rapid rise time of motor speed due to the speed reference chan-
ge and quick recovery time for the impact drop. So the following quadratic
performance index I is employed.

W T
Z=J (x"Q x +v P v) dt — (10)
here :
1 0 0
Q=0 a?20 — (11)
0 0 0 o

The adjustment of parameters q and P will fix the control performance of
the speed regulator. The solution to minimize ¥ is realized in the following
state feedback form.

1 1 2 "a T 3

t £
=-K. w -K, I =K [ (w -w™ %) at o G127}
xr " r r

The coﬁstants of the feedback gains, Kl’ K, and K3 are conducted from the Ri-
ccati equation derived from (10). |

Eq.(12) shows that the speed regulator has one series integrator as shown
in Fig.4.
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Fig.4 Schematic bleck éiagram of speed regulator
based on state feedback

‘4. DESIGN OF TORQUE - SPEED REGULATOR

The load torque functions as the initial deviation from the equilibrium
point in the state space. The torque regulator intends to reduce this initial
deviation so as to improve the transient performance. If the armature current
is determined instantaneously, the estimated load torque can compensate the
current in a moment and the initial deviation may be reduced small. So it is
effective that the voltage command which drives the armature current corre-
sponding with the estimated load torque is added to the output voltage command
of the speed regulator. This former voltage command is the output of the tor-
que regulator.

This final voltage command is represented as the sum of both commands,
The addition of the torque regulator gives no influence on the response from
the speed reference to the actual speed if parameters are correctly adjusted
in the observer. The proposed torque-speed regulator is shown in Fig.5.

o — Evolmged
wre optima v, comman power
=3 speed regulator +t:“ Y, converter [
T ‘
i lo torque |
regulqan‘or \o rof%r Y
1\ /’\ I J _rriencoder
) w Ia a< We

‘Fig.5 Torque-speed regulator based on load
torque estimation method
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Poles of the total system are determined simply only by the connections
of the poles of controlled plant apd the poles of the observer. As the poles
of the observer are determined arbitrarily and sufficiently distant, these ef-
fects are generally ignored.

In this time, the speed response to the step load torque input is nearly

roportional to the cond ord i iati :
proportion o second order differentiation of wstep(t)’ where wstep(t)

is the speed response to the step change of the speed reference. These charac-
teristics conduct the design procedure using quadratic performance index which
determines the pole allocation, The weighting factor P nearly determines the
tracking performance to the spzed reference and the other factor o nearly de-
termines the reccvery time of the impact drop. The desired pole assignment
may be arranged through the compromise of these two factors. The pole loci by
P and o are shown in Fig.6.

Imaginary axis

\.

Imaginary axis

ST ainte gt

& ~,
Real axis 0] Real axis g 0
(a) Pole loci to the change of P (b) Pole loci to the change of o

Fig.6 Pcle loci in relation to the
weighting factor P and o

In actual scene, the parameters can not be identified correctly or will
be varied slowly with time.” The observer generates the offset according to
these parameter variations, But the series integrator in the speed regulator
negates these steady state errors. Accordingly this type of torque-speed re-
gulator has no sensitivity of the steady state error.
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5. NUMERICAL AND EXPERIMENTAL EXAMPLES

‘The proposed torque<speed regulator in Fig.5 is implemented and carried
out as shown in Fig.7. The transistorized chopper is applied in this power-
converter. The nominal.parameters of dc motor are shown in Table.l. The es-
timation time conatant T is determined as 1 msec, The minimum time constant
of total system is about ten times as large as T.

30 = Pt ‘d‘c

link

v

; speed Vi dye V3 ransistorized
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] /]\ SwW i . _
lix -
Soe 2

Tiged
torque regulator £

including cbserver 7\ rotary
7N encoder
T .

W . la ' - e s
W,

Fig.7 Schematic diagram of tested system

number of poles 2 - rated output 0.75 kW
rated speed 1500 rpm rated armature current 7.5 A
L 44,3 mH R 2,25 Q
J 3.38 x 107" K 0.581
Nem-sec? /rad? ¥ Ve.sec/rad
(P) 0.1 x 107° (a) 138

Table.l Nominal parameters and weighting factors
of tested dc motor drive system

Fig.8 shows the response of the rotor speed to the single and multiple
step inputs of load torque. In Fig.8-(a), v, is zero so that the output signal
of the torque regulator is not applied. In” Fig.8-(b), v, is the output sig-
nal of the torque regulator. In this latter result, the ° fluctuation of the
rotor speed can be reduced because of the torque regulator. The observer also
well estimates the load torque as shown in this figure. These results show
the augmented torque-speed regulator is quite effective for the impact drop
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and the well speed regulation.
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Fig.8 Numerical and experimental examples of the response of
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6. CONCLUSION

The proposed torque-speed regulator is based on the modern control theory.
The design is different from the conventional PI controller design. The speed
regulator based on the state feedback with one integrator and the torque regu-
lator based on the observer constitute the concluded total torque-speed regu-
lator. The parameter sensitivity in the steady state is zero because of the
series integrator of this speed regulator.

The total control system is simple and its design is easy, when it is
based on the suitable performance index.

Numerical and experimental results show the validity of this type of the
regulator.

NOMENCLATURE
. ref .
L : armature inductance (N : rotor speed reference
i
o)
R : armature resistance Tload : estimated load torque
K w_ : counter electromotive force T ¢ estimation time constant
J ¢ total inertia L : quadratic performance index
Tioaq ° 1oad torque P, o : weighting factor in the per-
1 formance index

: armature current

a
: s O i ignal eed regulator
e_ : armature voltage v, : output signal of sp g .
<a
: : t rque regula-
T_ : field current output signal of torqu g
£ tor
wr ¢ rotor speed

voltage command

s : Laplace operator

REFERENCES

(1) D.G.Luenberger, "Observing the state of a linear system," IEEE. Trans.
Mil. Electron., vol.MIL-8, pp.74-80, Apr. 1964

(2) D.G.Luenberger, "Observers for multivariable systems," IEEE Trans. Auto-~
mat. Contr., vol.AC~11l, pp.19C-197, Apr, 1966

(3) A.E.Bryson,Jr., and D.G.Luenberger, "The synthesis of regulator logic

using state-variable concepts," Proec. IEEE, vol.58, pp.1803-1811, Nov.
1970 :

(4) B.Gopinath, "On the control of linear multiple input-output systems,"
Bell Syst. Tech. J., Mar. 1971

(5) D.G.Luenberger, "An introduction to observers," IEEE Trans. Automat.
Contr., vol.AC-16, NO.6, Dec, 1971

1217



(6) J.S.Meditch and G.H.Hostetter, 'Observers for systems with unknown and in-
accessible inputs,”" INT. J. Control, vol,19, NO.3, 473-480. 197&

(7) T.Takeda and T.Kitamori, "A design method of linear multi-input-output op-
timal tracking systems," SICE Trans. vol.l4, NO.4, Aug. 1978

(8) K.Ohishi, K.Ohnishi, and K.Miyachi, "The torque regulator using the obser-
ver of dc motor," Report of IEE of Japan, RM-82-33, Feb. 1982

1218



