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TKLEI'HONK ARBOVA1.K 456-2011

pro ject: 300 FT. OIA. HOMOLOGY RADIO TELESCOPE 
subject*. POSITION REFERENCE PLATFORM

I. ADDENDUM TO APPENDIX I

EXPLANATION OF APPLIED SERVO DESIGN METHOD

This step to step explanation of the applied servo design 
method .contained herein was prepared for the benefit of 
those reviewers of this concept study who are not tho
rough l y  familiar with this type of engineering discipline
The analysis contained in section 5.0 demonstrates that 
attainments of both servo stability and desired frequency 
response is possible with the envisioned system through 
careful matching ol' suitable servo comoonents and through 
shaping of the transfer function by application of lead- 
lag networks.

J. M u r a d l i y a n  S.D.L.

OPERATED BY ASSOCIATED UNIVERSITIES, IN C ., UNDER CONTRACT WITH THE NATIONAL SCIENCE FOUNDATION
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A - TYPES OF SERVO SYSTEMS

Open Loop Control System

Reference
Input
"R"

Controlled
Variable

l.CH

Feedback Control System

Error
E

► C

where E x G = C 
E = R-C
C_
R

G 
1 + G

Feedback Control System with Feedback Element

R OJ-
H

For a tachometer feedback element H = KQS. For a gear reduction 
feedback element H = l/N  where "N" is the reduction ratio.
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B - DC SERVO MOTOR TRANSFER FUNCTION

k b
* Back-electromotive force (volts/rad/sec)

k t -  Torque sensitivity (Ib-ft/amp)
CO = Angular velocity d0/dt (rad/sec)

* Armature resistance (ohms)

H i
= Armature inductance (h)

t m
* Motor torque (lb-ft)

0 = Shaft angle (rad)

J T = Total moment of inertia referred to the armature (Ib-ft-sec )

«S = Source resistance (ohms)

*1 = Control voltage
I « Armature current (amps)
Rip « R„ + R „ , total loop resistance (ohms)o M

= Mechanical time constant (sec)

^ E * Electrical time constant (sec)

2 + J A N A

where is the load moment of inertia in lb-ft-sec2, is the 
motor armature, hub and gear inertia on the motor shaft and 
"N" is the gear reduction ratio between the motor shaft and the 
load.
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M
d 20

THE LAPLACE TRANSFORMS:

E 1 ‘  <RM +  V 1 + H P  + W  

W o 8 *

COMBINING THE LAST TWO EXPRESSIONS:

e0
i

k b

E1 ' s

w
(1 + i ? s)

MECHANICAL TIME CONSTANT

7 1  -  ELECTRICAL TIME CONSTANT



Page 4 of 11

C - DETERMINATION OF PHASE ANGLE AND MAGNITUDE

Gg = Open loop transfer function 
GmT = Mo tor-tachometer transfer function

Gl l  = Lead-lag compensation network transfer function

* Transducer plus preamplifier gain (volts/rad)

* Servo preamplifier gain

G.. = Motor transfer function M
Gt  = Tachometer transfer function 

EXAMPLE;

r ______ L i_________
M "S(l + 1. 01S)(1 + . 003S)

GX = 11.3S

G

G = a  + Q.Q2S)2 
LL (1 + 0.16S)2

_________ 0^09_______  _ KA xGM G
MT S(1 + . 01S)(1 + . 003S) “ 1 + KA X °M X GT 1 +GH

Kg = 68000 v/rad or 3v/arc sec

* 6.4v/volt

6000 x (1 + . 02S)2
S 9(1 + . 01S)(1 + . 003S)(1 + . 16S)2

This expression contains angle and magnitude. Hie magnitude at S = 1 
can be approximated as 6000 or 20 x log 6000 = 75.4 Db.
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Thus, the bode plot starts at 75.4 Db for one radian. The first term "S" in the

denominator causes the magnitude curve to proceed at -20Db/decade of frequency

increase, until it hits the frequency corresponding to the next time constant,

. 16 sec in this case. For every term in the denominator of the Gc expression,s
the slope of the bode plot changes by -20Db. Thus as the plot beyond 6 rad/sec 

[corresponding to (1 + . 16S)̂ []» the slope changes from -20Db/decade of 

frequency to -fiODb/decade. The next time constant is . 02. This being in the 

numerator of Gg and a square term, the slope changes from -60Db to -20Db, 

or for every (1 + Tg) term in the numerator the slope changes by +20Db/decade.

Figure No. 1
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From the expression for closed loop transfer function:

C G
R " 1 + GH

the expression C/R becomes « if the denominator of the transfer function 

becomes zero. Or,

GH represents t- i open loop transfer function. Magnitude of ”1” represents 

zero Db on the bode plot. -180° is the phase angle.

The angle has to be less than -180° for stable operation. The difference 

between -180° and actual phase at 0 Db Is called phase margin.

As a rule of thumb, a phase margin of 30° produces only one overshoot for a 

step input (or a damping ratio £ of 0.5).

A phase margin of 6v>" v^ents a damping ratio of 0. 7 or a critically damped 

system with no overshoot. Phase margins over 60° represent overdamped 

systems without overshoot.

1 = GH = 0 
GH = 1
GH = 1 /-180°

Responses for step input with various values of S 

Figure No. 2
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Calculations for phase angle a re  perform ed after the bode plot has been com pleted 

and the zero  Db crossing  has been determ ined. Thus, if  the above bode plot 

c ro sse s  the 0 Db at 75 ra d /s e c , the phase angle in this a re a  is  needed.

juu is  substituted for S (inverse transform ) since  the phase angle is of in te rest, 

the constant p a r t  of Gg is  le ft out.

/ 6 S t= angle of G„ = ---------------S -i i -aSfo)-------------------
^ D S ( l + j  .01m)(l + j .003uu)( l+j  I6uu>

Si'L'odtuting w = 50 ra d /se c

A  = _________ ____________________ = + 45°___________
^  j 50(1 + jO. 5)(1 + j .  15)(1 + j 8)2  90* + 2 6 ° + 8 “ + 8 2* + 82*

Every j term  rep re sen ts  an angle, Thus,

( l  + J l )  = = 4 5 “

1

(1 + J l )2 = 2  x  4 5 * 

j 50  = 90*

Angles in the num erator a re  positive angles. Angles in the denom inator a re  

negative angles.

From  the above expression for Gg, the en tire  excursion of the phase angle can be 

determ ined. Thus for v e ry  sm all values of id, / 6 g = -90*. F or very  la rge  values 

this becom es -270°.
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An a lte rn a te  method of determ ining phase angle is  to p lot on the bode plot the 

p h ase  angle of each individual (1 + Tc ) function.D

Thus for (1 + TjS) the phase angle is:

The m athem atical approach on the preceding page and the graphic approach on 

th is  page a re  identical.

F ig u re  No. 3 shows this p rocedure. On the upper half of the sem i-log  paper th e  

phase  angfe of each expression is  drawn. Note that the phase angle of l /S  is  a 

constan t 90°. The phase angle of each expression  is  45° when T0 « 1 for that 

exp ression  or when S -  1 /T . It also can be observed from  F igure  No. 3 that 

ph ase  angle of an expression  squared is equal to twice the phase angle of that 

exp ression .

If the expression is in the num erator, the phase angle in c reases  from  zero  

tow ards +90°. If the expression  is  in the denom inator, the angle in c reases  

from  zero  towards -90°.

0°

-45*

A fte r all angle plots a re  drawn, their magnitudes can be added to find
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D -  CLOSED LOOP TRANSFER FUNCTION

The magnitude of a closed loop system is unity up to its natural frequency, or 

within its  band width.

Beyond the natural frequency the magnitude will decrease as shown.

The phase angle of the closed loop will s ta r t  at 0 degrees. By the time the 

frequency increases to the value of natural frequency, i t  will be -180°. For 

frequencies beyond this it  will become asymptotic to -270°. In practice the 

above band width plot reflects also closed loop system damping ratio as shown

Figure No. 5
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E -  TYPICAL LEAD-LAG COMPENSATION NETWORKS

The diagram  above rep re sen ts  an operational am plifier used as an active lead- 

lag netw ork. CQ and RQ a re  the feedback com ponents. Ĉ  ̂ and R̂  ̂ a re  the input 

components. X̂  ̂ is the input and XQ the output signal. The tran sfe r function is :

R, 1 + RjCj

1 + W
- K

(1 + Tj ) 

(1 + T 2S)

The p a ram ete rs  can be selec ted  to give unity gain a t steady s ta te . The negative 

sign indicates polarity  inversion . N on-inverting operational am plifiers o r 

operational am plifiers with inverting and non-inverting inputs a re  also  available.

R

X q_ 1 + ( y A ^ )  B C ^ S  (1 +  T jS )

X 1 1 + ( A 2 - A 2 2 ) R C 2 S  (1 + T 2 S)


