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ABSTRACT 

A DESIGN REPORT ON A SERVO CONTROLLED 
INERTIAL SENSOR TEST FIXTURE 

by 
James B. Dowdle, Jr. 

This · report discusses the design of a servo controlled posi­
t i-on i ng sys tern tor r.emote centro 1 posit toning of inertia 1 sensors 
while under high acceleration test in a centrifuge. 

A rotating fixture and an electronic control panel was built 
for this purpose, with two modes of operation. The fixture can be 
positioned with an accuracy of 0.05 degrees and a resolution of 
0.01 degrees, or it can be maintained in a constant velocity mode 
at rates from 1 to 16 degrees per second. 

The velocity loop was implemented as a phase locked loop, and 
the command rate is entered as a frequency - from a function gener­
ator or a frequency synthesizer. The position loop employs a pick­
off resolver for sensing position and a control resolver for enter­
ing the cowmand position. 

The paper presents the entire design picture, including a 
consideration of design alternatives, and servo and electronic 
-circuit design. Photographs of the system in operation are shown 
in the appendix. 

Approved: ~ J~ ~ 
Director of Research Report ~ 
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FORWARD 

The topic of· this paper will be the design of an electro-mechanical 
servo control system for remote positioning of inertial sensors while 
under a high acceleration environment in a centrifuge. The system was 
designed and built by the Inertial Sensors Group of Martin Marietta 
Aerospace at Orlando, Florida. The servo analysis and the electronic 
circuit design for the system was done by James B. Dowdle, Jr., and 
will compose the body of this paper. 

Also included will be some discussion of the performance of the 
completed system, including photos of equipment and oscilloscope 
traces at various points in the circuitry. 
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CHAPTER I 

- INTRODUCTION 

Due to the high acceleration capability and reliability required 

of some modern inertial guidance packages, the inertial sensors them­

selves are exposed _t_o_.and operated under high-g environments. A 

steady-state acce1eration may be imposed upon a sensor by placing ft 

in a large centriguge, and adjusting the distance ·from the center of 

rotation, and the rate of rotation to obtain . the desired acceleration 

level. With such a system, it is desirable to be able to turn the 

sensor orientation with respect to the acceleration vector without 

having to stop and open the centrifuge, and manually reposition the 

sensor. A remote positionable fixture saves a great deal of time, as 

well as adding new test capability to the system. 

It was decided to build such a fixture, capable of holding a. number 

of types of sensors. It would have a drive motor and position sensing 

devices for remote control positioning of the test orientation. An 

electronic control panel was built, which received positional infer-

mat ion and transmitted command signa 1 s through a net~·iork of s 1 i p 

rings in the centrifuge and in the fixture itself. The purpose of 

the control panel was to operate the fixture in t wo modes: One, 

allowing the test sample to be positioned in any desired angular 

orientation in the horizontal plane, and the other allowing the 

sample to be rotated at a constant angular velocity in the same 

plane, with rates continuously selectable over a range from 6 to 12 

degrees per second. 
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Thus, the objective of the following chapters will be to present 

material pertinent to the design of both the position and the velocity 

control loops of the above mentioned system. 
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CHAPTER II 

DEFINING THE DESIGN PROBLEM 

Once the design objectives are clear, there are probably many ways 

in which the problem may be solved. Therefore, ~orne time must be 

spent in evaluating various approaches to the problem before ·a large 

amount of work is done on the detailed analysis and design. 

The objective of this design will be to produce a control system 

capable of operating in two modes: · velocity and position. In the 

velocity mode, it will be desirable to have a system which will hold 

the angular rate constant, that is~ non-varying with changing load. 

Since the system will be used with data recording equipment which re­

cords simultaneously angular position of the fixture turntable and 

sensor parameters which may vary with angular position, the frequency 

response of the velocity loop should be such that the fixture rate will 

not significantly lag the command signal as the fixture turntable 

rotates at the design speeds from 6 to 12 degrees per second. 

The position loop will be used for various test purposes, requiring 

varying degrees of accuracy. The loop should be designed, however, to 

enable the turntable position to be adjusted with a resolution of at 

least the accuracy of the position readout equipment. 

Now consider what there is to work with. A drive motor and 

gear train has already been chosen. In selecting the drive, the 

primary consideration was in finding a motor capable of putting out 

sufficient to rque to overcome the large mass unbalance torques which 

-3-



will be encountered under a high-g. environment. The drive assembly 

was ordered complete with the motor, the gear train, a tachometer, and 

the power amplifier to drive the motor. The drive is capable of 

delivering output rates from -12 to +12 degrees per second with 285 

inch-pounds of torque at the maximum rate, and 415 inch-pounds at 

zero rate. 

The position readout also has been chosen. 'The instrument is a 

~igital synchro/resolver angle indicator. It requires a synchro or 

resolver input, and provides both an LED digital readout and BCD 

( . 0 0 0 0 0 0 angular outputs. 1.e., 0.01 , 0.02 , 0.04 , ... , 80, 100, 200) 

The instrument is basically an analog to digital converter, and has an 

accuracy of 0.03° and a resolution of 0.01° . . The BCD outputs change 

continu6usly with resolver (or synchro) position. 

A two phase resolv~r was chosen to drive the angle indicator, and 

the accuracy of this resolver is OA05°~ This resolver is mounted on 

the fixture, and senses the angle of the fixture turntable which is in 

turn displayed digi~ally upon the angle indicator. 

For posit1on commands, another resolver was chosen which could be 

mounted to a control knob. The control has both a course and fine 

adjustment, with the course being marked in graduations of one degree, 

and the fine having a resolution of one-quarter degree per turn. 

Let us now consider how a position control loop might be built. 

As shown in Figure 2.1, the turntable has one phase of the rotor 

shorted, while the other phase is energized with 26 volts at 400 cycles 

per second. With th1s arrangement, the stator phases provide two 

voltage sources in quadrature which together define the rotor position. 

-4~ 



DEMODULATOR 

Rl 

CONTROL 
RESOLVER 

R2 S4 

FILTER r~ODULATOR 

. Sl 

S3 

S2 

FIGURE 2.1 

THE POSITION CONTROL LOOP 

TACHOMETER 

DRIVE 

TURNTABLE 
RESOLVER 

G)JR3 
S4 26 volts 

400 HZ 

These two stator voltages are then used to energize the control 

resolver by connecting the stators of both resolvers in parallel. 

Then, the voltages appearing across the two rotor windings of the 

control resolver will be in quadrature, and will be double side-

band suppressed car~ier modulated by rotation of the turntable. 

Each rotor winding will have two in phase fundamental noll outputs as 

the turntable rotates through one revolution, and one of these phases 

may be used to drive the servo amplifier. The positions of the turn-

table at which the nulls occur may be selected by rotating the control 

resolver to the desired setting. The null will be caused to occur by 

the servo electronics, which will drive the turntable to the point at 

which the null occurs.. Only one of the two null positions v1ili be 

sought out, as determined by the phasing of the control loop. 

The error voltage coming from winding Rl - R3 of the control resolver 

in Figure 1 will be 400 Hz, with a peak level of 26 volts RMS. In order 
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to adjust the bandwidth of the system and t o apply compen~ating tech­

niques, it will be necessary to convert the error voltage to the DC 

domain. The demodulator shown is a coherent demodul ator synchronized 

to the 26 volt, 400 Hz resolver source which is the reference for the 

entire system. Once the error voltage is converted to D.C., it may 

be operated upon· effectively and the 400 Hz ripple may be removed. 

The drive motor and the tachometer operate on 400 Hz which means it 

will ben ecessary to modulate the output of the . filter. The modulator 

shown is a double sideband suppressed carrier modulator, synchronized 

to the 400 Hz source. Back in the A.C. domain, the tachometer output 

is sumned with the output of the modulator and the res ult is applied to 

the input of the drive stage. The tachometer is required to control 

system transient behavior. · 

To configure a block diagram for the velocity control loop, further 

consideration is required. One approach is to sum a corrmand voltage 

ag~inst the tachometer output to produ-ce an error vol tage to drive the 

turntable at the desired rate. However, tachometers lack the required 

accuracy and are noisy. 

As a matter of fact, this is one of the reasons why t he angl e indicator 

was purchased. As has been said ea r lier, t he i ndi cator has BCD output s 

which change state continuously as t he input resolver senses rot ation. 

That is, these outputs will change state at a rate proport ional to the 

rate of rotation of the turntable, so, t he 0. 01 degree output , for ex­

ample, will be a symmetrical square wave f requency modulated by t he rate 
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of turntable rotation. This property ~llows the angle indicator to .be 

used as an extremely accurate rate encoder. 

. . 

Once this was realized, two methods for utilizing this asset of 

the angle indicator were considered. The first approach taken was to _ 

demodulate the 0.01 degree output using circuitry which operates on the 

principle of per-iod-measuring for Ft~ demodulation. The second thought 

was to digitally detect the information contained in the 0.01 degree 

output, and to enter rate commands by means of a frequency synthesizer 

(a function generator for less demanding applications). In considering 

how such circuitry might be implemented, it became apparent that such a 

system would best be implemented as a phase-locked loop. 

Figure 2.2 shows how the angle -indicator m~y be used as the feedback 

element, and a square wave generator as the control element in a phase-

locked 'telocity control system. The feedback wave form will generate 

FILTER 

ERROR VOLTAGE 

C0 ~1f~AN D RATE 
LJL_j PHASE 

l 
MODULATOR TACHO~lETER 

DETECTOR (EdCODER) 
LJL.J I RESOLvER I 

FEEDBACK WAVEFO~RM~~~~~~~~~~~-~~~ AND Af~GLE 
INDICATOR 

(50 cycles/0.01 degree) 

FIGURE 2.2 
PHASE-LOC/ED VELOCITY CONTROL LOOP 
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50 cycles per 0.01 degree, so the gain of the angle indicator used 

as an encoder will be as follows: 

KE = 50 eye 1 es x 360 .Q~9!~~~~ 
degree revolution 

KE ~ lS-;000 cycles 
revolution 

The phase detector is digital in nature and its output is a series of 

pulses whose area is proportiona l to, p~hase error between the command 

frequency and the feedback frequency. The output pulse train i s periodic 

with a frequency equal to . the command frequency, and thus requires 

fi 1 tering. The rema.inder of th·e 1 oop 1s as in Fig1ur~e 1. 

The phase-locked technique provides a signif1cant advantage over 

the other methods considered in that an extreme y a. ~c ~curate command 

source - such as a frequency synthesi zer - m.a.y be used, and the· turn­

table velocity will foll~ ow, locked ·n phase,, uith zero st ~eady state 

velocity error, when the loop is locked.. Moreover, a standard chip 

was discovered which would serve as the phase detector, mak1ng the cir-

cuitry for the phase-locked t echnique ch s~ pler than that of period 

measuring demodul ati'on, and the p · as.e- c: e 1 ec ·,que was chose 

Now that the format of the des 

termi ned, the det.a i 1 s of the, es · , ~ 

chapters wi 11 dea 1 \¥i th the serv 

associated circuit design. 
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CHAPTER III 

THE DESIGN OF THE VELOCITY SERVO LOOP 

As the velocity servo loop portion of the design is probably more 

dominate over the format and makeup of the entire system than is the 

position loop, the design of the velocity servo loop will be considered 

first. As shown ·1n Figure 2.2, the loop is to operate as a phase-locked 

loop, and the functional blocks which will be required have been defined. 

The procedure now will be to define the transfer function of each block, 

so that the closed loop transfer function may be determined. Once this 

has been done, the loop variables may be chosen to fulfill the design 

requirements. 

Let us start with the block in Figure 2.2 which is labeled "drive". 

This block consists of the motor power amplifier, the motor, and the 

turntable. As shown in Figure 3.1, a low level 400 cycle per second 

error voltage is applied to the power amplifier inputs, and the output 

ERROR VOLTAGE 

Ev 

L:=_ __ _ j 
FIGURE 3.1 

DRIVE DYNAMIC MODEL 
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of the amplifier is applied directly t~ th~ motor. The model as shown 

accounts for the zero speed scale factor of the motor (~), and the 

back EMF and viscous friction coefficient of the motor (K8)-. The out­

put of the motor is a torque, which when divided by the inertia of the 

turntable (J) yields an angular acceleration of the turntable. The "1/S 11 

term integrates ~~~~erations to yield angula~ rate, the desired output. 

The transfer function of this entire 1 oop may be derived as follows: 

G(S) = WT = KM 
' H(S) = KB 

~ JS 
~, 

T1(S) 
G{S} WT ~~/ JS 

= l+G(S) H(S) = VM = 1 +K8 '1tl/ JS 

T1(s) - WT - KM/J 
- VM - S + K8 ~/J 

T(S) = KA T1(S) 

KA KM/J 
T(S) = S+K8 · Kt~/ J ( 3. 1) 

Now, let us add to the model the tachometer feedba~k block as shown in 

Figure 2.2, and ca.ll the resulting block 11 turntable drive", as shown in 

Figure 3.2 below. 

TURNTABLE RATE 

FIGURE 3.2 - TURNTABLE DRIVE 
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The transfer function of the new 11 turntable drive 11 block may be 

derived as follows: 

H (S) = KT 

_ G(S) 
T(S) - l+G(S)H(S) = 

Consider now the "encoder 11 block of Figure 2.2. As has been said 

in Chapter 2, it was decided to use the 0.01 degree output as the 

encoder for the feedback of the velocity loop. The 0.01 degree output 

will be a square wave as illustrated in Figure 3.3, and there will be 

50 cycles of the square wave in 1.00 degree of rotation. 

0.01° 
~ )i 

·-______ n 1 \_....... 

~ ~ 
1' / i 

0.01° 

FIGURE 3.3 

0.01 DEGREE OUTPUT OF ANGLE I ~ DICATOR 
WITH CO NSTANT RATE INPUT 
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Therefore, the scale factor of the encoder may be determined as follows: 

KE = 50(cycles) 
(de~ree) 

x 360(degrees) 
(revolution) 

KE = l8,000(cycles) 
(revolution) (3.3) . 

Now consider the 11 phase dector 11 b 1 ock ·of the ve 1 oci ty servo. 

When the ~ystem is phase-1 ocked, the gain of b l.ock is K0 (.VOC/RAOIAN). 

Also, since the detector yields an error voltage proportional to phase 

(or position) error- and since · the two inputs to the detector are 

rates - there is a 11 1/S" term implied in the block in order to convert 

rate error to position error. The · phase detector may be modeled as 

shown in Figure 3.4 below. 

FIGURE 3.4 

PHASE DETECTOR MODEL 

the transfer function for this block is simply as follows: 

T(S) 
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The "modulator" block of the veloc ·ity loop is simply a DC to AC 

converter, the DC being the output of the 11 filter 11 block, and the AC 

being the 400 Hz. Ae signal which is required to drive the motor power 

amplifier. The modulator gain is simply KeN (VAe/VDC). 

The "filter .. block of Figure 2.2 is the heart of the closed loop 

system in that its -makeup will determine the passband of the loop, 

steady-state performance, and the stability of the system. This block 

is best understood as two sub-blocks: 1) the loop filter; and 2) the 

integrator/compensator block. 

The loop filter was chosen to be a second order Butterworth, since, 

as will be seen later, this will result in a closed loop transfer 

function which has a denominator which is fourth order Butterworth. 

The break frequency of the fourth order denominator polynomial 

was chosen to be 20 cycles per second, because this will result in more 

than adequate system frequency response, and wil~ roll off at a rate 

of BOdS per decade to provide adequate filtering of the pulse train 

output of the phase detector. The phase detector will put out a pulse 

train of frequency We, and the DC level of the pulse train will provide 

the output: Vd = K0 (We - WF). Since the lowest rate of rotation will 
s 

be 6 degrees per second, the command frequency (We) will be as follows. 

we = KE • vJT 

WT = 6~· 1 Sec 360 

we = (18,000 . 6) I 360 

we = 300 

-13-



Therefore, at the lowest rate of r<;>tation ·(worst case· condition) 

the ripple will be suppressed by approximately 80dB. The loop filter 

parameters are shown in Figure 3.5 below. The constants a1 ~nd a2 deter­

mine the damping and break frequency of the filter, and Kv is a gain 

constant associated with the circuitry required for the implementation 

of the filter. Jbe~eaning of these constants will be ~xplained further 

in the design chapters of this paper. 

The integrator/compensator block of the loop shown in Figure 3.5 

serves to drive the steady-state posit i·on errnr to zero by the use of 

an integrator in the open loop transfer function (G[S]). As will be seen 

later as the closed loop transfer functi on is derived, the term s+l- . 
Tl 

is requi red in order to obtain fourth order Butterworth poles in the 

closed loop transfer function. The term 1 is used to compensate for 
S+=-T 

. 3 

we + 

LOOP 
FILTER 

Kva2 
2 S +a1S+a2 

/ f' 

~ 7 

K0 -W 
" v F 
7 s "' 

PHASE 
DETECTOR 

INTEGRATOR/ 
CO ~~PE NSATOR 

1 1 

DC/AC 
CONVERTER 

T1T3(S+t,-)(SIT3) 
~ KCN ~ 

T2 S 

.. 

ENCODER 

KE v 
I' 

FIGURE 3.5 

THE VELOCITY SERVO LOOP DY~AMICS 
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the lag in response of the motor. r3 is chosen such that: 

or 

1 S+-· =S+ 
T3 

(3.5) 

In this way, the motor lag will be canceled out by the circuitry lead. 

It is realized that the cancelation will be imperfect, but system 

response should be little effected since the break point of the motor 

response (with tachometer feedback) is far higher than the break 

frequency of the closed loop. 

Refering to Figure 3.5, the closed loop transfer function (T[S]) 

may be determined easily as follows: 

G(S} = 

H ( S) = KE 

For convenience, let: 

and 

T(S) 

-15-
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Note that in equation (3.6), it has been assumed that (s+) and 
3 

Equation (3.10) is the closed loop transfer function of the velocity 

loop. The denominator is fourth order, and there is a f1rst order break 

i n the numerator . _ J _ f -· we c h o o s e the cons tan t s i n ( 3 . 1 0 ) such that the 

denominator polynomial is fourth order Butterworth, the roots will of 

course lie in the left half plane - implying stability- and the system 

nerformance will be predictable. 

The normalized fourth order Butterworth polynomial is as given in 

equation (3.11). If the break frequency of this polynomial is chosen to 

be 20 cycles per second - as explained earlier in this chapter - then 

the polynomial may be denormalized as shown below, yielding the required 

values for the system constants. 

Normalized fourth order Butterworth polynomial: 

s4 + 2.613 s3+3.414 s2 + 2.613 s + 1 

f
8 

= 20 Hz ~ w
8 

= 2IT.20 = 125 60 (RAD) 
(Sec) 

The denormalized Butterworth polynomial is: 

s4+3.284·l02S3+5.391·104s2+5.185·lo6s+2.494.l08 

(3.11) 

(3.12) 

Equating coefficients of equation (3.12) with those of the denominator 

of equation (3.10), the following solutions are obtained: 

o1 = 3.284·102 (1/Sec) 

a 2 = 5.391·104 (l/Sec2) 

(3.13) 

(3.14) 

1 Mohammed Shusib Ghausi, Princi..EJ_§s and Design of Linear Active Circuits 
(New York: MCGraw-Hill, Inc.~965), p. 80. 
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KCL = 5.185·106(RAD/RAD) 

T1 = 2.079·10-2 (Sec) 

(3.3) and (3.9) yield: 

KOL = 2.881·102(RAD/RAD) 

(3. 15) 

(3.16) 

(3.17) 

We now need to consider equations (3.5) and (3.8), repeated h~re for 

convenience 

T -3 .., J 
( 3. 5) 

(3.8) 

We now need to fill in the given constants in these two equations, in 

order to choose the remainder to meet the design goals. The following 

constants are known from motor and drive specifications, fixed circuit 

gains, etc. 

K0 ~ 0.1194 (VDC/RAD) 

KA = 1500 (VAC / VAC) 

K = 9 511~( VAC ) 
T ' " ( RAD/SEC r 

KM = 11.54 (IN-LB/VAC) 

KB = 53 . 11 ( VA C ) 
(RAD/SEC) 

J = 37.41 (IN-LB-SEC2) 

(3. 18) 

(3.19) 

(3.20) 

(3. 21) 

(3.22) 

(') "' .... ) .J . L .. .i 

Substituting the appropriate gains above into equation (3.5), we obtain 

the following: 

T = 3 
37"41 

11 . 54 (53 t 11 + 1500. 9. 5113l 

r3 = 2.264.10-4 (SEC) 

-17.-
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Next, substituting equations (3.14), (3.16), (3.17), and (3.24), and the 

appropriate gains above into equation (3.8), the following is obtained: 

Therefor·e: 

K K 
~ CN = 2.055·101 

2 
(3.25) 

KeN and T2 were chosen for reasons associated with the el€ctronic design 

- 0hich will be covered in a later chapter - and therefore (3.25) may be 

further broken down to yield: 

KCN = 0.5 (VAC) 
(VDC) 

-1 T2 = 2.150·10 (SEC) 

Kv = 8.837 (VOLTS) 
(VOLT ) 

(3.26) 

(3.27) 

(3.28) 

We are now in a position to substitute the above constants into 

equations (3.6), (3.7), and (3.10) to obtain numerical solution for G(S), 

H(S), and T(S). 

- 2.881·102(S+4.809·101
) 

G(S) - s2(s2+3.284·102S+5.391·104) 

H(S) = 18000 

T(S) 
= 2.88·102(S+4.809·10

1
) 

s4+3.284·l02s3+5.39l·l04S2+5.185·106S+2.494·10
8 

(3.30) 

Figure 3.6 shows the velocity control loop, the closed loop transfer 

function, and the tabulated loop constants. 

-18-
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The loop and its degree of stability may be better understood by 

considering figure 3.7, the root locus _plot of the characteristic 

equation of the system. Equat1ons (3.15), (3.29} and (3.30) yield: 

KCL(S+4,809·101) 
G(S)H(S)= ----~ · - ------

s2(s?+3.~84~l02S+5.391 ·104) (3.32) 

By inspection of (3.32): 

Therefore: 

Where~ 

z = 1; p = 4, 

N ~ 4 

Z ~number of finite zeros of G(S) H(S); 

P =number of finite poles of G(S) H(S); 

N ~ number of root loci 

The four poles of G(S) H(S) are shown in figure 3.7, and are at 

S=O, S=O~ 5=164.18 + j 164.18, and S=l64.18-j164.18. The zero of G(S) 

H(S) is at S = 48.09. The actual roots of the characteristic equation 

are shown at s~ll6~10 ~ j 48.09, and S=48.09 ~j 116.10 (4th orde~~ Butter­

worth poles). 

The three asymtotes for the root loci were constructed as follows: 

_ rpoles of G(S)H(S) - Ezeros of G(S)H(S) 
al- P - Z (3.33) 

eR = ( 2 K;~flBOo , where K=O, 1, ... , P-Z-1 

where cr1= intersection of asymtotes; 0~= angle of asymtotes. 

therefore: 

(-164.18+jl64.18-164.18-jl64.18} - (-48.09) 
a,= 3 

o1= -93.42 

-20-
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8 = 
1 

180? = 6QQ 
-3-

82 = 3(180°) = 180° 
3 

83 :: li18QO) :: 300° :: -60° 
3 

(3.36) 

(3.37) 

(3.38) 

Breakaway points from the real axis may be found by solving the following 

equa t ·ron for s. 

Therefore: 

d (G[S] H[S]) = 0 -as 

d 
ds 

KCL (5+4.809·10
1) 
---

(3.39) 

:: 0 

(3.40) 

App lying the chain rule and the quotient rule for differention, (3.40) 

may be reduced to: 

(3.41) 

Two real solutions to equation (3.41) can be easily shown to be S=O and 

S= -122 , 68 ~ These points are shown in figure 347. 

Routh •s Criterion may be used to determine the closed loop gain (KCL) 

and the frequency at which the loci will intercept the imaginary axis& 

This point is of interest as it is the point of marginal loop stability. 

The characteristic equation is: 

s4 +3. 284 · 1 o2s3+5 .391 · 1 o4s2 
+KCL S+4. 809 ·10 

1 
KCL = 0 

Then the Routh tabulation is: 2 

1 

3 .. 284·10
2 

-22.-
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7 
1.770·10 -KCL 

2 3.284·10 

KCL(KCL-1.251·107K) 
7 1.770·10 -KCL 

1 4.809·10 KCL 

Therefore, from the s1 row: 

KCL = 1.251·107 

From the s2 row: 

1.770·107-KCL + 4.809·101KCL = 0 
3.284 4 102 

0 

Substituting (3.43) into (3.44) and rearranging, yields: 

s2 + 3.810·104 = o 

From which: 

s = + j 195.20 

or, 
W = 195.20 (RAD/SEC) 

(3.43) 

(3.44) 

(3.45) 

{3.47) 

These points of interception of the loci with the jw axis may be seen in 

figure 3.7 . 

Notice that the closed loop gain at phase-crossover is KcL= 1.251 ·107. 

The design gain {KcL= 5.185·106) may be divided into the phase-crossover 

gain to obtain the gain margin of the loop. 

Gain Margin (G.M.) = 2.413 (3.48) 

or 
G.M.(dB) = 7.650 dB (3.49) 

2 
Benjamin C. Kuo, Automatic Control Systems (Englewood Cliffs, N.J.: 

Prentice-Hall, Inc., 1967), pp. 343-4. 
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This concludes the servo design of the velocity loop. It has been 

shown that the lags and constants can be chosen to arrive at a closed 

loop system with fourth order butterworth poles and over 100 percent gain 

margin. The next chapter will deal with the servo design of the po sition 

loop~ and it will be shown that the loop can be designed to arrive at 

the same closed loop transfer function as the velocity loop. 

-24-
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CHAPTER IV 

THE DESIGN OF THE POS ITION SERVO LOOP 

To begin the . q~s_ign of the pos i t ion control loop, let us consider 

figures 2.1, 2.2, and 3.5. Pigure 2.1 shows the block diagram of the 

position control system, and a compari son of figures 2.1 and 2.2 reveals 

that there is very little dynamic difference between the voloc~ty and 

position loops. The major diffe rence i s in the feedback and error 

detection schemes . 

Let us consider how fi gure 3.5 - t he velocity servo loop dynamics -

could be modified to model the performance of the position servo oop. 

The •intergrator/compensator tt , 'loop f il ter •• , and 11 DC/AC converter'1 blocks 

could be identical, and the ''turntabl e drive rr block would require the 

addi t ion of a ul/S" t erm to account for a positional output opposed 

to a velocity output . The feed bac k and error detector model would 

require modification as shown in Figure 4. 1. 

0 c 

eF 
' 7 

LOOP INTEGRATOR/ 
FILTER COMPENSATOR 

Kva2 
1 l 

r1 
T l T 3 (S+ll) (S+t1 

S2+a1S+a2 T2 S 
/ [\. 

KRKPA KD 

i 

' I 

DC/AC 
CONVERTER 

KCN 

,~.,~ 

... l<A~/JS 

$+ 5.1(1<8~~~~ 

RESOLVER PREAMP, TURNTABLE 
AND DEMODULATOR DR IVE 

FIGURE 4.1 -THE POSITION SERVO LOOP DYNAMICS 
.-25.-

II" ' 7 
e T 



Notice the extra :t1/S 0 term in the drive block above& The resolver 

is modeled by showing unity position feedback, a summing junction, and 

the resolver gain in volts AC rms per radian. The two resolvers wired as 

shown in figure 2 ~ 1 actually subtract vectoria11y the feedback position 

from the command position to provide an error signal on one of the phases. 

This 400 cycle per-·se·cond AC error voltage ts amplified and then 

synchronously demodulated. The constant 1•KRtt accounts for resolver gain, 

"KpAt{ 1s preamplifier gain, and IlK 1
' is the demodulator gain. 

CN 

In considering figures 4.1 and 3.5, it becomes evident that the 

forms- i.e ~ the format and order of terms- of the closed loop transfer 

functions for the two loops are identical. This fact can be used to 

great advantage if the closed loop transfer function of the position loop 

can be made numerically equivalent to that of the ve1ocity loop. 

The two main considerations in the design of the position loop 

dynamics are frequency response and noise suppression. Much consider­

ation was given to the frequency response of the velocity loop as its 

mode of operation is dynamic. In contrast, once the position loop has 

rotated the turntable to the command position, the loop will be in a 

static condition. As for noise suppression~ the loop will need to suppress 

400 cycle per second ripple which will come from the coherent demodulator. 

The velocity loop was designed to adequately suppress 300 cycle per 

second noise. Using this reasoning, the transfer function of the 

velocity loop may be adopted for use as the position loop transfer 

function. This step will result in considerable commonality of circuitry 

between the two loops, saving much design and fabrication time, and 

resulting in an overall simplified system~ 

-26-



Referring to figure 4.1, the closed loop transfer function may be 

written as follows: 

(KRKPAKOT1T3Kya2KCNKA~) G ( S) = _;.._ __ ~___;;._;,_,_,.;,......!..!. 

H(S} ::: 1 

T(S) = 

(T2JS2) 

e T 
e c 

( 4. 1 ) 

(4.2) 

(4.3) 

(4.4) 

(4.5) 

As before, the term •(s+l/T3)' is assumed to have canceled with the 

term .. S+ I),(K8+KAKT)", therefore equation (3.5) still holds. 
---J-·· 

J 
T = 3 1), ( KB + K A • KT ) ( 3. 5) 

As before: 

r3 = 2.264·10-4(SEC) (4.6) 

Equations (3. 13} through (3.16) s t i 11 apply: 

a 
1 

= 3. 284 ~ 1 0 2 (3.13) 

a 2 = 5. 391 ·104 (3.14) 

KC L ~ 5 . 18 5 • 1 0 
6 (3.15) 

r, = 2.079·10-2 (3.16) 

-27-



Equations (3.15) and (4.4) yield: · 

KOL = 5.185·106 
(4.7) 

To finalize the design, all knowns must be substituted into 

equation (4.3), and the remaining unknowns chosen. T~e foilowing term~ 

are knowns in equation (4.3), and are repeated here for convenience: 

KOL = 5.185·f06(RAD/RAD) (4 .7) 

K· R = 26.0 (VAC/RAD) (4.8) 

T, = 2.079.10-2(SEC) (3.16) 

T3 = 2.264·10-4 (SEC) (4.6) 

cr2 = 5.391·104 (l/SEC2) (3.14) 

KCN = 0.50 (VAC/VDC) . (3.26) 

KA = 1500 · (VAC/VAC) .. (3.19) 

KM = 11 . 54 (IN-LB/VAC) (3.21) 

J = 37.41 (IN-LB-SEC2) (3.23) 

KoL= (KRKPAKOTlT3KVa2KCNKA~) (4·3) 

5.185·106=26KPA(KD)(2.08·10-2)(2.26·10-4}(KV)(5.4·104)(.5)(1500)(11.5) 
T2(37.4l) 

(4.8) 

The four constants in equation (4.8) may be chosen by considering t he 

circu1try involved. The maximum resolver output is 26 volts AC, or 36.77 

volts peak. Assuming the circuitry will saturate at about 12 volts, the 

preamplifier gain-to avoid saturation- should be: 

-28-



K = 12 = 3.264~10-l(VAC/VAC) 
PA 36.77 

(4.9) 

Again~ to avoid saturation, the demodulator gain can be set at unity. 

K0 ~ 1(VDC/VAC} (4.10) 

For reasons which will become apparent in the circuity design chapter, let: 

KV = 23.85 (VDC/VDC) (4.11) 

Then, the remalning-·va·riable, r 2, is determined by substituting (4.9) 

through (4 .. 11). 1nto (4 .8). 

(4.12) 

A numer1cal solution for G(S), H(S), and T(S) is ·now readily obtained 

by substituting now known terms into (4.1), and (4.5). The result is: 

G ( S) _ 5.186 • 1 o6 
(S+4. 809 · 10 

1) 

- s 2 (s 2+3 ~ 284·102 S+5.391·1()4} (4.13) 

H(S)= 1 

T(S)= 

(4.2) 

___ 5_. _186·1 06 ( S+4, 809 ·1 0 l} 

S4+3.284·102S3+5.391·104S2+5.185·106S+2.494·108 

(4.14) 

Note that the closed loop transfer function for the position loop (4.14) 

is identical to that of the velocity loop (3.31) with the exception of a 

command scale factor. This difference is due to the fact that the 

position loop employs unity feedback while the velocity loop does not. 

Figure 4.2 shows the position control loop, the closed loop transfer 

function, and tabulates the loop constants. 

This will conclude the servo design chapter for the position loop. 

It has been shown that the same dynamics involved in the velocity loop 

can be applied directly to the position loop, saving design time and 

-29-



providing commonality of electronics. This chapter has been much 

shorter than the preceding chapter, as it built upon much which was al­

ready done 4 The root locus and gain margin calculations apply directly 

to the position loop dynamics. 
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CHAPTER V 

THE DESIGN OF THE SERVO ELECTRONiCS 

Now that the servo analysis has been completed, and the desired 

transfer functions for each loop have been defined, the electronic 

circuitry necessary to implement the servo loops may be designed. 
- - -· 

To get started, we will present a functional block diagram (see Figure 

5.1) of the system as it was implemented, and then we will consider 

the design of each block type. Finally the completed schematics of the 

electronic cards will be shown. 

Consider first blocks -1, 2 and 3 shown in Figure 5.1. The wiring 

of the resolvers is as shown in Figure 2.1, and in Figure 5.2 the 

preamplifier - block 3- is also shown. The servo will drive the turn 

table to cause nulls to occur on Rl - R3 of the control resolver, and 

I 

TURNTABLE 
RESOLVER 

R4L ·--i R3 Rl S3 
'---__ __.. 

LOW HIGH 
26 VOLTS 
400 Hz 

CONTROL 
RESOLVER 

53 

FIGURE 5.2 

10 K 

RESOLVER WIRING AND PREAMPLIFIER 
-32-
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the position at which the null occurs may be adjusted by turning the 

control resolver. The two lOK ohm resisters shown are for equal loading 

of the phases. The amplifier shown is a differential amplifier employing 

a 741 operational amplifier. The gain of the amplifie~ is 3.318·10-l 

(VAC/VAC) - 36.5K/110K- and was chosen to prevent saturation at the peak 

resolver output. 

51 . 1 K 

TO 
51 .1 K 

A~1PL I FI ER . -7 TO 

0 

HIGH 

INTEGRATOR/ . 
COt~PENSATOR 
AND READOUT 

Ql FILTER 

03 ~--e~ 'v----· 0-18V 

36.5K IN4153 18.7K 

I 

36.5K IN4153 

1870 

+18V 

FIGURE 5.3 

THE COHERENT DEMODULATOR 
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F.igure 5. 3 shows the implementation of block 4 - the coherent demo­

dulator ~ Amplifier Al ts the heart of the demodulator. As Ql - an 

FET Switch- switches on and off, the gain of Al goes from (-1} to (+1). 

To better understand this, consider Figure 5.4. 

the conditions of Al when Ql is closed, 

51. 1 K 

(a) 

FIGURE 544 

THE SWITCHING AMPLIFIER 

Figure 5.4 (a) shows 

51 • 1 K 

(b) 

and this is clearly an inverting op-amp with a gain of (-1). Figure 

5. 4(b) shows Al when Ql opens. Now we have a non-inverting configuration 

of gain (2) -(1 + RF/RIN) - superimposed with an inverting configuration 

of gain (-1) as above. The net result is a gain of (+1). 

Getting back to Figure 5.3, amplifier A2 is identical to the pre­

amplifier stage shown in Figure 5.1, and switches the collector of Q2. 

from about 0 to -18 volts. Diode Dl clamps the emitter of Q2 at 0.6 

volts, and 02 protects the emitter-base junction of Q2 from back-

bias voltages. 03 closes when Q2 goes off and Q1 goes off, thus switching 
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the amplifier g~in as discussed above . . 

Consider now blocks 5 and 11 - the integrator/compensator. The 

circui~ used for block 5. is shown in Figure 5.5(a). The gain of Al 

may be determined as follows: 

c, 

LEVEL 
SHIFT 

R2 

(a) 

Av =. -:Zp'ZIN 

ZF = R1 c1 S+ 1 

c2 

ZIN = 

Av = 

c ·s 
1 

I ' 

Rl 

LEVEL 
SHIFT 

R2 

FIGURE 5.5 
THE INTEGRATOR/COMPENSATOR 

R2 
R2C2S+l 

(l+R1c1s)(l+R2C2S) 
R2c1s 

-36-
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cw 

ccw 

4700pf 

48. 7K 

(b) 

(5.3) 

(5.4) 



The resistors and capacitors were chosen to implement the constants 

shown in Figure 4.2. 

Figure 5.5(b) shows a slightly different circuit which was used in 

the velocity loop. The switch shown allows the loop gain to be reversed 

in sign in order to reverse the direction of rotation of the turntable. 

Blocks 6 and 14 -are as shown in Figure 5.6. The transfer function 

c TL-----~ ___ c __ . __ __ 
(a) 

FIGURE 5.6 

A SECOND ORDER BUTTERWORTH FILTER 

of this type of circuit may be easily shown to be: 

KV (l/RC) 2 

= 
52+(3-Kv) S+ (l/RC)2 

( RC ) 
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(5.5) 

(5.6) 



!n the ca,se of P.igure 5.6(b}, Ky wa,s s·et equa,l to un1ty~ resulting 

in a simplification of the circuitry, Rlock 6 was built as in (b), and 

block 14 as- in (a} .. 

Figure 5. 7 shows the command rate input circuitry - block 7 and 8. 

Amplifier Al is the implementation of block 7. The output of Al is a 
- - - · 

400 HZ 
(INTERNAL 

287K 

RATE COMMAND) 
EXTERNAL 
COMMAND 
FREQUENCY 

FIGURE 5.7 

D 

'----'Q 

INT~ EXT. 

•----- RATE COMMAND 
FREQUENCY OUTPUT 

COMMAND RATE INPUT CIRCUITRY . 
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squ~re. wave about 5 ~~1 ts in ~mpl i~ud~ C+ qnd .... } , Th.e tri.~seri.ng 1 evel 

of the circuit is: 

VT ~ 5 ~ RIN ~ 0.17 VDC 

Rf 
There are two modes of operat1on shown, The switch allows either the 

internal 400HZ source -to be used as a command source- in which case the 

turntable will rotate at 8 degrees per second - or an external frequency 

source may be selected - in which case the turntable will rotate at 0.01 

degrees per cycle input. The purpose of the \to•' flip flop is to divide 

the external input frequency by two to obta1n a convenient input scale 

factor. 

The output of figure 5. 7 goes to a phase detector integrated circuit, 

where it is compared to the 0.01 degree output of the resolver angle in­

dicator to generate an error voltage in volts per radian of phase error. 

Blocks 12 and 13 come off of the 0.01 degree output of the resolver 

angle indicator, and their purpose is to generate pulses which may be 

counted by a counter in order to accurately measure the turntable rate 

of rotation . Figure 5.8 shows blocks 12 and 13. Although a detailed 

analysis of block 12 will not be presented, the wave forms at the input, 

output, and one 1ntermediate point are shown~ The input capacitor 

d1fferentiates the square wave input to generate impulses which trigger 

the o p- amp output to a It hi g h n state . The amp 1 if i e r rem a i n s i n t h i s state 

as long as v3 remains above the +1 .0 volt bias level. This time period 

is determined by the time constant: T = R1c1, and the equation: 

4.7~ ~t/T= 1.0 (5.7) 
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+18V 

71.5K 

+1.0 Volt Bias 

1 00' 1 w . 0. 01 
Degree 
Input 
(V 1) 

------, 
orJrf~L 
SCHMITT 
TRIGGER 

--

sv 
ov L--...1..----L.--'--__....- v1 

1 . OV Bias 
ov L--...1..-.---.--------,-- v 2 

4.7V 

ov~~~~~~-----Vo 

FIGURE 5.8 

VELOCITY READOUT CIRCUITRY 

~40-
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The output of Al is fed into a 11 fast" digital schmitt trigger, so 

that the pulses will be adequately "sharp 11 for a counter to detect. 

The resultant velocity readout output has a scale factor of 100 pulses 

per degree - or 100 Hz per degree per second. 

Last among the electronics, let us consider blocks 15, 16, and 17. 

As shown in Figure -5-.-1-;· these blocks are corrrnon to both the velocity 

and position loops. Amplifier Al in Figure 5.9 is a simple non-inverting 

operational amplifier with a gain of 15. The multiplier shown is used 

as a 400 cycle per second modulator. One input to the multiplier is 

a constant 5.0 VAC, 400Hz. The other is a DC error signal (V0C). The 

26V 400HZ 

1 
46.4 K1 

+ .v 
1\ 

+ ·MULTIPLIER / 

t~vo 
11K i .001 

FIGURE 5.9 

~1PLI FI ER, MODULATOR, A.ID SU ~1MING 
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470pf 
...----5-l~h 

~./"v-

»~ 
rV I ! 51 . 1 K . 
<r.__/Vv'\ LOW 

l 470pf 
---i ~~ TACHOMETER 
l_/\/\1\r--~ I NPUT 

I 

51.1K __l_ HIGH 



gain of the multiplier is: 

Therefore: 

V0 r; -VxVy 
Ia 

and the modulator gatn -ts: 

Ay ~ 0.5 (VAC/VDC} 

(5.8) 

(5.9) 

(5. 1 0) 

Ampli'fier A2 is a differential amplifier of the ty-pe previously 

discussed. Its purpose is to provide a summing junction for the 

tachometer feedback (block 17). The 470 pf capacitors are for high 

frequency noise suppression, 

Blocks 18, 19, and 20 represent a drive system which was purchased 

to drive the turntable, and therefore is not part of the electronics 

which was designed. Block 18 takes the output of figure 5.8 (or block 

17) and amplifies it 1500 times. The output ranges from 0 to 36 volts 

AC, 400 Hz. and puts out up to 30 watts. The motor is a two phase 400 

Hz induction motor, The pattern field is fixed at 115 VAC, 400Hz., and 

the control field is center taped and driven by the power amplifier. 

In this chapter, the types of circuitry used to implement the servo 

design were presented and explained in an attempt to complete the 

total system design picture. In order to show more clearly how the 

various circuits are interconnected, the actual schematics from which 

the two electronic control cards were built are shown in Figure 5.9 and 

5.10. These circuits have been built -and operate as intended. Appendix 

1 contains some photographs of oscilloscope traces of the operation of 

the servo and associated circuitry. 
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CHAPTER VI 

SU11MARY AND CONCLUSIONS 

The topic of this paper has been the design and fabrication of a 

servo controlled inertial sensor test fixture which was built by Martin 

~iarietta Aerospace at ·crrlando. The primary purpose of this system was 

to add a remote control positioning capability to the high-g centrifuge 

test setup. · The fixture and control panel allows the sensor under test 

to be positioned in any angle of the horizontal plane with respect to 

the acceleration vector, or to be maintained in a constant angular 

velocity mode, without requiring the centrifuge to be stopped and opened 

to do so. 

A drawing of the velocity servo loop ·is shown in Figure 3.6. This 

loop was implemented as a phase locked loop ·which proved to be an ex­

cellent one, providing relative ease of design, .and extreme accuracy. 

The command rate is entered as a frequency by a function generator or 

frequency synthesizer, and the turntable rate will track the input with 

zero steady state error due to the phase locked feature. The system was 

designed to operate from 6 to 12 degrees per second, but the actual hard­

ware remains phase locked at rates from 1 to 16 degrees per second. The 

response of the system is adequate to maintain the phase locked condition 

while holding an inertial sensor at the highest acceleration levels of 

the centrifuge. 

The fixture position control loop is shown in Figure 4.2. This loop 

was designed for commonality of circuitry with the velocity control loop, 

and it shares the same closed loop denominator polynomial and associated 
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frequency response. 

The position command is entered by means of a control resolver, 

which sums with the feedback resolver to produce an input to the elec­

tronics. The angular position of the test sensor is read by a digital 

angle indicating device which operates off of the feedback resolver. In 

conjunction with a fine adjusting venier attached to the control resolver, 

angular adjustments may be made with a resolution of 0.01 degrees, and an 

accuracy of 0~05 degrees. There is an integrator in the open loop transfer 

function which eliminates any hangoff angle between the command and the 

feedback angles. Under high-g loading the fixture turntable tracks the 

position command to the nearest 0.01 degree as displayed by the angle 

indicator. The position overshoot is acceptable, with a settling time 

on the order of one half second. 

The implementation of the servo design was made easy through the 

use of some modern integrated circuits such as 741 operational amplifiers 

and the phase detector. The schematics of the two electronic cards which 

were built are shown in Figures 5.10 and 5.11. 

The intent of this paper has been to summarize the entire design 

picture for this project, from the conception of the system through its 

realization. Chapter I explains the need for the design and the design 

goals in a broad sense. Then, Chapter II goes into a consideration of 

design alternatives, and defines the format of the system. Chapters III 

and IV deal with the servo analysis conducted for the two control loops, 

and Chapter V completes the picture by describing how the control equations 

may be implemented electronically. Finally, photographs of the hardware 

are shown in the appendix. 
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APPENDIX 

Photos and Oscilloscope Traces of the System and Its Operation 
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THE FIXTURE SERVO CONTROL PANEL - REAR VIEW 

FIGURE A2 -49-



FIGURE A3 
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(a) 5°/SEC TURNTABLE RATE 

(b) 10°/SEC TURNTABLE RATE 

FIGURE A6 
THE PHASE DETECTOR OPERATION 

CHANNEL 1: The Command Rate Frequency 
CHANNEL 2: The Feed Back Rate Frequency 
CHANNEL 3: The Phase Detector Error Pulses 
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(a) 0° PHASED INPUT 

(b) 180° PHASED INPUT 

FIGURE A7 
THE POSITION LOOP SYNCHRONOUS DEMODULATOR OPERATION 

CHANNEL 1: 400Hz Resolver Information . 
CHANNEL 2: Demodulator Output 
CHANNEL 3: · Synchronous Square Wave for Gain Switching 
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FIGURE A8 

THE DEMODULATED POSITION INFORMATION 
BEFORE AND AFTER FILTERING 

CHANNEL 1: Demodulator Output 

CHANNEL 2: 2ND Order Butterworth Filter Output 
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