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COMPENSATED CONTROL LOOPS FOR A 30-CH ION THRUSTER

R. K. Robaon
National Aeronautics and Space Administration
Lewis Research Center
Cleveland, Ohio

Abstract

The vaporizer dynamic control chavncteristics
of a 30-cm diameter mercury ivn thruster were de-
termined by operating the thruster in an open loop
sceady state mode aad then introducing a swall
sinuseidal signz)l on the moaln, cathode, or neutral-
izer vaporizer current and observing the response
of the beam cerrent, discharge voltage, and neu-
tralizer keepar voltage, respectively, Tilis was
done over a range of frequencies and operating con-
ditfons, From these datz, Bode plats for gain and
phase were wade and mathematical wodels wera ob-
tained., The Bode plots and wathematical ~odels
were analyzed for stab’liry and appropriate compen—
sation netwarks Jetermiaed, The compensated gon-
rrol loeps were incorpeorated into a power processor
and operated with a thruscee, The time responses
¢f mie compensated loops to changes in sec polnts
and recovery frem are conditions are presented,

Introduction

The long term stable operation of 30-cm diame-
ter mercury ion thrusters(l) requires that the beam
current, discharge voltage, and neutralizer keeper
voltage be maintained within less than one percent
of tlieir setpoints to achieve proposed mission
poals. These parameters are contrelled by the wmer—
cury vapor flow through the main vaperizer, tie
cathode vaporizer, and the neutrallzer vaporizer,
respectively, The mercury vapor flow rate through
a porous tungsten vaporizer is o function of the
temperature of the porous plug which is contraelled
by the current through its heater. Therefora, to
automatically coontrel the beam current, the dis-
charge woltage and the neutralizer keeper veltape
at cheir setpoint values, the current in their re-
specCive vaporizer ieaters must be clased loop coa-
trolled,

In the past  this control has been implemented
witit noncompensated proportional concrol loops.
tThiz approach does not allow sufficient open loop
gain to maintain the controlled parameters within
+1% while maintaining stability. It also rvesults
in a nonlinear relationship between the reference
signal and the coatrolled parameter due to the non-
linear relationsitlp between the vaporizer heater
current and the controlled pavameter. This non-
linearity is undesirable for cemputer confrol of
the thruster. Therefore, a control philosophy 1s
required that will provide an open loop gain of
greater than OO0 to maintain the controlled pavam—
eters wichin less than 17 and will linearize the
relationships between the refersnce signals and the
controlled pavameters,

The approach adopted was to wse an integrator
in the control lowp, This results in Infindite d.c.
open loop gain and linearizes the relationship be-
tween the reference signal and the controlled
parameter. rhe conirol loop 1s then compestsated to
provide a stable system over a 4 te L thrust range
and a simulated thruster thermal envirvonment of U
to 2 suns,
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The time response of the contrnl loaps is
equally important. The thruster should respond to
changes In setpolnts in less than 60 seconds and
return Lo a steady state operating point from an arc
condition in less than 15 seconds, An additieonal
requirement is that the beam curremt muse not over-
shoot its setpoint by more than L% to prevent pos-
sible collapse of tite sclar array voltage on o
spacecrakt.

Compensated concrol locps also eliminate the
need for fipe tunling the control loops in a power
processor to 8 glven thruster, The ompensaticon is
achieved for the range of thruster characteristics
that normally exists Lrom one ciivuster to another,

The assistance of Mr. James Budinger in obktain-
ing this data is greatly appreclated.

Apparatus

The thruster tests were paerformod in the
3,05 m bell jar of the 7.6 m diameter wvacuum fa-
cili:y(z) at Lewis Resesrch Center. The power
supply system used ro operate the tiiruster for
these tests was an inverter cype laboratory sys—
tem, The thruster tested was Engineering Model
Thruster (EMT) serial rowber 802, The 0 and 2 solar
constant {(sun) thermal eavirongment was provided by a
heated cylindrical shield placed around the
rhruste -. This shiel was used to hear the ground
sereen and back plate of the thruster teo tempera-
tures representative of two suns, These cempera-
tures were determined in thermal tests wsing an arc
lamp solar simulator source.

Procedure

The thruster was operated at selected points
in an opeén loop wmode aad allowed to reach thermal
equilibrium. The cathode and nentralizer vaporizer
curtents were held constant, and a small sinusoidal
sipgnal was introduced on the main vaporizer current.
The subsequent response of the beam current and dis-
charge voltage were recorded onm a serip chart re-
corder, along with the main vaporizer current. The
rasponses were recopded for a nuwmber of freguencles
between 0,001 and 0.1 Hz. The main and neuwtralizer
vaporizer currents ware then held consrant, and the
sinusoidal signal introduced on the cathode vapor-
fzer current. The response of the beam current, and
discharge voltage were recorded along with the cathe
ade vaporizer currept, Finally the main and cathode
vaporizers were operated at a fixed current and the
sinusoidal sipgnal introduced on the necrrallzer
vaporizer current, The response of the neutralizer
keeper voltage was recorded slong with che neutral-
izer vaporizer current.

The above precadure was followea for epevacing
poings of Full, one~half, and one—for,ch thruse and
for solar thermal environments of .ero and two suns.
Bode plots were made from thege sata and the control
loops analyzed for stabilis., Iategrators and lead
networks were then added Lo the contrel loops of the
power processor and tne gains af the loops adjusted




to providy the desired time responses with the
thruster.

Hegults ond Discussion

Frequency Responses

The Bode plors far beam current (Jy) versus
muin vaporizer current (Jy), and discharge voltage
{AVy) versus mpin vaporizer curpent (Jy) at beam
currents of 2, 1, and 0.5 amperes are suown in Fig-
vre L for the zero sun condition, These beam cur-
rents represent thrust levels of full, ene~half,
and one-fourth thrust, respectively.

The thruster operating conditfons for all data
taken are shown Ln Table 1,

The Laplaece transfer functiens, in the s
domaln, derived from these Node plots are:

J
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where K= 2.4 for 2 amperes, 1.9 for 1 aupere,
and 0,7 for 0.5 ampere and
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where K = 50 for 2 amperes, ll for 1 ampere, and

18 for 0.5 ampere (Table 2}.

Except for the gain term K, both transfer
functions are identical for all three beam currents
with break fregquencies at w = 0,0l raodians/sec
and w = 2 radians/sec.

The Bude plots for Jpg versus Jy and aVy
vrEsus  Jy at 2 suns are shown in Figure 2.

The transfer functicns derived Erom these Bode
plots are:

K

o+ (3

[
- |=

where K = 2,8 for Z amperes and 1.6 for 1 ampere
and
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where K = 28 for 2 amperes and 18 for 1 ampere,

Apain, except for the gain term K, both
transfer functions are identical for both beam cur-
rents and a:e identical wirh the zero sun transfer
functlons. Therefore, gain is the only paramecer
that changes as operating-conditions change wich
the break frequencies remeining constant. There-
fore, in compensating the control loop, gain change
is the only parameter that needs to be taken into
account.

The Bode plots for discharge voltage (aVy)
versus cathode vaporizer current (Jey) and beam

corrent (Jy) versus cothode veporizer currec~ (Jpy)
for 2, ¥, and 0.5 amperes beam ¢uiTents at zero sun
are shown in Flgure 3.

The tranefer functions derived from these Hode
plots are:
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where K = 3% f{or 2 amperes, 40 for 1 ampere, and
14 for 0,5 ampere and
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where K = 1.3 for 2 amperes, 0,35% for 1 ampere,
and 0.18 fov 0.5 ampare.

The Bode plots for 4Vy versus  Jey  ond Jg
versus Jpy at 2 sun$ are shown in Figere 4.

The transfer sanctlons derived from these Bede
plots are:

s 8 -K
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where K = 56 for 2 amperes and 22 for I ampere
and
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where K = 0,89
pere.

for 2 amperes ang 0,45 for 1 am-

As in the case of the main vaporizer, the
breagk frequencles for the ¢athode vaporizer rewaln
fixed and gain is the only parameter that changes.
The break frequencies for the cathode vaporizer
oceur at w = 0,03 radians/sec and
w = 0,5 radians/sec,

T+ Bode plets For neutralizer keeper voltage
{(Vyg) versus neutralizer vaporizer current (Jyy)
for 2, 1, 0.5, and 0.0 ampere beam currents at
zero sun are shown fn Figure 5, The transfer
function derived Fram these Hode plots is:
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where K = 10,0 for 2 amperes, 7.1 for 1 ampere,
44.8 for 0.5 ampere, and 12,5 for 0.0 ampere,

The Bode pleots for 2 suns are shown in Fig-—

ure 6. The trapsfer function derived from chese
Bode plots Is:

K _ K
X 5 [
av (0.02 * 1) ('2‘ + 1)

K= 14

where

fer 2 amperes snd 50 for 1 ampere.



At in the dages of the other two vaporizers,
the break frequencles for the neutralizer vaporizer
resain fixed and pain 18 the enly variasble. The
break frequensios for viie neutralizey vaporizer
poeur at @ = 0,02 radtansfsec and w = 2 padians/
sec,

Frem the Hode plots for these transfer funec-
tions it con be determined thot the maximum epen
loup gaing permissible co mointain 8 minimum 6o®
phase margin, usfng straight proportional control
are

Main vaporfzer loop 39 a8
Cathode vaporizer loop 5 4B
Neutrarizer vaporizer loop 34 4B

Howewver, cthese gaing are not
dg, A¥p, and Ve wichin 1%
under nll conditions,

sufficient to maintsin
of their set points

The interactiong of the main vaporizer and .he
cathode vaporizer on Jy and 4%, can also be
seen from these Bode plots, Although Joy 1s the
primary contrel for &Vyp, the AV /Jy transfer
function under some conditions hag a higher gailn
than the aV¥yfJ.y transfer functien (Table 2).

The cathede vaporizer alse has a stronp effect on
the beam current, 1This strong interaction between
the two loops could lead to instabilities.

Compensated Loops

Figure 7 shows the straight line approximation
Bode plots for the compensated loop of Jp/Jy. ‘The
transfer function for this compensated loop !s.

5
Iy 7 5(0 05 *l:)(%'*l)

B -(Om_-x-l)( +1)

The contral loop that was iwplemented into the
power processor Is shown Ln Figure 5, This compen-—
sated loop contailns an integrator to provide infi-
nite d.c. galn and to linearize the relatlonship
between the reference signsl and the J signal.
This integrator pasgses thyrough 0.0 dB at
@ = L0 radians/sec, The loop alse contaias two
lead networks to maintain 602 of phase margin out
to w = 5 radians/sec minizem. One lead iz at
w = 0.05 radians/se¢ and the other cne is at
w = B.0 vadiansfgec. The open loop gain at
w = 1.0 radians/sec is 4 dB,

I

The output of the integrator is limlted in
both the positive and negutive directions te the
winimum values needed to provide a steady state Jy
range of 0.0 to 2,0 amperes. This {s done te pre-
vent the integrator from running away duriog off
norpal conditions, If the integrator is not Iie-
ited, large avershoots occur when recovering frow
these off-normal conditions.

The straight line approximation Bode plots For
the compensated loop of AVIIJCv are shown In Fig-

ure 9, The transfer function for this loop Is:
E]
wy ol 1) (o5 +2)
Ioy

003+1)(

5
s l)
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Fipure 10 ghows the control joop thar was fm-
plemented into the power processer. This loop,
like the JygfJy loop contuins an fntegrator and
two lead netweorks, Tne integrpator passes through
0.0 dB st w = L0 gadianfsec and the owo lead
networks are at w = 0.15 radianfsec and
w = 0,5 radlonf/sec. This provides 60% of phage
margin out past w = 5 radlons/sec. The open loop
gain at w <« 1,0 cadianfsec s ~1N0 d5,

figure 11 shows the Bode plots for the compen-
sated loop of Vyp/lyy. The transfer functisa for
this loop is:

Yug 8 2(0 i +1)(1_0+l)
(u e 1) (§.+ 1)

Figure 12 shows the centrol leop that was
implemented inte the power processor. This loop
like the other compensated loops contains an lote-
grator and two lead netwerks, The {steprator
passes through 0.0 dB at w = 1.0 radisn/sec
the two leasds are at « = 0,1 radianfsec and
w = 10,0 radians/sec, This provides 60% of pluse
margin out past w = 5.0 rodiansfsec, ‘The open
loop gain at w = 1,0 radianfsec 1is 4 di,

and

Time Responses

Figure 13 shows the tize responses of Jp  and
My in throttling from a beam current of 1,8 to
1.9 vo 2.0 to 1.9 to 1.5 amperes. In throctling to
higher Jy (up), Jp reaches steady srate within
% scconds with less than LY overshoot. 4V fme
medistely increases te 37.5 wolts due to the step
change Ilncrease in emission curvent (Jg), and re-
terns te 36 volts within 20 seconds. In throttiing
to lower current (dewn}, Jg reaches steady state
within 10 seconds with no noticeable wndershoor.
AVy  iwmedfately decrpases to 35 wolts due to the
step change decrease in  Jp, and returns to
36 voles within 20 seconds,

The time responses of Jy ond AWy in
throttling from L.0 to 1.1 amperes and back to
1.0 ampere are shown in Figure 14, In throttling
up, Jy reachee steady state within 15 sccouds with
approximacely 1% overshoot, &Vy {mmedlately in-
creases to 38 volts due to the step change increase
in Jg, and retums to 36 voles wichin 30 seconds.
In throttling down, J reaches steady state within
20 seconds with no undershout, aVy immediastely
decreases to approximately 34.5 wvoles due to the
step change decrease im Jyg, and returas to
56 volts within 20 geconds, If takes Tonger to
chrortle down at a beam curreat of 1 ampere than it
does at a beam current of I amperes due to the
slower cool down of the main vaporizer at ! ampere,

Figure 15 shows the time responses of Ji and
¥y iIn throttling from a beam current of 0.5 to
0.6 ampere and back to 0.5 ampere. In throttling
up Jp reaches steady state within 30 seconds and
does not overshoor, a¥; shifted lts operating
point at 0.5 ampere to appreximately 35 voles due
to the effects of a very neisy 4V; signal on the
contrai loop, The thruster operated In a very
nolsy .wde at this beam currenc level. aV; ilome-
diarely increased to 38 volts duee to the step
change increase in Jg for throttliag up. It then
settled out al the 35 volt operating poiat within
50 seconds. Ir throctling down, Jy reaches steady



state with o 40 geconds and dees nor undershoot.
&V;  dmmedistely decreases to 32 5 volts due to the
step change decrease in Jg, and retarns to

3% volts within 50 secends. 'The longer throttle up
tlme at this current lewel fs duee to the lower pain
in the thurustey of the Jg/Jy transfer Function,

There does not appear to be any instabllities
in thege two loops caused by the loops themselves
er by the strong interaction that exiscs between
chem.

Throttling of the thruster had no noticeable
effect on  Vyp,

The tesponses of Jy and aVy  to a high
veltage recycle of the phruster at a beam current
+f 2 amperes sre shown in Fipure 16, When the high
voltages turn off and Jy goes to zero, Jp Iy
automtically cut back to less than 4 amperes,

This caudes the Imeedlate drop in voltage of &AVy.
When the bdgh volrages are tumed back on and JF
increases up to its 11.0 amperes set polnt, aVy
svershoots its 30 volt set poink and goes to

4t voles, Jy also increases sy Jp rises and
overshoots ity 2 amperes setpidnt by 5% due to the
pvershoot of 4a¥p, Both leops then settle our to
tnelir set polots within 25 seconds, There is no
way to prevent the overshoot gf Jg by contrel of
che maln vaporlser if  AVy overshoots and there is
no way to prevent the overshoot of 4Vp by control
of the cathode vaporizer. The prevenclon of the
overshoet of 4Vy 1is a function of the recycle se-
quence,  The power processor being used did not
have a prtoper sequence to prevent this oveeshoot,

Flguve 17 shows the respepses of Jy and  AV]
to a4 recyele of the thruster at a beam current of
1 ampere and Figure 18 showe thelr responsces to a
recyele of the thruster at a beam cerrent of
J.5 amperce, The responses are similar to the
2 pupere case except the overshocrs of AVy and
Jy  are smaller.

Figure 19 gshows the response of Vyy to a re-
cyele of the thruster at a beam current of 2 am-
peres. When the high voltages are cumed off and
cite bmam current goes to zero, the neutvalizer
keeper current {Jyg) is automatically increased
from 1.8 to 2.4 amperes and this canses Wy, to
increase, After the high wvoltuges have been turned
back on and the beam currunt established, Jyg is
reduced from 2.4 amperes back to lus setpoinc of
1.8 amperes. Thie causes Vyp to decrease and
settle out at Lts setpoint within 15 seconds,

The response of Vyy to recycles of the
thruster at beam corrents of 1.0 and 0.5 ampere are
shown by Figures 20 and 21, respectivelv. The
1 ampere case is similar to the 2.0 ampere case.

At 0.5 ampere, the neutralizer discharge was extin-—
guishing during the recycle and then reigniting
after the beam current was established agatin., This
is not normal and is believed to have been coused
by the cutput impedance of the neutralizer keeper
pawer supply being capacdtlive rather than induc-
tivi, Once the newvtralizer was reestablished, the
conctrol loop retumed Vyg to its set polnt.

Conglusion
The dynamie waporizer control characterisevies

of a 30—cm digmefer mercury fon thruster were ob-
tained., This was secomplished by operating the

thruster in an open loop steady stace mode and then
inteoducing o smull sinuseldal signal oo the maln,
cathode, or neutralizer vaporizer current and ob-
serving the response of the beam current, discharpe
voltage, and neutrallzer keeper voltage, respec-
tivelv, Bode plots were made from this data and
trousfer functions of the thruster determined from
e Bade plots,

Toe relationships between the controlled
parameters and thele reference signals were lincar~
fzed by adding integrators to the control loops.
The integrators alse provide infinite d,e, gain to
kold the parameters within 1% of thelr respective
setpoines over a 23 to 100X thrust range and a
solar thermal environment of ¢ to 2 suns, Two lead
networks were added to each of the control loops.
These provide stabilicy, ond allow for sufflcient
gain te keep the time responses, to chanpes fn op-
erating conditions, less than 60 seconds. The bean
current overshoots {es setpoint by less than L%
during throttilng, but by 5% In returtt to stesdy
state after an arc condition, This 5% Is a func-
vion of the reeyele sequence uged on this particu-
lar power processor and can be eiiminated with a
proper recycle sequence, If the beam turrent over-
shoots {ts setpoint by more than 1%, the solar
array on @ spacecraft may collapse,

These compensated control loops provide a
stable low drift control for an ifon thruster, They
alen wliminate the need for fine twning the contral
lepps In a2 power processor to a particular
thruster. This ls accowmplished by the compensated
concrel leop's ability te cowver the narrow range
of thruster characteristics that normally exists
from cne thruster te another.
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Table } Thruster nominal (£3%) operacting conditions for all data taken

Beam Thermal | Screen | Accelerator | Discharge | Emission I Magnetic | Neutralizer | Neuwcralizer
current, | input, voltape, volrage, voltape, surrent, baffle keeper keeper
g, sun vy, Va, avy, g, cutrent, | veltage, surrent,
A v v v A Jus Vi I
A v A
2 [ 1100 -390 36,2 10.96 2.2 13.3 1,81
1 0 L1100 =400 35.9 5.53 2.4 13.5 1.83
0.5 0 1100 ~390 36,0 2.74 1.3 15.4 1.82
0.0 0 0 0 36.0 10.4 2.2 14.0 2.4
2 2 1100 «=390 35,9 11.02 2,2 14,0 1,80
1 2 1190 ~380 36,2 3,50 .4 15.0 1.83
Table 1 Continued
Coupling Main Cathiode | Heotralizer | Ground | Dack
voltage, | vaporizer | vaporizer | vaporizer |screen | plate
Ve remp, , temp., canp., , temp. , | temp.,
T Ty, Teyvs Ty s og og
%¢ e o
-11.3 275 322 289 123 144
-11.0 250 332 481 95 1kl
-10.4 {a) 324 280 {a) {a)
(b} 220 a4 288 (a) (a)
-11.7 294 340 330 217 210
~11.5 265 340 300 137 185

“pars not available.

b

Pata does not apply.

Table 2 Transfer function galns

Heam Zero sun 2 suns
current

A JB/JV’ J'e/dc\.‘, JB/J\r, -ig’Jc\‘r,
di di di dB

z 7.5 2 10 -3

1 5.5 -4 4 -7

0.5 EX] -15 {a) {a)

AVIIJV, BV /X, "“"1”\;- M"I”C\"

dB dB dB dB

2 a4 32 29 35

1 21 R14] 25 27

0.5 25 23 {a) {a)

Y/ Vil
dB dB

2 22 23

1 20 34

0.5 33 {a)

¢.0 17 (a)

“Dara not taken.
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Figure 8. - Compensated control loop for Jgldy.
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