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SUMMARY

Problems associated with the measurement of the thrust and impulse of short

pulses (20— 100 ins) of low thrust (about 100 inN) electrothermal hydrazine thrusters
are discussed. Thrust pulses measured by a conventional transducer are distorted

by the self—excitation of mechanical and acoustic resonances present in the

thruster and thrust transducer.

A technique for mitigating the effects of these resonances is described.

This technique involves transforming the electrical signal from the thrust trans-

ducer in real time by an analogue network which has a transfer function which is

the inverse of the transfer function of the thruster—thrust transducer system.

Results are presented showing the transient thrust measurement of an electro-

thermal hydrazine thruster .
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1 INTRODUCT: ‘I

Recently proposed attitude control systems employ electrothermal thrusters
in a wheel dumping mode ’. These thrusters operate for times of the order of

hundreds of milliseconds at thrust levels of 100-200 inN. They are also usually

designed to operate at greatly reduced impulse bits with pulse widths of tens of

milliseconds to maintain attitude control in the event of the wheel system fail-

ing, thus providing a backup system. The fastest electrothermal thrusters appear

to have plenum pressure rise times of the order of 10 ma and fall times of 20 ins

(Ref 2). Thrust rise/fall times would be expected to be of the same order. At

low plenum pressures the nozzles of small thrusters are usually inefficient due

to excessive boundary layer growth; this manifests itself as a loss in specific

impulse at low pressures. Therefore for pulse widths of tens of milliseconds,

the thruster is operating at a low specific impulse over a significant proportion

of the pulse. The thrust rise and fall times are therefore important parameters

and a thrust measuring system for use with these short thrust r tines must have an
adequate bandwidth.

Thrust information may be obtained from plenum pressure measurements.
However because of the inefficiency of the nozzle during the pressure rise and

fall one must take into account the variation of the nozzle discharge coefficient

with pressure. In the steady state condition the boundary layer is usually small

(nozzle discharge coefficient of ~O.95 or so), but in the transient condition the

nozzle efficiency can be very low during the pressure rise (and fall). This, of
course, depends to a large extent on the nozzle parameters, operating pressure,

temperature etc. Thus when the pressure rise and fall occupy a significant

fraction of the total pulse length, thrust (and impulse) information from plenum

pressure measurements is likely to be misleading.

In addition assumptions must be made regarding the composition and thermo—

dynamic properties of the exhaust. Furthermore the necessity of making provision

for a pressure tapping on the plenum can be a great nuisance, and the location

of the tapping and the gasdynamics at the tapping can have a great bearing on

the veracity of the pressure measurement. It is therefore desirable to develop

a technique for measuring thrust directly.

The most reliable approach is to measure the thrust with a fast response

thrust transducer and this is the approach adopted here. This solution has other

attractions. By integrating the thrust over the pulse width the impulse may be

evaluated directly, and the impulse produced by a train of pulses may be
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evaluated, as may the impulse produced by any individual pulse in a pulse train.

Other impulse measuring techniques, eg a ballistic pendulum, do not have this
flexibility. Furthermore, certain types of thruster (principally those operating
with hydrazine propellant) can develop ‘roughness’ and it is desirable to be able

to measure these thrust perturbations.

A system rise—time of 2.5 ins corresponds to a bandwidth (to —3 dB) of about

150 Hz for a Gaussian filter and would result in an error of about 3% in the

measurement of a lOins rise time, assuming that the rise times add as the root of

the sum of their squares. The plenum pressure oscillations present in these

thrusters appear to cover a frequency band from 50 Hz to 150 Hz, and the thrust

oscillations will cover a similar band. The optimum system rise time is there-

fore about 2.5 ins.

2 THRUST AND IMPULSE MEASURING TECHNIQUES

Thrust measuring transducers must essentially be mass—spring systems with

the thruster forming part of the mass. The ‘spring’ force may be a restoring
force provided by gravity, by a mechanical spring, or by an electromechanical

actuator in the case of a force—feedback system. To achieve a given bandwidth

for time—resolved measurements, the system must either have a fundamental

resonant frequency for above the required frequency band with associated damping
and/or filtering, or a fundamental within the frequency band with the displace-

ment signal processed by a transformation technique. Systems which have a high

resonant frequency can work well when the thruster has a relatively high thrust

and low mass. Recent thrusters, however, often have masses of several hundred

grams. In such cases to achieve the required resonant frequency (several

hundred Hertz for a 2.5 ins rise time) the transducer has to be so stiff that the
displacement is less than io 8 in at the operating thrust levels. It is very

difficult to measure such a small displacement reliably because of temperature

fluctuations and creep. Such a transducer using a piezoelectric element to

measure displacement and provide the (spring) restoring force has been con-

structed. It has been found to have dc stability problems. The frame of the

transducer distorts and creeps very slightly and causes considerable drift. The

most sensitive charge amplifier/piezoelectric transducer combination available

has to be operated beyond its capabilities with the result that charge amplifier

drift can easily exceed the measured thrust. In addition there is the usua l

charge leakage associated with all piezoslectric transducers . Force—feedback

systems have other problems. Experience has shown that mechanical resonances

present in the thruster are excited by the actuator providing the feedback force .
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In fact these mechanical resonances appear as LCR networks within the feedback

loop and cause severe stability prob lems. The resonances may be integrated by

including networks with suitable transfer fractions within the feedback loop, but

these networks invariably become very comp lex and difficult to formulate. More-

over, each thruster must be treated individually.

Inverse transfer function techniques allow the transducer to have a low

resonance (within the frequency band of interest) and in consequence, a much

greater sensitivity . The stiffness of a mass spring system is proportional to

the square of th€~ natural frequency, so that reducing the fundamental from, say,
200 Hz to 20 Hz increases the sensitivity by a factor of 100. Because displace-

ments are of a reasonable magnitude (of the order of a micron in the case of the

present thrust transducer), temperature fluctuations and creep difficulties

become insignificant. In fact with the present transducer there have been no

problems with dc stability. Moreover, such a technique is of an open loop

character and there are no feedback stability problems.

3 THE INVERSE TRANSFER FUNCTION TECHNIQUE

If the torque presented to the transducer is T(t) , the spring torque

constant  is k , the damping factor is c , and the moment of inertia I , the

equation of motion for a torsional mass—spring system (ie the thrust transducer)

is

+ cO + kO — T(t) . (1)

The angular displacement 0 may be measured by a disp lacement transducer. This

signal is operated on using operational amplifier techniques to give the three

terms I~ , cO and kG • These terms are then summed to give T(t) , which,
apart from a numerical constant, is the required thrust function. T(t) is

finally filtered to remove noise and define the system bandwidth. From the

standpoint of the operational calculus one is, of course, setting up the inverse

(. of the transfer function of the mechanical system. Hence the term ‘inverse

transfer function’. If the mechanical system has little damping it is possible

to ignore the velocity term (cÔ) . The acceleration term I& may then be

derived from an accelerometer attached to the thruster. This technique is known

as ‘accelerometer compensation’ and has been employed on rocket motor thrust

stands measuring thrusts of the order of 250 N (Ref 3) and 5000 N (Ref s 4—6).

The thruster force, as derived from the inverse transform , is usually

distorted by small oscillations derived from the mechanical resonances present

025
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in the th rus te r .  This is a resul t  of approximat ing  an essent ia l ly  mult i—degree of
f reedom system b y a s ingle degree of f reedom. It is possible to remove these

d is tor t ions  by in t roducing fu r ther  inverse t ransfer  funct ions  and this techni que

will be described in a later section. Alternativel y, these distortions may be

removed by filtering . To avoid introducing any overshoot or ringing into the

electronic circuitry , the filter must be of a type having a linear phase charac-

teristic . Such filters unfortunately have a very slow amplitude cut—off 7 and

unnecessarily limit the bandwidth. The cut—off may be made more rapid without

unduly distorting the phase response by introducing zeros into the stopband8.

This has the advantage that if a particular resonance is troublesome it may be

removed by introducing a zero at that frequency. This is only possible , of

course, if Lhe resonance lies above the passband . It has been found that this is

often the case and so recourse to further inverse transforms has often proved

unnecessary.

4 THE THRUST TRANSDUCER MECHANICL~.L DESIGN

The mechanical part of the transducer is shown in schematic form in Fig I

and installed in a vacuum chamber in Fig 2. The thruster is rigidly mounted on

an aluminium alloy platform measuring 160 nun long, 180 nun wide, and 6 nun deep.

The platform is mounted onto the mainframe of the transducer by two torque tubes.

Each torque tube has a length of 35 mm and an inside diameter 2.5 m with a wall

thickness of 0.25 nun over a length of 5 mm. The torque tube is shown in Fig 3.

They are made from 14% tungsten vanadium tool steel and fully heat treated , and

appear to be compatible with hydrazine, at least for intermittent use. One tube

carries the propellant and the other the electrical wires. This arrangement

ensures that the propellant flows along the axis of rotation. There can thus be

no spurious e f fec t s  caused by the propellant pressure and viscosity and both

liquid and gaseous propellants can be accommodated. Moreover this arrangement

has a very high lateral rigidity and helps to ensure that the transducer has only

a single degree of freedom . In this connection it is essential to ensure that

the clamps ho ld ing  the to rque tube s  to the p l a t f o r m  and to the ma inframe are very

rigid and that the tubes are mounted on the same axis to avoid bending.

The thruster provides a torque which rotates the platform against the

restoring force of the torque tubes. This rotation is measured by a capacitive

transducer mounted on the mainframe and acting on an arm rig idly attached to the

mainframe . The space between the coil and magnet is filled with silicon vacuum

oil which provides a small amount of damping. Silicon oil is an ideal choice

since it retains an almost constant viscosity up to quite high temperatures —

f
I
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the platform can become quite hot if there is a large heat flux leakage from the

hot thruster to its mounting.

The coil operates in the same way as a loudspeaker coil and is used to

calibrate the transducer dynamically. Current pulses of known shape are fed
through the coil and the inverse transform adjusted until the indicated force is
the same as the input.

Very great care is needed in the design of the transducer to avoid mechani-
cal resonances within the frequency band of interest. All fittings and fixtures

have to be made very rigid. The platform in particular can have many resonances

and the present dimensions were arrived at after considerable calculation and
experimentation. In the present design the most serious resonance is a lateral

oscillation of the whole platform up and down caused by the torque tubes bending

and stretching very slightly. Fortunately this resonance occurs at from 600 Hz

to 750 Hz depending on the mass of the thruster, and is well outside the 0 to

200Hz band. The thrust transducer is very sensitive to ground vibrations and in
order to reduce these as far as possible the transducer mainframe is hung on

eight coil springs. The transducer weighs some 40 kg and this mass in conjunction

with the springs forms an effective low—pass mechanical f i l ter . The movement of

the frame under the influence of a IOOcnN thruster is completely undetec~ .ble.

The frame itself measures about 400 me long, 230 nun wide and 70 mm deep. It is

constructed from mild steel plate 9 nun thick and is nickel plated. The purpose

behind such a heavy construction is to make the mainframe very rigid to eliminate
resonances and to avoid any creep or distortion. In addition the displacement

transducer requires very heavy screening. Parts of the displacement circuit

operate at high impec ance — of the order of io8 
~l and it is essential that there

is no pick up from stray 50 Hz fields. Due to skin effect the mainframe has a
thickness of about four skin depths at a frequency of 50 Hz , and 50 Hz fields are

attenuated in amplitude by a factor of about 0.02 inside the mainframe .

5 THE THRUST TRANSDUCER ELECTRONICS

The thrust transducer electronics are divided into three units, the main—

frame unit, the control unit and the inverse transfer function unit. The main-

frame unit is contained within the chassis of the thrust transducer and comprises

the displacement transducer, battery and control relays. This unit is connected

to the control unit via two cables, one carrying the displacement signal and the

other the control signals. Block diagrams of the three units are shown in
Figs 4, 5 and 6 and are self explanatory . The various circuits contained in the

three units are briefly reviewed in the remainder of this section.

025
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5.1 The displacement transducer

It is essential that the electrical noise present in the displacement

circuitry be kept as low as possible. This is because the signal is operated on

by the inverse transfer function containing a double differentiator which is very

sensitive to noise. Commercial displacement transducers were found to be too

noisy so a transducer was specially developed. The overall schematic is shown in

the block circuit Fig 4, and the transducer probe is shown in Fig 7. The capaci-

tive transducer is connected in a feedback loop around the amplifier. A guard

ring around the centre electrode of the probe ensures linearity.

The gain of this feedback configuration — (—c 1 1c2); c1 
is constant ( at

about’O.S puP) and c2 is the feedback capacitance, in this case the capacitance

between the probe and arm bolted to the platform. The capacitance of the probe

and arm — k/d where k is an arbitrary constant and d is the probe—arm

separation. Hence if a constant ac signal is applied to c1 the output voltage

is directly proportional to d

The voltage regulator and oscillator circuit is shown in Fig 8. The

regulator ensures a constant output irrespective of supply voltage. The fet is

biased at a point at which its change in mutual conductance with temperature is
a minimum and this e isures a constant output irrespective of temperature .

Temperature—voltage output curves for two samples of regulator and oscillator are
shown in Fig 9 and temperature—frequency curves for the same samples in Fig 10.

The oscillator holds its output to within 0.5% up to 110°C.

The high gain amplifier schematic is shown in Fig 11. The amplifier has a
gain of about 70 dB at 10 kHz (the oscillator frequency). The gain is tailored

to fall off either side of 10 kliz at 6 dB/octave. The high frequency cut—off is

achieved by c2 and the low frequency cut—off by c 1 . The gain becomes unity

at about 20 MHz where the cut—off slope becomes 10 dB/octave and at the low
frequency end the gain becomes unity at about 3 Hz. This ensures loop stability.

The amplifier is somewhat novel in that the gain is achieved in only one stage

(Tr 2) by using a constant current fet (fat 3) as the collector load of Tr 2.

The oscillator and amplifier are contained within the mainframe of the unit

and are powered by an integral 25V rechargeable battery which can be recharged at

will (via SW 2 see Fig 5) from the control unit. During normal operation the

battery amplifier and oscillator are isolated from external circuitry including

the output which is transformer coupled to the demodulator . These precautions

were found necessary to eliminate 50 Hz noise pick—up from the power lines and
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earth loops. The displacement transducer has a measured linearity of 0.2% up to

full scale deflection. The oscillator holds its output within 0.5% to 110°C and

then a static load can be measured to within 1% under any conceivable
circumstance.

5.2 The rectifier

The output from the displacement transducer is in the form of an amplitude

modulated 10.5 kHz carrier. This is rectified by the circuit shown in Fig 12.

This is a conventional operational amplifier full—wave rectifier circuit. Input

and output waveforms for the rectifier are shown in Fig 13 for a IV peake—to—peak

10kHz sine wave modulated 50% by a 1kHz sine wave.

5.3 The demodulator f i l te r

The demodulator f i l t e r  circuit is shown in Fi g 14. The frequency response
of the f i l t e r  is shown in Fig 15. At a frequency of 20 kHz (the principal
component of the rectified signal) the attenuation is over 100 dB. The filter is

an eighth order linear phase filter and is the passive realisation of the active

filters described in Ref 8. The filter has a rise time of 0.28 ms with an over-

shoot of 1%.

5.4 The meter circuit

The meter has three functions, it is used in setting up and calibrating the
transducer, in measuring steady thrust, and in indicating the battery voltage.

The meter circuit consists of the digital panel meter, its buffer amplifiers and

the clock. The clock operates the meter at 500ms intervals and is synchronised

with the pulse calibrator as explained in the next section. The circuit is

entirely conventional.

5.5 The calibrator

The calibrator schematic is shown in Fig 16. It consists of a standard

voltage to current converter circuit from the clock. A 2Hz square wave is

applied to the drive amplifier which drives a corresponding current through the
coil attached to the transducer platform (see Fig 1). The coil movement is

typically of the order of I pm and can thus be considered to move in a region of

constant magnetic flux. Hence the force applied by the coil to the p latform is
directly proportional to the current. This enables the transducer to be set up
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5.6 The output filters

The output filters are two filters referred to as ‘filter A’ and ‘filter B ’

in Fig 6. They have three functions; they define the system bandwidth , they

remove high frequency noise and they remove high frequency oscillations derived

from small mechanical resonances in the thruster and thrust transducer . These

oscillations are a result of approximating an essentiall y multi—degree of freedom

system by a single degree of freedom. It is possible to remove these distortinns

by introducing further inverse transforms (see Appendix) and/or by filtering . To

avoid introducing any overshoot or ringing into the electronic circuitry the

filter must be of a type having a linear phase characte~ istic. Unfortunately

such filters have a very slow amp litude cut—off and unnecessarily limi t the

bandwidth. The cut—off may be made more rapid without unduly distorting the

phase response by introducing zeros into the stop band . This has the advantage

that if a particular resonance is troublesome it may be removed by introducing a

zero at that frequency . This is only possible , of course, if the resonance lies

above the pass band. When this is the case recourse to further inverse trans-

forms is unnecessary .

The circuit of both filter A and filter B is shown in Fig 17. In a typical

case filter A was designed to have a cut—off frequency of 230 Hz and filter B a

cut—off frequency of 130 Hz. The overall frequency response of the two filters

connected in series is shown in Fig 18. There are zeros at 300 Hz, 570 Hz,

655 Hz and 1. 15 kHz. The rise time of the two filters was 2.5 ms with overshoot

<1% (unmeasurable).

5.7 The inverse t ransfer  funct ion

The schematic of the inverse transfer function is shown in Fig 19.

Differentiators, and particularly double differentiators can be unstable since

their gain increases with frequency . It is therefore necessary to modify the

response of a practical differentiator by curtailing its gain at high frequency .

This is done in this circuit by including the resistors r in series with the

capacitors c 1 and c2 . The corner frequency of the differentiators is set at

about I kHz — well outside the band edge of the filters. Hence the circuit

accurately reproduces the required transfer function within the pass band . The

damping and inertia coefficients are set separately by R
3 and R

5 
. By arrang-

ing the gains of each differentiator to be set in this way it is possible to

calibrate R
3 and R

5 
. The undainped natural frequency of the transducer is

measured and set up on the R3 dial and the R5 dial set to kn2 where k is
a calibration constant and n the natural frequency. The damping oil is added

and the inverse transfer function and transducer are ready for operation.
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5.8 The battery control circuit

The b a t t e ry in the transducer mainframe is switched by relays RLI and RL2
(Fi g 4 ) .  The ba t te ry is divided into two halves. When SW 2 is in the on posi-

t ion the two halves are connected in series and connected to the disp lacement
transducer . When SW 2 is in positions I , 3 and 4 the two halves are connected in
pa ra l l e l  and connected to the control  u n i t .  In pos i t ion  4 the bat tery is , in
add i t ion , connected to the — I SV and + 15V lines through a current regulator shown
in Fig 20. The cur rent is set at 90 mA and the ba ttery  takes about IS hours to
cha rge f u l l y.

6 CALIBRATION AND SETTING THE INVERSE TRANSFER FUNCTION

Calibrat ion is performed by app lying a known torque to the platform . This
i s ach ieved by pass ing a 2Hz square current waveform through a coil mo unted on

the pl a t fo rm as exp la ined in section 5.6. The exact current is for the required

torque (± 10 mN m) is obtained by hanging weights from the p latform and determin-
ing the deflection. When the current has been determined the calibrator

amplifier gain is determined and the ‘calibrator ’ has been ‘calibrated’ . The

deflection of the platform under the influence of a rectangular force waveform

is shown in Fig 21. The steady state deflection corresponding to the calibrated

force is measured by the meter. This is obtained by waiting until the platform

oscillations have been damped to an acceptable level and then triggering the

meter. The meter samples the waveform at a quasi steady level and holds the

reading until the same point on the next cycle. The meter scaling circuit is

adjusted until the meter needs a convenient value corresponding to the calibrated

torque (10 mN m). The waveforms corresponding to the process are shown in Fig 21.

The top trace is the driving current (ie the force), the middle waveform the

corresponding disp lacement and the bottom waveform, the meter sample signal.

This calibration technique ensures that the transducer calibration may be

checked before or at any time during a series of tests merely by throwing one

switch. Moreover a calibrated waveform is available for external recording

apparatus .

The inverse transfer function is also set up by using the calibration wave—

form. The displacement signal corresponding to the calibrator current waveform

is the input to the inverse transfer function (ITF). If the ITF is set up

properly then it will remove the effects of the thrust transducer, ie the ringing

and slow response, and the output will correspond with the original calibrator

current waveform. An oscilloscope is used to observe the calibrator waveform
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and the output of the ITF. The output of the velocity channel of the ITF is

i n i t i a l ly made as low as poss i b le by inc r eas ing R 3 (see Fig 19) to its maximum
value . The output  of t he accelerat ion channel is then adjusted (R 5

) un t i l  the
output of the ITF correspond s approximately with the calibrator waveform. The

velocity channe l is then adjusted and so on until the output corresponds as

closely as possible with the calibrator waveform. This method of adjustment is

stable and convergent. Fig 22 shows the various waveforms when the ITF is set up.

The velocity signal corresponds to point A in Fig 19 and the acceleration signal

to point B. It can be shown that when the ITF is set up with one input then it

is automatically valid for all input waveforms (within its bandwidth).

7 OPERATION OF THE TRANSDUCER WITH A THR U STER

Most th rus ters  have a propellant  flow control valve attached . This valve

can produce considerable reaction forces .  The pulses in Fig 23 are reaction
transients produced by a small flow control valve. The first two spikes corres-

pond to the valve opening and the last two to the valve closing . The interval

between the valve opening and closing is nominally 100 ms and the peak amplitude

of the spikes is 70 mN. The first downward spike is caused by the valve armature

accelerating away from the valve seat and producing a reaction force on the force

transducer. This reaction reverses when the armature slows down at the end of

its travel and this is the next upward spike. The situation is reversed when the

valve closes except that the last downward spike has a double peak showing that

the valve armature bounces off the valve seat.

These reaction forces distort the leading and trailing edges of the thrust

pulses. Furthermore the reaction spikes tend to excite resonances on the

thruster and these distort the thrust pulse even more. Fig 24 shows the thrust

produced by a small thruster having a rise time of about 12 ms and producing a

thrust of about 60 mN with a nominal pulse width of 30 ms. The system rise time

in this case is 2.5 ms. Fig 25 shows the same thrust pulse but with a system

rise time of 5 ms obtained by switching further filters. The valve reaction

spikes are clearly visible as is the effect of reducing the bandwidth. Fig 25

shows a much cleaner trace than Fig 24, but at the expense of slightly slowing
up the observed rise and fall. The amplitude of the valve reaction spikes in

Fig 25 is also much reduced. Apart from the spikes the trace shows the typical

exponential rise—exponential fall pulse obtained from gasdynamic thrusters.

Fig 26 shows the thrust obtained from a small resistojet. This par ticular
thruster has a large number of resonances and these distort the trace consider-

ably. The thrust amplitude is 50 inN and the pulse width is 45 ins. The time

J
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constant of the exponent ia l  r ise and f a l l  is about 10 ms . The resonances are

excited by the valve sp ikes wh ich ar e v isib le  bu t  buried in the noise. It is

possible to separate the valve from the thruster and mount the valve onto the

mainframe of the transducer. Thi s, however , increases the time constant of the
thrust pulse since extra pipe volume is introduced between the thruster and valve.

Fig 27 shows the various components of the inverse transform signal corresponding
to the thrust pulse in Fig 25. The top trace is the disp lacement of the platform.

In this case the platform was completely undamped. The middle trace is the output

of the acceleration channel and the bottom trace, traces I and 2 summed and

filtered . In this case there was no damping and hence the velocity channel was

not used. It is quite possible to use the system completely undamped , but

repetition pulsing can cause problems if the natural frequency of the transducer

approaches a harmonic of the thruster repetition frequency. It is usually best

to provide for a small amount of damping and Fig 28 shows the outputs from the

various channels in such a case. The pulse has a width of 100 ms and an ampli-

tude of 100 mN. The thruster shows rise and fall times of about 15 ins. The top

trace is the displacement of the platform, the second trace the output of the

velocity channel, the third trace the output of the acceleration channel and the

bottom trace is the thrust pulse and is the sum of the top three traces. Note

that the phase difference between the oscillations in the first and third traces

is 1800 and the phase difference between the displacement and velocity channels

is 90°. It will be noted in Fig 28 that the thrust does not settle back down to

zero until about 250 ms after the end of the pulse. It is thought that this

‘tail’ is caused by gas within the thruster slowly leaking out of the nozzle

after the main bulk of the propellant has been exhausted.

Fig 29 shows the thrust produced by a small electrothermal hydrazine

thruster. The top trace shows the thrust and the bottom trace shows plenum

pressure. This particular thruster had a comparatively long response time and

the pulse length is 2 s. The mean amplitude of the thrust is about 120 inN and

the mean pressure about 517 kN in
2 
(75 psia). There is a very strong correlat~ ~

between the thrust transients and pressure transients, not only for the slow

transients but also at high frequencies (>50 Hz). Unfortunately the printing

process removes the fine detail from photographs so Fig 29 does not show the high

frequencies too well and the valve reaction spikes, visible on the orig inal, are

not reproduced. In order to obtain the result shown in Fig 29 it was necessary

to use inverse transfer functions of a higher order than the simple ITF described
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8 IMPULSE MEASUREMENT

The impul se  corresponding to a p a r t i c u l a r  th rus t  pulse is obtained simp ly

by in t eg ra t ing  the t h r u s t  pulse . Fig 30 show s a type of track and hold integrator

wh ich has been used to obta in  the impulse data  shown in Fi gs 23 , 31 and 32.

F ig 30 is a s tandard in t eg ra to r  except for the inc lus ion of c 1 . Under quiescent

cond i t ions relay contacts  I a and lb are closed. Thus the in tegra t ing  capacitor

c and capac i tor  c 1 cha rge to the s t and ing  dc po ten t i a l  at  the integrator input

(the output  of the in tegra tor  remaining at zero) .  When the circui t  is required

to in tegra te  contacts  Ia and lb open . The integrator  then onl y integrates any

change in input voltage . This el iminates any need to set the standing dc

potential at the integrator input to zero. The amplifier must , of course , have

a very low input current  requirement (an fe t  input operational ampl i f i e r) ,  othe r-

wise c 1 would change its charge during the integration.

The lower trace of Fig 23 shows the impulse prod uced by the valve r eact ion

spikes. The maximum impulse at any point is about 2.5 1JN S and over one complete

operation the impulse sums to zero, as it should. Fig 31 shows the impulse

produced by a succession of 100 ms pulses of about 110 mN amplitude. The total

impulse produced by the pulses is about 59 inN s. Fig 32 shows the impulse pro-

duced by just one of the same pulses. The indicated impulse is 10 inN s.

9 CONCLUSION

It has been demonstrated that techniques used for the dynamic thrust

measurement of rocket motors can be applied successfully to small thrust stands

measuring thrusts some five orders of magnitude smaller with adequate system

rise times. Problems exist with mechanical resonances, present in these thrusters,

being excited by reaction spikes from the propellant control valve. However these

second order distortions can be removed by further inverse transforms (see the

Appendix). Impulse data is readily obtained from the thrust transducer by

integrating the output. Furthermore the impulse measurements are unaffected by

the valve reaction transients since these are internal forces.
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Appendix

INVERSE TRANSFER FUNCTIONS FOR MULTI—DEGRE E OF FREEDOM SYSTEMS

When a system such as the thrust transducer has only one degree of freedom

it is straightforward to explain the operation of the inverse transfer function

in terms of a single differential equation (see section 3). When there are

severa l degrees of f r eedom , however , such an explanation is not possible and

recourse to systems theory is necessary . It is the purpose of this Appendix to

exp lain how inverse transfer functions may be used to remove the effects  not

only of the fundamental oscil lat ion of the transducer platform , but also of the

mult i tudinous  mechanical resonances present on the thruster and transducer . An

explanation is given of how this technique was applied to a small hydrazine

thruster to obtain the thrust data shown in Fig 29.

The thrust transducer and thruster can be regarded as a linear system with

one input (the thrust function) and one output (the transducer displacement).

This system is a dynamical system and a number of differential equations may be

written which govern its operation. In the particular case of the thrust

transducer without the thruster a satisfactory approximation may be made by

assuming only one degree of freedom and one governing differential equation:

(1p2 + cp + k)8(t) r(t) (2)

or
I

0(t) = A(p)r(t) (3)

where I is the moment of inertia of the transducer, k is a measure of the

torque tube stiffness and c is a damping coefficient. 0(t) is the angular

rotation of the platform, ~r(t) the torque caused by the thruster A(p) is a

differential operator — the ‘system operator’, p corresponds to differentiation

with respect to time.

The system A(p) has an inverse A ’(p) , and it can be shown
9 

that

provided both A(p) and A~~ (p) start in a ‘zero state ’ then

A(p)A 1 (p) — A 1 (p)A(p) — I . (4)

~~~ In the case of A(p) and A 1 (p) ‘zero state ’ meanq ‘zero energy~,ie the thrust

transducer has to have no initial energy and neither does its inverse. The
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product A 
1
(p)A(p) corresponds to a tandem connection of the two systems the

order of operation being from right to left that is A(p) operates before

A ’(p) . Now

0(t) = A(p)T(t)

so

A 1 ( p ) 0 ( t )  A 1 ( p ) A ( p ) T ( t )

= t(t) .

So that operating on the output of the transducer 0(t) by the inverse system

operator A 1 (p) produces the impulse function T ( t )  . This is just an alter-

native explanation of the inverse transfer function to the one given in section 3.

And in the case of the thrust transducer A(p) has the form:

A(p) I/(1p
2 + cp + k) (5)

and its inverse A
1
(p) is

A 
1
(p) E 1p

2 
+ cp + k . (6)

The practical realisation of A
1 

is shown in Fig 19. In principle the effects

of any system may be removed by operating on the output signal by a circuit

having the inverse operation. There are limitations , however A(p) must have a

stable inverse. In the case of the linear dynamical systems described here, this

is true. Further A 1 must not be anticipative , that is, it is not possible to

construct the inverse of a pure time delay since this would involve time

reversal — a regrettably impossible feat.

In general a system such as the thrust transducer—plus—thruster has more

than one degree of freedom, and there will be a number of governing differential

equations. In such a case, provided that initially the system is in a zero

state, it can be shown that the corresponding system operator is of the form:

n I m

8(p ) 
~~ 

~~~~~ ~~ 8 p 3 (7)
1—0 j.0

and, of course , the inverse is:
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B 1 (p) P~/aiP
’ (8)

where the summation signs have been omitted. The magnitude of n and in is

dependent not only on the number of degrees of freedom but also on the precise

nature of the sys tem, as are the constants cz
1, B.

The two main problems in the application of the inverse operator technique

ar~ the evaluation of the constants in (7), Ic evaluating the system, and the
practical realisation of the inverse system B ’ . There are at least three ways
of setting up B(p) for a system. One is through direct analysis and the other
two involve determining the transfer function either from the impulse response

or from sinusoidal response. Direct analysis is not practicable and the impulse

response technique is not easy to analyse. Probably the only satisfactory

technique when the system is of a complex nature is to plot the amplitude—
frequency and phase—frequency characteristics of the system. In principle, given

these characteristics the constants a~•
B~ in equation (7) may be evaluated.

Taking the Laplace transform of (7) we have:

B(s) — ~ i
8h/B

j
53 (9)

B(s) is known as the transfer function of the system B(p) and the inverse

transfer function is B~~(s) . Now the frequency response of a system is deter-

mined by its transfer function B(s) and it is straightforward to show that the

frequency response of a combination of a transfer function B(s) and its inverse

B~~(s) is flat from zero to infinite frequency. So the procedure essential]$

involves determining the frequency response of the system and adding suitable
circuits to the ouput to make the frequency response ‘flat’, ie amplitude independ—

ent of frequency. When this is done the inverse transfer function will have been

determined .

Fig 33 shows the amplitude frequency characteristics of the transducer plus

thruster. The peak at 26 Hz is the fundamental due to the thrust transducer.

The small peaks and ripples of higher frequencies are caused by the thruster.

The amplitude and frequency scales are linear . The pole at 26 Hz is removed by

A t shown in Pig 19, this corresponds to the simple inverse transfer function
discussed in section 3. Pig 34 shows the resultant frequency response and

demonstrates why A ’ is inadequate on its own — there is a peak (or pole) at

about 128 Hz followed by a zero at 141 Hz. The response of the system to an

025



18 Appendix

impulse is shown in Fig 35 — the oscillations at 128 Hz are very apparent . Note

that in Fig 35 the oscillations at 260 Hz corresponding to the pole at 260 Hz in

Fig 34 have been removed to make the lover frequencies clear.

The pole at 128 Hz and zero at 141 Hz are smoothed by a transfer function

of the form

P + sT + Rs2T2
C(s) a 

2 2  ( 10)
I + — aT + s T

q

and actual numerical values employed were:

0.862 + 5.89 ~ io
8
~ + 1.243 x Io 6s

2
C(s) — —8 —6 2 (II)

1 + 6.342 x 10 s + 1.243 x 10 s

The pole at 264 Hz is smoothed by a transfer function of the form

I + ~~ sT + s
2T2

D(s) — (12)
I + — sT + s T

q

and actual values employed were:

I + 8.3 K 10 7s + 3.544 x
C(s) — —5 —7 2 (13)

I + 1.5 x 10 s + 3.544 x 10 s

The values of uT/q and T/q in the numerator and denominator are somewhat
approximate since the q required was high (about 40) and the required value of

u was small (about 0.056) so it was found best to achieve these values by

slightly unbalancing the parallel T network used to achieve D(s)

The two operations C(s) and D(s) are performed in series and the
practical realisation of C(s)D(s) is shown in Fig 36. C(s)D(s) consists of

two parallel T networks connected in series. In C(s) the effect of a finite

q is obtained by c 1 and ft
1 , 

and in D(s) the effect of a finite q is

obtained by slightly unbalancing the network. The circuits of C(s) and D(s)

(as well as A(s) — Fig 19) have to be set up very carefully , all components

have a tolerance of 0.12 and than have to be trimed to achieve the required

results. Fig 37 shova the effect of C(s)D(s) on the system response . In
addition to C(s)D(s) the response shown in 1i1 9 has been tailored by a low

pass filter (described in 5.6) to defin, th. bandwidth and also attenuate the
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higher frequency resonances. The small residual ripples are difficult to remove

and do not greatly affect the system response.

The system (thrust transducer K A(s) x C(s) x D(s)] was used to obtain the

thrust data from a hydrazine thruster shown in Fig 29 and the frequency response

shown in Fig 37 is the corresponding system response. The amplitude frequency

curves Figs 33, 34 and 37 were obtained by exciting the thrust transducer by a

sinusoidally varying force of varying frequencies. This is readily achieved by

feeding a sinusoidal current through the calibrator coil (see section 6) and
recording the resultant amplitude from the displacement transducer.
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Figs 19&20
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Figs 21&22
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Figs 23&24
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Figs 25&26
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Figs 27&28
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