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STATIONARY PLASMA HALL THRUSTER LIFETIME PREDICTION

A. A. KALYAEV. V. A. PETROSOV. V. I. BARANOV*

A method is described for predicting the lifetime of stationary plasma Hall thrusters

(SPHTs) based on results of tests in which the thruster operation time is part of the thruster
lifetime. The method enables evaluation of the prediction error and the influence on it of test
conditions.

Introduction

The lifetime of the modem SPHT is 6000 to 8000 hours and more. A lot of time and
money are required to demonstrate and check it. So the necessarity has appeared to develop a
method for predicting the lifetime based on the results of thruster tests lasting no more than 1000
to 2000 hours and evaluating the prediction accuracy. A method has been developed of
accelerated tests based on an analysis of SPHT lifetime test results and degradation physical
processes and on up-to-date prediction methods [1, 2].

The method assume that the parameter determiiating the lifetime is the erosion rate of the
SPHT accelerating channel. The erosion value increases with the thruster operation time. The
lifetime is considered complete when the erosion value is of some critical value. In this case, parts
of the thruster can break down or its parameters can exceed admissible limits. The critical erosion
value is established on the basis of an analysis of lifetime tests.

With such an approach, a program package has been developed to solve the following
problems:

1) Evaluation of the value and range of the lifetime, its distribution law and prediction
error.

2) Development of a concept of SPHT lifetime tests.

3) Development of plans for acceptance lifetime tests.

4) Optimization of the scope of tests for reliability, i.e., number of thrusters, their
operation time, etc. 5

To estimate the accuracy of experimental data processing and to -develop and optimize
check and development plans, statistical modelling is used.

Prediction Method

Lifetime prediction consists of the following stages:

1) Obtaining experimental data.

2) Selection of the best approximating regression function.

3) Calculation of regression coefficients.

4) Construction of confidence areas for regression and its coefficients.
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5) Determination of the values and ranges of the lifetime under prediction.

I 6) Determination of the lifetime distribution law.

7) Determination of the prediction error dependence of various factors.

* In SPHT lifetime tests, the erosion value of the outer and/or inner insulator walls is

measured in certain time intervals. The erosion value y, is a decrease of the insulator wallI thickness averaged in several radial directions and measured at the butt end.

Experimental data are n couples (y,t), where y, is the erosion value in mm and r, is

operation duration in thousands of hours by the time of a measurement, i = 1. .. , n is the number
of measurements performed by the operation time t, = ,, thousand hours.

A regression function is then selected that approximates these data. For several alternative
functions, criteria are calculated that characterize the compliance of the approximating function
with the experimental data. The four following criteria are considered:

EEEo,, EEEja, EEEGro. [3] and S which is the mean square deviation of the experimental
data from the regression curve. The criteria EEE (Expected Excess Error) are errors of fitting the
regression function of a given type to the experimental data. The error is determined by the
bootstrap, jacknife and gross methods. The function is chosen for which the criteria are the lest.
As the prediction accuracy is significantly dependent on the right selection of the approximating
function, a statistic modelling, program has been developed to evaluate the effectiveness of this
procedure. This program enables determination of the probability of the right selection of the

I approximating function depending on the set of the criteria, by which this function is chosen.
mean square data dispersion and operation time.

Fig. 1 shows experimental data obtained in lifetime tests of the T-100 thruster [4] and
their approximation with two regression functions. The type of approximation function evidently
influence the erosion value under prediction. The data in Fig. 2 were obtained in repeated statistic
modelling of the procedure for selection of the best regression function based on the four criteria.
The operation time values correspond to 10, 9 and 8 dots of the T-100 experimental data. The a
priori probability that any of the two presented approximations can be true was adopted to be 0.5.
It follows from Fig. 2 that the probability of the right selection of the approximating selection
increases with the operation time and achieves acceptable values at a small dispersion of the dots
relative to the regression function. That is why the regression function is for the probability of the
right selection of the regression function less than 0.9, that yields the lowest (guaranteeing) values
of the lifetime under prediction.

An analysis of the SPHT test results resulted in the fact that the best approximation of the
erosion/operation time data is the following regression function:

y= Aln(l+Wt) and y=A W/(l+Wt).

I Both the function are non-linear. So the simplex method [5] is used to determine the
regression coefficients. To suppress potential outliers in measurements, the use of robust methods
[6] is envisaged. The two following methods are used to determine confidence intervals of
different kinds:

1. Linearization of the model in terms of the regression coefficients.

1 2. The bootstrap method.

Fig. 1 shows 90 % confidence bands for the regression curve and Fig. 3 shows joint
confidence areas for the regression coefficients obtained in T-100 thruster lifetime tests. A
discrete lifetime value is defined as the abscissa of the approximate function whose ordinate is
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equal to the critical erosion value. When the linearized model used, the boundaries of theconfidence intervals for the lifetime are defined as the abscissas of the points of intersection ofthe boundaries of the confidence band for regression with the critical erosion line. The bootstrapmethod employs repeated modelling of remainders of the empiric distribution function, i.e,differences between measured and regression values. Then bootstrap observations by means ofthe bootstrap-remainders are established and regression bootstrap-coefficients are calculated andthus the lifetime is modelled. Various bootstrap-confidence lifetime intervals are defined by the
obtained array of bootstrap-lifetime values [1]. A program has been developed to determine thesampled lifetime distribution law based on a set of criteria. The four following laws areconsidered (with and without shift): normal, lognormal, Weibull and gamma laws. For the data ofthe T-100 thruster the predicted distribution law was established to have lognormal distribution.
Fig. 4 presents distribution densities of the T-100 predicted lifetime for various operation times.

To determine the lifetime prediction error dependence of various factors, a statisticmodelling program has been developed. The input data of the program are the real and
approximating functions, points dispersion relative to regression, operation time and the numberof experimental points. For these data, test results are repeatedly modelled, the lifetime under Iprediction is compared with the real value and the prediction error is determined.

Fig. 5 deals with modelling results for data close to T-100 test results. Interestingly, the Iprediction error depends not only on the operation time but also on time intervals between erosionmeasurements. The latter influence increases as the operation time decreases.

Conclusion I

1. A program package has been developed to predict the SPHT lifetime based on the 3acceleration channel wall erosion value measured in tests.

2. The prediction error and influence on it by various factors are determined by a statisticmodelling program. I

3. The method developed can be used to predict the lifetime based on other degradationparameters as well.
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