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This talk

Compensation of dynamic error by digital filtering

Evaluation of dynamic uncertainty
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Linear time-invariant system (LTI)

X(t) — | Sensor | — Y(t)

System function (Laplace domain)

Frequency response H (jw)

y(t) = x(t - ¢)h(t )dt

Impulse response h(t) characterizes LTI

H(s) =Y(s)/ X(S)

xt)=e" ® yt)=H(imx(t)



Example

X(t) > accelerometer S y(t)
acceleration y(t) + 2dugy(t) + ugy(t) = rx(t) electrical output
Frequency response
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X(t) — Sensor

h(t) =h (1)

N
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yin], u(yn], y{m)

Estimation task

—y(t)

J

y(t) = x(t - £)h(¢ )dt

0

X[n], u(xn], X{mi)
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Estimation

¥

X(t) — | Sensor | — Y(t) y(t) = X(t- ¢)h(¢)dt

0

Application of a digital compensation filter to sens

or output signal
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Amplitude /dB
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Amplitude /dB
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Estimation of filter coefficients : Linear least-squares
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X(t) — Sensor — y(t)

acceleration y(t) + 2aug y(t) + nZ y(t) = rx(t) electrical output
+ 4-th order low pass Bessel filter

Amplitude Phase

Sensor Compensation filter
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Uncertainty in terms of probability density function (PDF)

Ox (X)

Estimate X= Xgy(x) dx
Uncertainty ~ U*(X)= g, (x)(x- X)*dx

Credibility b _
interval a gy (x)dx=p
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Extension of PDF concept

X(t) Measurand whose value depends on continuous variable time

Extension of PDF concept requires to specify the families of PDFs
gxal), ,X(tn)(Xl’ ’Xn)

forall  X(t), ,X(t,) andal n
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Evaluation of dynamic uncertainty

X(t) measurand

X(t) (time-dependent) estimate

U*(X(1) = Gy () (- X(1))"dx

(dynamic) uncertainty

20



Evaluation of dynamic uncertainty

X(t) measurand

X(t) (time-dependent) estimate

Uncertainty
(covariance) matrix

regarding
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Discrete-time data / Digital filtering

X[n] = X(n>Ty),

Oxik,], ,X[kn]( )

n= 012,

for all integers k and all n
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Discrete-time data / Digital filtering
X[n] = X(n>T,), n=012

— Oxk,, ,X[kn]( ) for all integers k and all n

can be treated like multivariate measurands (extension of GUM / GUM-S1)

same applies to propagation of uncertainties / PDFs for FIR filtering
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Discrete-time data / Digital filtering
X[n] = X(n>T,), n=012

— Oxk,, ,X[kn]( ) for all integers k and all n

can be treated like multivariate measurands (extension of GUM / GUM-S1)

same applies to propagation of uncertainties / PDFs for FIR filtering

However Measurand bandlimited, sampling frequency high enough

Numerical filter design errors small compared to uncertainties
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Model of evaluation

X(t) —| Sensor

— y(t) — | ADC |— Vy[n] — | Filter | — Xn]

known éhift

L

Xn-nl= ¢ Yewln- K]
P k=0

ylow[n] = ) lqow,ky[n- k]

k
correction filter, determined by lowpass filtered output signal
LS from knowledge on sensor
system (ODE), applied to
lowpass filtered output signal e
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UZ()’Z[n B nO]) = Tr(U_y,OW(n) lﬁ) + 6Ti7,0w(n)6+ 9:;)w (n)&;ylow(n)

6:(60’ ’6L)T
9|0W(n) :(9|0W[n]’ ’9|0W[n- L])T

Uncertainty matrix of correction filter coefficients, determined from LS fit

Uncertainty matrix of lowpass filtered output signal, determined
according to lowpass filter model and uncertainties associated with
noise model of ADC errors
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Simulations

X(t)

. Sensor

—

y(t)

—

ADC

— yin]

Sensor: second order model + 4-th order Bessel analogue filter

Frequency response
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Simulations

X(t)

—

Sensor

— y(t)

ADC

— yin]

. Choose x(t), integrate numerically Sensor system with system parameters

and add white noise — y[n]

. Choose

~

~N( ,U.) ; treat

and U-. asinformation available about sensor

. Construct reconstruction filter and apply to data — x(n], u(xn])

. Determine estimation errors X[n]- x(n>T,) and uncertainties u(XnJ)
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Simulated measurands:

narrowband and broadband Gaussian signal

Time domain Frequency domain

Normalized magnitude of DFT
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Single simulation: Estimation error and uncertainty

narrowband measurand

estimation error uncertainty

broadband measurand
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200 simulations: RMS errors and mean uncertainty

narrowband measurand broadband measurand

RMS error mean uncertainty
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Analysis by static model (as often done)

Xt) — | Sensor | — y(tf) — | ADC | — ¥[n]
X[ ] :% S: gain of Sensorat W =0
205 :52 y[Inl
u”(Xnj) 332+ g u ()




200 simulations: RMS errors and mean uncertainty

narrowband measurand

static analysis dynamic analysis

RMS error  mean uncertainty
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200 simulations: RMS errors and mean uncertainty

broadband measurand

static analysis dynamic analysis

RMS error  mean uncertainty
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Estimated coverage probabilities for 95% credibility | ntervals at peak
(accounting for optimal time shift for static analy Sis)

Static analysis inappropriate as bandwidth of measuran d increases
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Conclusion and outlook

Digital filtering appropriate for compensation of d ynamic errors
Uncertainty evaluation of discrete-time estimates
Simulations:

Estimation and uncertainty evaluation appear to wor Kk

Static analysis (ignoring dynamics) inappropriate
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For discrete-time estimation GUM / GUM-S1 methodolo gy may be
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New concepts for continuous-time __ estimation
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Conclusion and outlook

Digital filtering appropriate for compensation of d ynamic errors
Uncertainty evaluation of discrete-time estimates
Simulations:

Estimation and uncertainty evaluation appear to wor Kk

Static analysis (ignoring dynamics) inappropriate

Dynamic uncertainty

For discrete-time estimation GUM / GUM-S1 methodolo gy may be
applied (upon appropriate assumptions)

New concepts for continuous-time estimation

Other models / techniques (e.g. state-space modelin g, ‘optimal’ estimation)
need to be considered
39
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