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ABSTRACT There have been increasing demands for the long-term performance retention of the Quartz
Flexible Accelerometers (QFA), extensively employed in the Inertial Navigation System (INS). Considering
the convenience of conducting the parameter identification and control algorithm, the Digital Close-Loop
QFA (Digital-QFA) is established to improve the long-term performance. Based on the model of the entire
close-loop system, the interfering factors relating to time are analyzed in detail, both in the forward channel
and the feedback channel. Two schedules are proposed to estimate the gain variation, utilizing the modulating
signal and the feedback signal separately. According to the reference gain settings in ideal conditions,
the forward and the feedback gain drifting of the system are calibrated online through the adjustment of the
digital controller and the reference voltage of the DA-chip, separately. The simulation experiments show
that about 90.26% of the gain-drifting could be estimated and about 87.56% of the output error of the
accelerate could be restrained. Consequently, the proposed schedules could promote the long-term stability
of the Digital-QFA significantly.

INDEX TERMS Digital close-loop quartz flexible accelerometers, drifting over time, estimation and

compensation, long-term performance, loop-parameters.

I. INTRODUCTION

The Accelerometer is the primary component of Iner-
tial Navigation System (INS), and it could provide the
non-gravitational acceleration of the carrier relating to iner-
tial space [1]. There are series accelerometers with different
assembly processes, including Electrostatic accelerom-
eter, Floated pendulous accelerometer, Quartz Flexible
Accelerometer (QFA), MEMS Accelerometer, etc. They do
have different accuracy indexes and application fields, and
the typical characteristics of these accelerometers are stated
in TABLE 1 [2]. The core problems of the accelerom-
eter contain the improvement of the performance of its
static accuracy (Resolution, Bias and Scale factor, etc.),
dynamic characteristics (Range, Bandwidth, Vibration Rec-
tification Error, etc.), etc. And there did pay much atten-
tion to the improvement of the accuracy of measurement.
Different signal detection structures and temperature
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compensation were executed to improve the accuracy and
achieve better temperature performance [3]-[5]. The detec-
tion error of the accelerometers resulting from vibrations or
other dynamic environment was analyzed in detail. Simula-
tion optimization approaches and several process constraints
were proposed to improve the dynamic performance [6].

For the Navigation-level applications of accelerometers,
the QFA is the most appropriate one considering the cost, size
and weight, etc. With the extensive application in the Chariot,
Warship, Aircraft, the QFA, satisfying the Navigation-level
applications in INS, does start its high-speed development
and the key problems tackling.

The Analog Close-Loop QFA (Analog-QFA) is extensively
applied in the inertial field, and QA-series accelerometers
from Honeywell are the typical high-performance prod-
ucts [7], [8]. The application of Analog-QFA does have
its limitations attributing to the additional analog-to-digital
conversion module when integrated in INS, which would
increase the uncertainty of measurement. Benefiting from the
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TABLE 1. The typical characteristics of series accelerometers.

B Uombmmes o e
Bias Stability 0.1-lug 1-10ug 5-100ug 100-1000ug
Scale Factor Stability 1-10ppm 10ppm 10-100ppm 100-1000ppm
Cost Most High Medium Lowest

Manufacturing cycle Thousands of hours

Thousands of hours

hundreds of hours  Dozens of hours

development of digital chips and digital MEMS accelerom-
eters [9]-[12], there developed Digital Close-Loop QFA
(Digital-QFA) scheme as certain direction of exploration to
improve its dynamic performance, and the Digital-QFA could
also provide new ways to measure the inner parameters of the
whole-loop.

There were series researches about the model of
Analog-QFA to improve its performance and scale pro-
duction capacity [13]-[15]. The Digital-QFA does have
the same inner structure: Differential Capacitance, Elec-
tromagnetic Torque Feedback, etc. Whereas the difference
is the signal detection and processing schedule. Apply-
ing embedded chip, there would be multiple detection
methods of differential capacitance; for instance, Switched
Capacitor Detection Method, Modulation/ Demodulation
scheme [16]-[19], etc. And the Modulation/ Demodula-
tion scheme based on AC-bridge is the most promising
approach for micro capacitance measurement, which is exten-
sively employed in Accelerometers, Capacitance tomography
system [20]-[22], etc. Additionally, modern control theory
could be employed in the digital system to improve its
dynamic performance [23]. And the multiple control algo-
rithms would provide new parameter identification methods
to establish more accurate models [24], [25].

The long-term stability is also the core index of the
accelerometers, which could be included in the static accu-
racy, and it has significant impact on the performance main-
tenance in storage period of most Weapons. The long-term
stability of both Analog-QFA and Digital-QFA is still the
weak indicator in INS. The drifting of the Bias and the
Scale-factor of the accelerometers would reach 100 ug and
100ppm in one year [7], and the degradation of the perfor-
mance should attribute to the loop parameters of the QFA be
varying over time. The variation of loop parameters, as ampli-
fier characteristics, resistors, structural changes, would bring
about the gain of the close-loop be drifting. And it could
lead to the deterioration of the controller and the drifting
of the scale factor. The estimation and compensation of the
loop-gain variation become significant works to improve
the long-term performance of the accelerometers. There are
several approaches to estimate the gain variation in Digital
Close-loop systems [23], [26], [27], which is the significant
advantages of Digital-QFA over Analog-QFA.

For the application of the accelerometer itself, the param-
eters (Bias, Scale factor, cross coupling factors, etc.)
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could be calibrated through several different known rota-
tions [28],[29]. For the currently application of the
accelerometers in the INS, the parameters should be cali-
brated through the High-Precision-Turntable. With the con-
dition of long-time on service, the entire system must
be disassembled from the carriers (weapons, vehicles, air-
crafts, etc.) to re-calibrate the critical parameters precisely
at fixed intervals, when there is not any external reference
information [30], [31]. And it should be great consump-
tion of manpower and material resources. For the applica-
tion of accelerometer, the self-detection or self-estimation
approaches without the turntable at sensors-level are lack of
research. These new methods would improve the efficiency of
calibration and provide new ways to judge the loop-parameter
drifting. The estimation and compensation schedule in this
paper is motivated by these factors, and it might be a new
avenue to support the sensor-level-self-detection in the INS
application. The main contributions of this paper are summa-

rized as follows:
1) More perfect mathematical model is established for the

Digital-QFA and most of the influence factors varying
over time are analyzed detailly.

2) The forward-gain is estimated in the open-loop status
and the modulation signal and the working character-
istics of the Digital-QFA are fully considered. About
90.26% of the forward-gain drifting is estimated and
compensated effectively.

3) Considering the inaccurate measurement when the
Digital-QFA work in open-loop state, the constant cur-
rent reference is introduced to the estimation schedule.
About 90.92% of the feedback-gain drifting is esti-
mated and compensated effectively.

4) The forward-gain drifting is compensated in the PID
controller, and the feedback-gain drifting is compen-
sated through adjusting the reference voltage of the DA
chip in the feedback channel.

The drifting of the parameters of the close-loop system
would bring about two principal problems: the stability prob-
lem of the control system, and the output-drifting of the
Sensor.

A. STABILITY PROBLEM OF THE CONTROL SYSTEM

The optimization of the control algorism would aim to
improve the anti-interference performance, or the stability
of the system. The parameters of structure, circuits, and
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the materials would vary when the surrounding environ-
ment changing. The perturbation range of these parameters
should be analyzed first, and the System Sensitivity Function
would be the design philosophy of the control system. The
Anti-jamming ability, Gain margin, and the Phase margin
would be the judgement-criterion of the effectiveness of the
algorism.

B. OUTPUT-DRIFTING OF THE SENSOR

Core issues of this paper. The output-drifting of the sensor,
more emphasizing on static characteristic preservation, would
be the core point and self-detection or self-calibration is the
key innovation.

The rest of this paper is organized as follows. In Chapter II,
the entire model of the Digital-QFA would be represented.
The mechanism of the entire loop-parameters changing
would be analyzed, and the final presentation of the gain
variation is descripted in detail. The estimation and compen-
sation of the forward gain and the feedback gain variation are
represented in Chapter III. The experiment verification and
discussion are stated in Chapter I'V. Finally, the summarize of
this paper and the possible future researches are concluded
in Chapter V.

Il. THE LOOP-MODEL AND THE PARAMETER-VARIATION
OF DIGITAL CLOSE-LOOP QFA

The Digital-QFA is composed of sense organ, signal detection
and feedback circuit, electromagnetic torque. The sense organ
is a flexible pendulum, shown in Fig. 1, which deviates
away from the equilibrium position when sensing the external
acceleration.

flexible strut dy

FIGURE 1. The sense organ of the accelerometer.
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FIGURE 2. The Loop-Model of the Digital Close-Loop QFA.

The model of the QFA had been researched in many arti-
cles [14], [32], and the loop model of the Digital Close-Loop
QFA in this paper is shown in Fig. 2. The entire loop is divided
into three sections: @ pendulosity (kg = mL); @ forward
channel; ® feedback channel.
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A. PENDULOSITY

The pendulosity is composed of the mass and the arm.
On account of the sealing characteristics of the sense organ
of the accelerometer, the mass of the pendulum could be
assumed to maintain constant. The arm is affected by the
linear expansion coefficient of the quartz material. Consid-
ering the smaller linear expansion coefficient and the mutual
compensation of the accelerate torque and the feedback elec-
tromagnetism torque, it is rational to assume the pendulosity
maintains constant.

B. FORWARD CHANNEL

The forward transfer function, G(s) - kikcyvkap - kdemoD(2),
is composed of signal detecting and digital controller. Con-
sidering the demodulation module and the controller module
are constant in the embedded chip, there would analysis the
interfering factor of G(s) - kikcvkap.
1) THE FIRST MODULE: G(s) = 15— [14], [32]

The deflection of the pendulum in steady-state could be
computed as equation (1).

M 1
0 — — .
s Js2+Cs+D
M 1 ( 1 1 ) )
s qs2l = Isil s+ sl s+ s
where 512 = —Cxv oAby "ZJCZ_4DJ. The function of the deflection

over time is as follows.

1 1 syl 1
6=M - —— | — Q- My —
[s2] — Istl L Is1] [s2]

S(1— e—”")} 2)

When ¢ — o0, it can be simplified as:

1 Y 1 3)
sa] - Is1] D

Therefore, the output deflection is only related to bend-
ing stiffness (D) at steady-state, when the input moment
maintains constant. Considering that the bending stiffness
is mainly determined by the elastic modulus of materials,
and the elastic modulus of quartz would change little over
time. And the little variation of elastic modulus can be fur-
ther reduced through improvement of material and stressless
processing technology. Consequently, it has little effect on the
gain variation of the forward channel.

2) THE SECOND MODULE: k1 = 2Co % [14], [32]

This module is the function of arm, unilateral capacitance and
plate spacing. It is mostly impacted by the coefficient of linear
expansion of the quartz and it does change over time with
great possibility. There assumes that the actual expression of
the module as k; = k; - (1 + 8k;).
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3) THE THIRD MODULE: k¢,

Depending on the high precision reference capacitance, there
employed AC-Bridge to measure AC. The scheme block
diagram is exhibited in Fig. 3.

AV
k ec
c \/\/ Cen

Yo k., o AC
-
AV

AC Bridge

Instrumentation
amplifier

FIGURE 3. The Measuring scheme of AC depending on AC Bridge.

Suppose the amplification of the instrumentation amplifier
is kgmp, and the modulation signal is Vv , then it can be
concluded:

Ci Crefl
AV = ( — )-Vin - k - AC
Ci+C Crp1+ Crp “p
= key - AC “4)

The reference capacitances are selected to compose AC
bridge, and they must meet the conditions of Cpp; =
Crer2 = Cp. The actual reference capacitances are signed
as Cref1, Cref2, considering the parasitic capacitance, input
capacitance of the instrument amplifier, etc. When the
accelerometer is in steady-state, there can be conducted
C1 = Cy = Cy. Then there can be obtained:

Ci Cref 1 1 Cre;f 1

- =s—=—F>— ()
Ci+C Cr1+Crpz 2 Crp1 + Crep2

The absolute value of AC,,s does just have impact on
the resolution of the differential capacitance, instead of the
transfer gain. The variation of Cy.r1 or Cr.r over time (name
as 6Crer) would have influence on the gain of CV converter,
with minor value of §Cyr. There assumes that the actual
expression of the module as l%b,,-ege_o = kpriege 0 - (1 +
f (%)), where f (%) is the function of the
variation of (Cer1, Cref2).

Vin(max) = NppGa - ;ﬁ’gj;’ffl
the modulation signal. Where Nrpgs is the digital value
produced by FPGA and it is constant over time; Vpay_pe is
the reference Voltagei of the modulation DA-chip, and it would
vary over time as Vpai_rf = Vpal_rer - (1 + 8Vpal_ref);
ki, is the magnification of the follow-up amplifier, and it
is the function of resistance, characteristic of amplifier, etc.
Therefore, the actual magnification can be calculated as
ktz = ktz -1+ 5ktz)-

Similarly, kgmp is the magnification of amplifier and it
could be computed as iém,, = kamp - (1 + Skgmp).

In summary, the gain of CV converter is as follows.

- k¢; is the amplitude of

kev = kev (1 + 8key)

Cref1
= kbriege_O : (1 +f( il

)
Crefl + Cref2
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N Voai_rer (1 + 8Vpa1_ref)
- NEPGA Vo=

: ktz(l + aktz) : kamp(1 + Skamp) (6)

4) THE FOURTH MODULE: k4p

Considering the interference factors of AD, the actual gain of
the module is stated in equation (7). Where Nyp is the digits
of AD; VAD_ref = Vap_ref - (1 + 8Vap_yer) is the reference
voltage of AD, and it is also changing over time.

2NAD—1

VADJef . (1 + SVADJef)
2NAD—1

kap =

=

(1= 8VAD_ref)
VAD_ref
= kap - (1 — 8Vap_ref) @)

In summary, the influence factors of the gain of the for-
ward channel conclude the reference capacitance, operational
amplifier, resistance, AD, DA, etc. The overall gain of the
forward channel would be diverse when the close-loop sys-
tem be started at different condition, and it would affect the
performance of the control system. There can be conducted
that the gain variation is approximately presented as linear
relation, as stated in equation (8).

iépre = kpre -(1+ (Skpre)
1
=3 “ kdemok(D(2)) - k1(1 + 8ky) - key (1 + Skcv)
kap(1 — 8VaAD_ref) (8)

C. FEEDBACK CHANNEL

The gain of feedback channel does have direct correlation
with the output scale factor of the control system. There con-
tains three important modules in the feedback channel of the
accelerometer system: @ DA; @ VI converter; ® Magnetic.

1) THE FIRST MODULE: kpju
Similar to the analysis in the forward channel, the gain of the
DA module can be computed as equation (9).

kpaz = kpaz - (1 4 8kpaz)

VDA2_ref
= Nom 1 (1 +8Vpaz_ref) )

2) THE SECOND MODULE: ky;
The VI converter is composed of amplifier, resistance, etc.
The theoretically expression of the gain of VI converter is
stated in equation (10), and the most significant interfering

factor is the drifting of sampling resistor.
Vi

kyr = — 10
V= (10)
where Vj, is the voltage from DA; R is the sampling resistor.
The actual gain of the VI converter is ky; = kyy - (1 + 8kyy).

3) THE THIRD MODULE: k; = BLyjs - L
In the expression, L, is the length of coil winding; L is
arm of ampere force. Both L.,;; and L are the function of the
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coefficient of linear expansion, and the actual expression of
is stated in equation (11).

Leoit - L = Leger - (1 + 8Legr) (11)

B is the magnetic induction intensity of permanent magnet.
In the quartz flexible accelerometer, only the magnetic vector
parallel to coil plane could conclude effective electromag-
netic force. Whereas the minor structural variation would
change the direction of magnetic vector, resulting in the
change of effective magnetic induction intensity. In addition,
demagnetization, magnetic flux leakage could also affect the
value of magnetic induction intensity. The effective value
of B can be simplified as equation (12), considering all the
influencing factors.

Breat =B - (14 6B) (12)

Consequently, the gain of feedback could be computed as
equation (13).

ki = kg - (1 + Skpp)

Vpa2
- zNszf{(l + 8Vpao_ref Yevi (1 + Skyr)

-Legr(1 + 8L.&r)B(1 + 8B)
= kg - (1 + 8Vpaz_rer)(1 + Skyy)(1 4 8Lcgr)(1 4 6B)
(13)

Ill. THE ESTIMATION AND COMPENSATION

METHOD OF THE LOOP-GAIN

A. THE ESTIMATION AND COMPENSATION

OF THE FORWARD CHANNEL

As stated in chapter II, the gain variation is approximately
linear changing. Rewrite the gain of forward channel:

A

kpre = kpre : (1 + akpre)
1 Ao A
=5 * kdemok(D(2)) - k1 - kev - kap (14)

It can be conducted that k(D(z)) and /21 . lgcv . IQAD do
have identical effect on the overall gain. The variation of kpye,
if estimated, could be compensated in k(D(z)), which could
be adjusted in FPGA. Then the performance of the close-loop
controller would maintain the same with the initial condition.

The complete expression of the forward gain is stated
in equation (15). And lgpre represents the relation between
moment and the signal detection, as N,y = /Ep,e - My,.

~

kpre = kpre - (1 + 8kpre)
= % - kdemok(D(2)) - ki (1 + k1) - kev (1 + Skev)
~kap(1 — 8Vap_ref)
= % « kdemok(D(2)) - ki (1 + 8k1)
- Nrpakcv-1(1 + 8kcv) - kap(1 — 8Vap_rer) (15)

where kcy_r is the gain of CV converter excluding Nrpga.
If the input moment, M;,, maintains constant, there can be
conducted: Nyys < Nrpga. When the forward gain k. varies
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over time, the relation between N,,; and Ngpga does have
the identical variation. Therefore, the estimation of the scale
factor drifting between N,,; and Nrpga is the forward gain
drifting, simultaneously.

When the quartz flexible accelerometer is in its open-loop
state, the moving plate or the pendulum would be absorbed on
the fixed plate, or the yoke iron. And the differential capac-
itance would be OpF and Cpyj,, which maintains constant,
shown in Fig. 4. The input moment maintains constant at this
condition, and the output N,,, is varied with Nrpg4.

AV
k eAC

=0

V(o)

FIGURE 4. The transfer structure of the forward channel in open-loop
state.

The circuit structure of the AC bridge is different from the
close-loop state shown in Fig. 2. It is necessary to discuss the
equivalence of the gain variation of AC bridge. The output of
the instrument amplifier shown in Fig. 4. can be computed as
equation (16). It indicates that there is just difference of the
absolute value of gain, while the affection of the variation of
Cref1, Cre2 is identical with the normal AC bridge, relating
to equation (5).

Cref1
Cref 1+ Cref 2

Consequently, the estimation of the gain variation between
Noyu: and Nrpga could represent the variation of the forward
gain in the open-loop state. In order to ensure the accuracy
of measurement and inhibit the effect of random errors,
there employs the least square method to estimate the gain
variation, through changing the value of Nrpg4. The block
diagram of the estimation schedule is shown in Fig. 5.

AV =V -(1— ) - kamp (16)

N

Frod 1 - 7 P Now
\_> k= ke — kuy = Ko, ® D(2)——2>
X

===k ky, kpy

FIGURE 5. The block diagram of the estimation schedule.

The specific implementation steps are as follows.

1) In the initial status, the relation between N,,, and
Nrpca is stated as follows:

N(@)our = (NFPGa + AN (D) - k(D(2)) - kprefeq oM
a7

where AN(i) = {0, ANy,2- ANy, ...n- ANp};
Kpre—eq = 3 * kdemo - k1 - kcv—1 - kap, and it do have
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different absolute value but the same variation with the
forward-gain, recorded as eq-forward-gain.
N@our — N(0)our = AN () - k(D(2)) - kprefeq - My
(18)
According to Least Square Criterion (19), shown at the
bottom of this page.

2) In actual status, the relation between N,,; and Ngpga is
stated in equation (20).

N(@our = (NrPGa + AN (D)) - k(D(2)) - kpre—eq
' Min : (1 + akpre) (20)

Similarly, AN (i) = {0, ANp, 2 - ANy, ...n- ANp}.
N'(Dour — N(0)our = AN (i) - k(D(2))

. kpre—eq(l + (Skpre) My (21)
The gain variation (1 + 8kpr) could be conducted,
relating to Least Square Criterion and the reference
gain estimated in step 1).

3) The compensation of the gain variation can be con-
ducted in the controller D(z), as shown in equation (22).

k(D(2)) - kpre—eq = {mk(D(Z))}

: kpre—eq(1 + 8kpre)
~ {(1 = Skpre)k(D(2)) }
. kpre—eq(l + Skpre) (22)

B. THE ESTIMATION AND COMPENSATION

OF THE FEEDBACK CHANNEL

When the Digital-QFA is working in open-loop state, the out-
put would be proportional to the excitation at the feedback-
channel, shown in Fig. 6. and equation (23), where afeeapack
would balance the input acceleration. The entire loop-gain,
kpre - kpp, could be estimated through a;,2 and Ny, . Actually,
when the Digital-QFA is at its open-loop state, it is unstable,
and the electrostatic adsorption force would have great impact
on the pendulum. Therefore, the testing repeatability could
not achieve the precision for gain compensating.

Nowr X ain2 (23)

out

a. r——
_'">K0:mL - T k >

pre :
k -— -

A foedback
Qi

FIGURE 6. The open-loop model with additional acceleration excitation.

k
pre

Constant current
P Source: L

a
——— K, =mL —

M

Analog switch: M1 FPGA

0

k,, ok

k, DA

FIGURE 7. The close-loop model introduced with constant current source.

Through aging screening and temperature cyclic test,
the variation of magnetic induction and the length of coil over
time could be restrained at 5 x 10~¢ per year, which means
the transfer module k; could be constant compared with the
rest sections. The constant current source could achieve high
precision, about 5 x 107° per year, and it is identical with
the acceleration. Therefore, another acceleration reference,
constant current source, could be introduced to the Digital-
QFA, shown in Fig. 7. The analog switch M1 is controlled by
FPGA, and it could be closed when conducting the estimation
schedule, and it would be opened when in working-state,
which do not impact the original close-loop working.

Therefore, the output of the entire close-loop system is
stated in equation (24) and (25) separately when the switch
on or off.

Ko -k —k; - k
Nowt—on = Cu aj, + Lpre : Iref
1+ kﬂ, . kpre 1+ ks - kyrkpa - kpre
(24)
KO . kpre
Noyt—off = ————— - aj 25
out—off I+ kfb - kpre Ain (25)

The loop-gain of the system would be much larger than 1,
as k; - kyrkpa - kpre > 1. Then there can be concluded:

—1
kyvikpa

Nout—on — Nout—oﬁ" ~ : Iref (26)

With the exact value of [,.r, the variation of could be
estimated through Nyys—on and Noy—of . And the practical
operation steps are stated as follows:

1) Ininitial status, the relation between Ny, and Iyef:
—1 ;
kvikpa "

2) In actual status, the relation between Ny, and Ir is
stated in equation (28).

Nout—on — Noutfoﬁ‘ ~ 27

-1
-1
kyrkpa - (1 + 8kpp) o
The gain variation (1 + §ks,) would be computed, relat-

ing to the reference gain kyykpy in initial status, and the
estimation error could be restrained in 10 x 10~°.

(28)

NOMI—OIZ

- Nout—oﬁ ~

2 [N @our = N(0)ou) AN @)1 — 1 - (N@our — N(0)our) - AN (i)

k(D(z)) - kpre—eq ‘M, =
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3) Considering (1 + dkp) could only be compensated
in the feedback channel, the compensation would be
completed at the DA segment. The expression of the
output of DA is stated in equation (29). Where Npy is
the result of the digital controller; Npy» is the digits of
DA; Vpaz_rer is the reference voltage of DA.

VDA2_ref

o1 29)

Vpa2 = Npy -

Actual, the reference voltage Vpas_rer is provided through

another DA, recorded as DAO. Therefore, the expression of

Vpa2_ref» the output of DAQO, is stated in equation (30). The
variation of Kpyp is also embodied in (1 + 6kp).

Vpao_ref = NvrEF - Kpao (30

where Nyggr is the digits transferring to DAO from FPGA
and it could be adjusted online. Consequently, the feedback
gain variation could be compensated with N‘/,REF = NVREF -
m ~ Nyggr - (1 — 8kgp), controlled through FPGA. And
the gain of feedback channel would be in consistent condition
with the initial status.

In summary, the overall loop gain variation over time is
compensated rationally through the separation of the gain of
the forward and the feedback channel. The control structure
diagram with compensation procession is shown in Fig. 8.

; 5k e D(z)
1 / -Y! Now
— k> kg -k, >k, D(z)—\:

Gy . 5=
e Ky =l N G = ]
M, i
r Sk ko 1
- 1
N+ Fou

Ny

I
I
Control Core !
I

v
kA e—Nw— k, - Ky

FIGURE 8. The control structure diagram with compensation procession.

IV. THE EXPERIMENTAL VERIFICATION OF THE
COMPENSATION SCHEDULE

A. THE PROCEDURE OF EXPERIMENT

The compensation schedule is aiming at the gain variation
over time. In order to simplify the test process, the loop-gain
would be varied through changing the resistance value of the
forward and feedback channel. And the absolute variation of
the gain would be predictable and the estimation results could
be judged precisely.

The estimation and compensation procedure are integrated
in the accelerometer system, and the block diagram is pre-
sented in Fig. 9.

The testing procedure are conducted as follows:

1) At initial state, estimate the reference of the
Eq-forward-gain and the entire-loop gain, recorded as
kpre—eqo and kyrokpao.

2) Fix the Digital-QFA in the stabilized platform, and
conduct static testing. The average output of the
accelerometer is recorded as N, (0).
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FIGURE 9. The estimation and compensation procedure.

3) Maintaining the install condition of accelerometer,
the variation of the loop-gain is fixed to (—200ppm,
+200ppm), separately for the forward and feedback
channel. Conduct static testing without gain compen-
sation. The average output of the accelerometer is
recorded as N, (1).

4) Similar to step 3), conduct static testing after the com-
pensation of loop gain. The average output of the
accelerometer is recorded as N, (1). And the new
Eqg-forward-gain, the gain of VI module and the DA
module are recorded as kpre—eq1 and kyrikpas.

5) Execute comparative analysis with Ny (0), N, (1)
and N,y (1).

B. THE RESULT OF ESTIMATION TEST
The estimation test is conducted as stated in section A. And

the fundamental static performance indicators of Digital-QFA
are shown in TABLE 2.

TABLE 2. The fundamental performance indicators of digital-QFA.

Performance Quantity
Bias Stability 50ug
Bias Repeatability (one month) 50ug
Scale-Factor Linearity 30ppm
Scale-Factor Repeatability (one month) 30ppm

The structure and the circuit of the Digital-QFA tested are
shown in Fig. 10.

1) THE ESTIMATION OF THE EQ-FORWARD-GAIN VARIATION
The estimation of the forward-gain is conducted with 6-times.
The results are shown in TABLE 3, where kpye.eqo could
be the benchmark value of the forward-gain, and Kpre-eq1
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FIGURE 10. The structure and the circuit of the Digital-QFA.
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FIGURE 11. The Estimation of the Forward-gain drifting: (a) Blue line: the
output value with no forward-gain error, kpre.cq0; (b) Red line: the output
value with forward-gain error (—~200ppm), kpre_cqi-

is the testing result of the real forward-gain when varying
it by (-200ppm). Therefore, the relative variation between
(Ceeat et 109 (ppm) and (~200ppm) could be the
judgel;ne%t of the effectiveness of the estimation procedure.
As shown in TABLE 2, the estimated residuals of the proce-
dure are about 9.74%, which means that about 90.26% of the

error could be estimated and compensated.

TABLE 3. The estimation results of the Eq-forward-gain.

k

Sk = et Kpre-eao «10°

pre-eq0 k pre-eql " K precao w‘.m%
(ppm)
I 478.9735  478.8887 -177.04 11.48%
2 478.9761  478.8861 -187.90 6.05%
3 478.9697  478.8828 -181.43 9.28%
4 4789771  478.8909 -179.96 10.02%
5 4789706  478.8851 -178.50 10.75%
6 478.9764  478.8910 -178.29 10.85%
MEAN 4789739  478.8874 -180.53 9.74%

One of the original data is shown in Fig. 11. , where (a)
Blue-line: the Eq-forward-gain at initial status, or the refer-
ence forward-gain; (b) Red-line: the Eq-forward-gain when
varying the forward parameter by (—200ppm).

2) THE ESTIMATION OF THE FEEDBACK-GAIN VARIATION
The estimation of the feedback-gain is also conducted with
6-times. The results are shown in TABLE 4, where ky;okpao
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FIGURE 12. The Estimation of the Feedback-gain drifting: (a) Blue line:
the output value with no feedback-gain error, ky;okpao: (b) Red line: the
output value with feedback-gain error (+200ppm), ky;1kpa1-

could be the benchmark value of the feedback-gain, and
kyrikpa1 is the testing result of the real feedback-gain when
varying it by (4+200ppm). Therefore, the relative variation

kvrikpar —kyiok,
W - 10%)(ppm) and (4+200ppm) could

be the judgement of the effectiveness of the estimation pro-
cedure. As shown in TABLE 3, the estimated residuals of the
procedure are about 9.08%, which means that about 90.92%
of the error could be estimated and compensated.

between (

TABLE 4. The estimation results of the feedback-gain drifting.

kyrokpao kynkpg L-Z:O +100%
1 -71738.78 -71754.78 11.51%
2 -71738.14 -71753.42 6.50%
3 -71739.28 -71754.92 9.00%
4 -71739.21 -71754.63 7.47%
5 -71739.03 -71755.17 12.49%
6 -71738.67 -71754.09 7.47%
MEAN -71738.85 -71754.50 9.08%

One of the original data is shown in Fig. 12., where
(a) Blue-line: kyjokpao at initial status, or the reference gain;
(b) Red-line: ky;1kpa1 when varying the feedback parameter
by (4+200ppm). There are additional fluctuating errors when
the constant current source be introduced to the system, and
it does have strong correlation with the temperature. Also,
the magnetic induction would be impacted by the tempera-
ture. These factors would degrade the estimation results, and
enough testing time and stable environment temperature are
necessary for high-precision estimation.

3) THE OUTPUT OF THE DIGITAL-QFA
One of the results of Ny, (0), N/, (1) and Noy (1) are inte-
grated in Fig. 13 :
o The average of N, (0) could be the accurate value of
the accelerate;
o The average of N/, (1) could be the output of the
accelerometer without compensation;
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The Digital-QFA with/without Compensation
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FIGURE 13. The output of the Digital-QFA with/without compensation:
(a) Blue line: the output value with no loop-gain error, or the reference
output; (b) Red line: the output value with loop-gain error and without
compensation; (c) Green line: the output value with loop-gain error and
with compensation.

o The average of N,, (1) could be the output of the

accelerometer with compensation.

Without the gain compensation, there is difference 193ug
between Ny (0) and N, (1), approximately. Through the
online compensation of the loop gain, the difference between
Nour (0) and N,y (1) is declined to 24ug, close to the static
precision of the testing Digital-QFA. The estimation effect
could be computed as equation (31).

Ny (1) = Nowr (0)

residual error = x 100%
Nout (1) - Nout (O)
24ug
= x 100% = 12.44% (31
193ug

The residual error of the estimation procedure is about
12.44%, which means that about 87.56% of the output error
is restrained. The residual error would be the inaccurate mea-
surement introduced by the magnetic induction, the length of
the coil, etc. These factors were neglected rationally in the
estimation model and the testing error is restrained in 10ppm.

There must be noticed that the entire testing procedure is
conducted in laboratory and the fluctuation of room tempera-
ture is within 3°C. The large temperature fluctuation must be
taken into consideration when applied in practical engineer-
ing, which could be calibrated in laboratory. Additionally,
the estimation schedules are verified through changing the
electrical parameters, and there are other elements which
would vary over time. There should be more verification tests
to check the effectiveness of the method, which would be the
succeeding activities in our researches.

V. CONCLUSION

The entire model and the confounding factors in the
Digital-QFA system over time are analyzed detailly. Most
of the influence factors would bring about the variation of
the loop gain, and ultimately, they would embody as the
drifting of the output accelerate. Considering the gain of
forward and feedback channel must be compensated sepa-
rately, we propose two estimation schedules to distinguish
the forward and the feedback gain variation, utilizing the
modulating and the feedback signal. Through the simulation
experiment, the estimation and compensation schedules are
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verified to be effective. And the testing results illustrate that
about 87.56% of the variation of the output accelerate could
be compensated. The long-term stability of the Digital-QFA
would be promoted significantly.

Nevertheless, there still exist neglecting items in the com-
pensation model, which lead to the residual of the compen-
sation. And the long-term incentive mode is not identical
with the temperature changing. To overcome this, we plan to
establish more accurate models and pay more attention to the
equivalence of the compensation mode and working mode.
New detection circuits with equivalent topologies should also
be included to the research content. Furthermore, long-term
demonstration test is in progress to optimize the schedule.
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