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Abstract. This work presets one of the ways to compensate for the bias in differential mode of Coriolis
vibratory gyro operation. To compensate for the bias it is necessary to know both channels scale factors,
SF and SF), of differential Coriolis vibratory gyro, which, as a rule, are known by the results of calibration
procedure and elastic wave angle 0 relative to one of the two drive axes which can be established in ad-
vance. This paper presents the different variants of bias compensation algorithms which can be applied to
compensate for initial gyro bias and bias drift in motion. Experimental results on differential Coriolis vi-
bratory gyro key parameters temperature influence are also presented.
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I. INTRODUCTION

The differential mode of operation, which is
analyzed in this paper, can be implemented in the
ring-like Coriolis vibratory gyro (CVG) resonator by
keeping a standing wave between the electrodes by
applying two stable amplitude signals on X and Y
drive axes. In this case two magnitudes of angular
rates with opposite signs can be read-out from X and
Y sense axes [1]. The resulting angular rate can be
obtained by signals subtraction of two angular rate
channels and at proper alignment of standing wave
cross damping bias component is compensated.
Moreover, the sum of these two signals gives infor-
mation about the bias drift components without an-
gular rate that can be used to estimate certain bias
components for on-line compensation [2].

II. PROBLEM STATEMENT

Differential CVG gives many possibilities to es-
timate and/or to compensate for bias drift. Some of
bias compensation algorithms are derived and dis-
cussed in this paper. Experimental results on diffe-
rential CVG key parameters temperature influence
are also presented.

III. DIFFERENTIAL CVG MEASUREMENT EQUATIONS
Suppose that under applying control signals f,
and f, tothe X and Y electrodes the standing wave is

aligned between them, as it is shown by the dashed
line in Fig. 1. The dynamic equations of the standing
wave in this case can be written down as follows [3]:

X+d x+k x+ kxyy =(2kQ - dxy)y + 1.,
y+d, y+kx+k,y=(2kQ-d )i+ f,, (1)

where k is the Brian coefficient, approximately
equalto 0.4; d_=2/t+hcos20_is X axis damping

coefficient 2/t=1/1, +1/1,, h=1/71,-1/1,;
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the minimum resonator damping time; T, is the

maximum resonator damping time; d,, =/sin20, is
Ay
k. =0, —®Awcos20, is the resonator rigidity

the damping cross-coupling;  d,.

coefficient along X axis normalized by the mass,
0A® = (0, —®;)/2, where @, and , are the maxi-

mum and minimum resonant frequencies;

k. =-®Awsin20, is the rigidity cross-coupling; k.,

= ks d

s dy, =2/1—hcos26, is Y axis damping coef-

ficient; k, =, + +®wAwcos20, is the resonator

rigidity coefficient along Y axis normalized by the
mass; f,, f, are normalized by the mass control sig-
nals; 0,, is an angle between minimum frequency axis
and standing wave (antinode) axis; 0, is an angle
between the minimum damping axis and the standing
wave (antinode) axis.
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Fig. 1. Standing wave in ring-like differential
CVG resonator
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Control signals f, and f, should be applied on X and
Y axes to make the rigidity equal k. = k,,. It means
that ®; = 0, = ,.

Let’s find stationary solution of equations (1) in
view of the following expressions

x=rcos20sin(m.t), y =rcos20sin(m,t + ), (2)

where 7 is oscillation amplitude; 0 is vibration angle
relative to X axis; ¢ is phase difference between X
and Y sense axes signals that should be constant to
provide ®; = = ®, [2].

Suppose that 6 = nn/4, n =0, 1, 2, ..., then for X
and Y sense signals z,and z, in voltages after demo-

dulation by reference signals sinw,# and cosw,# and
transformations, the following expressions can be
obtained [2]

—2kQD tg20coso+d, D tg26coso+D.d =z, ; 3)
2kQD cot26+d, D ctg26+ D d coso=z,
where D, and D, are transformation coefficients of

mechanical deformation into the X and Y elec-
trodes voltages.

IV. BIAS COMPENSATION BY SWITCHING CONTROL

Coefficients at angle rate ) variable are scale
factors of the X and Y sense channels

SF, =2kD, tg28 cos ¢;

4
SF, =2kD,cot28.
Let @ = 0, then (3) can be rewritten as follows
~SFQ+d D, tg20+D.d, = )

SFEQ+d Dctg20+Dd, =
When ¢ = 7, then (3) is
SFQ~-d, D, tg20+D.d

x % xx (6)
SFEQ+d, D.ctg20-D,d, =z].

After summing and subtracting (5) and (6) the
following expressions can be obtained

zr=2Dd_; z{ —Z —2D‘dm,

427 =2SF,Q+2d D cot26;
2 —ZS = 2SF,Q-2d, D, tan20. 7

Solution of (7) relative to Q yields
zZ)+27 +z -z, =2(SF, + SF,)Q @
+2d (D, cot28 — D, tan 26);

It can be concluded from (8) that if

D, cot20 - D, tan20=0;

1 D 9
or —~=tan’20;— 0, =—tan"' |—*, ©)
y 2 y
Pure angle rate without bias can be obtained:
Z)+z) 4z —z) =2(SF + SF)Q;
SF" =SF!*TR; SF =SF)[TR;  (10)
TR :M; AO=0-0..
1—-tan2A0
It follows from (4) that
SF, D,
—* cot” 26. (11)
SF, D

So, at the beginning wave can be set on arbitrary
angle 0 # kn/4, k=0, 1, 2, ...., more convenient value
is 0 = /8. In this case cot20 = 1 and

SFT(/8 D 1 SFn/8
= ., =—tan"’ — 12
S F;Tc/ 8 Dy 2 S F;n/ 8 ( )

Differential CVG control system block diagram is
presented in Fig. 2.
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Fig. 2. Differential CVG block diagram

Phase difference ¢(¢) control law to compensate
for the differential CVG bias is graphically presented
in Fig. 3.

0000,

Fig. 3. Phase difference switching control law
to compensate for the differential CVG bias
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Because of scale factors SF, and SF, can change
versus temperature that results in wave angle 0
change, temperature sensitivity of these parameters
should be studied.

Figures 4 and 5 show temperature dependencies of
X and Y channels scale factors and total one

SE8 =SFX"/8+SF;‘/8 when wave angle is m/8

total

(22.5 deg). As can be seen from the Fig. 5 SF™S
temperature sensitivity is 0.016 %/°C.

As can be seen from Fig. 4 SFX“/S(T) and
SEV“/ (T) curves are almost parallel to each other.

The latter means that wave angle 0 calculated as a
ratio of these two scale factors (see (12)) will be very
stable.

Figure 6 shows wave angle 0 calculated by
expression (12) for different temperatures.
Temperature sensitivity of this angle is sufficiently
low and is equal to 0.95%10* %/°C.

0.0775 T T T

0.0771-

0.0765

0.076

0.0755-

0.0751-

Scale factor, counts/(deg/s)

0.0745

SFpl/S
¥

0.074 -

0.0735 ! : : !

25 30 35 40 45

50 55 60 65 70 75

Temperature, o

Fig. 4. Scale factors temperature dependence

0.1512 T T T T
SF_+SF
= Ty

SFytal™

0.151
0.1508
0.1506
total

0.1504

0.1502

Scale factor, counts/(deg/s)

SF, temperature sensitivity = 0.016 %/°C

I
5 30 35 40 45

1 I
50 55 60 65 70 75

Temperature, el

Fig. 5. Total scale factors temperature sensitivity

Wave angle temperature sensitivity=0.95%1 0 %rC
22.2275¢

on
(]
o
2.\
g
<
(o]
=4

=
22.2255¢ 1
22.225} 1

22.2245

30 50 . 60 70
Temperature, "C

Fig. 6. Wave angle 0 versus temperature

So, first step in differential CVG bias compensa-
tion procedure is to align standing wave under angle
0 = n/8 and to carry out scale factors SF and SF,

calibration. It can be carried out at room temperature,
because their ratio is almost insensitive to tempera-
ture change. The second step is to realign the standing
wave to the angle 0 in accordance with expression
(12). The third step is to send a signal ¢(#) in accor-
dance with one presented in Fig. 3 to the input of
controller 3 (see Fig. 2). Angle rate Q should be
calculated by he expression (10), where 6 = /8 and as
follows from Fig. 6 AG = 22.5 —22.226 = 0.274 deg.
(0.00478 rad), TR = 0.99967.

V. BIAS COMPENSATION BY SINE CONTROL

Switching control law can cause transients which
result in measurement errors. To reduce errors in high
dynamic measurements sine function control law as
depicted in Fig. 7 can be used.
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O() = @, Sin L. (13)

Substitution (13) in (3) yelds

After Bessel function of the first kind expansion
of function cos(qesinm,?), the following expressions
can be obtained

—2kQD tg20cos(@, sino, 1) + d, D, tg26cos(¢,sinw )+ Dd =z ;

Here only second harmonic of frequency o, is

(14)
2kQD,cot20 +d D ctg20+ D, d, cos(¢,sinw )=z .
z, ==SF J(9,)Q2-2SF J,(9,)Qcos20,t +d D tg26J,(¢,) +2d, D tg26J,(p,)cos2mt+D.d ;
A A A o, v, (15)
z,=SFQ+d Dctg20+ D d J(¢,)+2D,d J,(¢,)cos20,t.
ZfPFD =-2SF.J,(¢,)2+ ZdeDythGJz (9,); 20)

taking into account.

Low pass filter (LPF) output signal is
ZxLPF = _SEVJO ((Po )Q + dWthgze‘IO ((p()) + Dvd 5

xx 2

(16)
z_fPF =SF,Q+d D.ctg20+D d, J,(¢,).
The difference of these two signals yields
Z,\%PF - ZxLPF = (SFVJO ((p()) + SEv )Q
+d,, [ D.ctg20-D,tg20/,(0)] (17

+D d

yo

JO((\DO) - Dxdxx'

Let’s find wave angle 6 and phase difference
scanning amplitude @, to null two last summands of
(17). It means two equations should be solved for 6

and @o
D, ctg20— D, tg26J,(¢,) =0 (18)
DydnyO ((PO) - Dxdxx = O

Taking into account (12) the following solution
can be obtained

SF d_
Jo () :SF—’“/gd( >
Y (19)
1. | SF”
0, =< tan " | —r"——.
2 SFJo(94)

Ratio d,./d,, is also almost insensitive to temper-
ature, because X and ¥ damping are almost equally
changed versus temperature [4]. So, d.. and d,, can be
measured at room temperature. For the gyro under
test calculations give the following values:
dy/d,,=0.951, Jo(po) = 0.885, ;=39.408 deg,
0o=22.862 deg, w,> dQ)/dt.

The last two summands can be nulled by using
combination of LPF and band pass filter (BPF) sig-
nals extracting the second harmonic 2w, frequency.
After demodulation of this signals the following
expressions for output signals of demodulators can be
obtained

z_fPFD =2J,(¢,)D,d,, tan26.

The difference of these two signals yields

2,0 = 2" =28F J,(9,)Q @1
+2J, ((pO)Dy tan 29(dyy - dxy).

After combination with the second equation of
(16) the following equation can be obtained

LPF _ _BPFD _
y ¥y

ZfPFD :[SEV +2S8F J, ((po)}Q
+ dx,v [D«V cot26 -~ 2Dy']2 (¢,) tan 29j|
+ D,V »y ["]0 ((Po ) - 2J2 ((PO ) tan 26] .

(22)

As in the previous case let’s find angle 6 and @, to
null the two last summands of (22) which give the
following two equations

D, cot20-2D J,(¢,)tan26 =0;
Jo (@) —2J,(¢,) tan 26 = 0.

So, taking into account (12) it can be obtained

Jo (Pyo) _ SF;’TE/g .
2J,(9q0) SFxn/g ’

1. | 1 SF™
0, =—tan — |
2 J,(9,,) SF;

For the testing gyro the following values can be
obtained: @y=76.748 deg 04,=39.156 deg.

VI. CONCLUSION

Some on-line algorithms to compensate for rate
CVG bias have been proposed. To implement these
algorithms into practice one should be realized the
possibility to modulate phase difference between
oscillations along X and Y drive axes and to align
standing wave angle 0 at the prescribed value. It has
experimentally been shown that the prescribed wave
angle 0 that is able to null bias is almost temperature
insensitive, so it can be aligned by the manufacturer
and will not be changed during operation.
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For more accurate applications wave angle 0
should be calibrated versus temperature in order to
change it during CVG operation in accordance with
temperature change.
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ripockomni

[IpencraBneno pi3Hi BapiaHTH aNrOPUTMIB KOMIEHCAIlli 3MIllIEHHsI HYJISI KOPiOJIiCOBOrO BiOpamiiHOro ripockora, siKi
MOXYTb 3aCTOCOBYBATHCS [l KOMIIEHCAIlii IT0YaTKOBOTO 3MIIlIEHHs HYJIsl Tipockomna Ta ioro apedy. Takox mpeacra-
BJICHO EKCIIEPUMEHTAIIbHI PE3YyJIbTaTH BILIMBY TEMIIEPATypy Ha KIIIOYOBI apameTpu Au(epeHIialbHOro KOpioicoBOro
BiOpariifHoro ripockora.
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