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INFLUENCE OF EXTERNAL SHOCKS AND INTERNAL NOISES ON THE
RESONANT FREQUENCY TRACKING SYSTEM IN CORIOLIS VIBRATORY
GYROSCOPE

Resonant frequency tracking system that ensures rapid capture and track of frequency when switching on the
gyro at any temperature from the working temperature range in Coriolis vibratory gyro are proposed and analyzed
in this work. The problems of external shocks and internal noises influence suppression on the performance of
resonant frequency tracking system, built on the basis of phase lock loop by tuning PIDF controller coefficients,
used in feedback control loop of the tracking system are investigated.
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Introduction

In order to obtain highest accuracy and sensitivity
of Coriolis vibratory gyroscope (CVG) its resonator
should be excited at the resonant frequency. However,
in the process of CVG operation the resonant frequency
changes because of temperature and other effects. The
resonant frequency changes require development of
tracking system so that excitation signal would have the
resonant frequency at the moment of its applying on the
resonator. One of such system is autogenerator, the
positive feedback loop tuning such that total
amplification coefficient of the loop is equal to unity
and total phase is zero. Such a system finds the resonant
frequency very quickly and tracks it at its temperature
variations [1]. The autogenerator disadvantage is high
tracking noise, therefore, other resonant frequency
tracking systems are used for precision devices. One of
the most frequently used systems is phase lock loop
(PLL) [2]. PLL disadvantage in application to CVG is
that for rapid and reliable “capture” of the resonant
frequency that defines CVG start-up time, which should
be minimal (0.1-1) s for modern gyros, the frequency
initial value should be indicated sufficiently close to real
resonant frequency. Since the gyro should have minimal
start-up time when switching on at any temperature
from the range [-40+85]°C, then it is very hard to
sufficient precisely indicate the real resonant frequency.

CVG resonant frequency tracking system which
ensures rapid “capture” and track it when switching on
the gyro at any temperature from the operating
temperature range is proposed and analyzed in this
work. The problems of external shock type disturbances
and internal noises which generate buffers, modulator,
demodulator, and also ADC and DAC, in case of digital

© B.B. UikoBani

implementation of the system, which undoubtedly is
preferable, are investigated.

PLL for CVG block diagram

PLL block diagram and its connection to CVG
sensing element (SE) is presented in fig.1. SE consists
of three units: actuator, resonator and sensor. The
voltage at the resonant frequency is applied on the
actuator to excite oscillations. The resonator is a
metallic cylinder, in which there is a standing wave on
the second elliptical mode of vibration with four
antinodes and four nodes. There appears oscillations in
nodes with amplitude proportional to angle rate when
the cylinder is rotating around its axis of symmetry, at
this resonant frequency is modulated by angle rate [3].
Sensor measures this oscillations amplitude. Flat
piezoceramic electrodes are used as actuator and sensor
in real CVG.

PLL consists of three basic units: phase detector
(PD), which is realized as an amplitude demodulator
consisting of multiplier and low pass filter (LPF),
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Fig.1. PLL and SE connection block diagram

controller, which is realized as proportional-integral-
differential (PID) regulator and voltage control oscillator
(VCO). PLL is connected from one side to the actuator
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located at the one untinode and from another side to the
sensor located at the other untinode.

Resonator oscillation dynamic can be described by
the following second order differential equation:

X+&X+mfx:F, (1)

where X is the resonator deviation from its neutral
position, Q is the resonator’s quality factor, @, is
resonant frequency, F is excitation force, applied from
the actuator. This force F can be represented as:

F=A4 cos0=4 cos(oit+);

2
A=V*w/gs, )

where 06 is VCO instantaneous phase, cosé is VCO
output signal, A — force amplitude, determined by
piezoceramic parameters and oscillation amplitude V set
by CVG amplitude stabilization system, w is piezoelectrode’s
width, gs; is piezoelectric voltage constant [4].

The sensor output signal x is proportional to
mechanical oscillation amplitude with proportionality
coefficient k=t/(Lds;), where t, L are the piezoelectric
plate’s thickness and length, respectively, ds; is
piezoelectric strain constant [4].

PD output signal is determined by the following
relationship:

y=A&xcosO-y 3)
where A4 is LPF cutting frequency. PID controller
output signal z is:

2=Ky [ydt+ Koy +Kqy

or
=K y+Kpy+Kgy. (4)

Instantaneous frequency on the VCO output is
described by the equation:
(DEé:C‘)O"‘KVCOZ ;
or

0= E ()0 + KVCOZ BT , (5)

where @, is VCO initial frequency, Kvyco is VCO
transformation coefficient which dimension is Hz/V.

VCO control voltage is determined by integral of
the controller signal:

u=-cos6= KVCO E zdt

or
U= Kycoz- (6)

As a result the system of differential equations
which describe PLL operation in CVG can be obtained:
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O .
X+ —LX+w2x=F
Q

0= g + choZ (7)
1=K y+Kpy+Kgy
y=A1€xcosO—y .

These equations are nonlinear ones relative to 6
variable and it is difficult to analyze them. Stability
analysis for such nonlinear system is presented in [2]. It
should be noted that PLL ensures resonant frequency
“capture” if its initial frequency @y is sufficiently close
to resonant one w,. Taking into account that a; is global
maximum, then the closer the initial frequency to global
maximum, the more reliable and rapid the resonant
frequency will be “captured” by PLL. Moreover, under
condition of proximity of oy to o, PLL parameters can
be tuned to narrow band of frequency “capture”
minimizing the PLL noise, and, therefore, tracking
accuracy can be increased.

One of the possible and effective techniques to set
PLL initial frequency when switching CVG at any
temperature from the range -40 +85°C is to insert in the
tracking system the next auxiliary units: autogenerator,
frequency meter and switcher as shown in fig.2. In the
process of autogenerator operation, frequency meter
determines the resonant frequency.
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Fig.2. PLL block diagram with autogenerator

For 200-500 resonant frequency periods (50-100
ms), 0.1-0.2 Hz measurement error can be obtained. It is
enough for PLL to capture the frequency as rapid as
possible after switching the signal from autogenerator
(switcher position a) to PLL (switcher position b) and to
continue tracking with low noise. Doing this, total start-
up time will be in the range 0.1-1 s. PLL bandwidth and
transient process are mainly defined by the PLL
controller parameters Kj, K, and Kg.

PLL linearization

When PLL operates in the vicinity of resonant
frequency it can be described by linearized equations to
a sufficient high accuracy. So, PLL linearized transfer
function should be obtained. Firstly, it should be noted
that linearized SE transfer function when it operates in
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the vicinity of resonant frequency together with
demodulator can be presented as follows [1]:

pCU
H 1
AR ®

where P, is SE amplification coefficient at resonant
frequency. In this case the tracking system block
diagram is reduced to the view presented in fig. 3.
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Fig. 3. Tracking system reduced block diagram

Here delay was introduced to take into account
demodulator dynamics, containing LPF which defines
time delay Td depending on filter’s order.

SE output signal can be written down as follows:

Ug(t)= sin[ex(t)-22(1)] , 9)

where ¢, ¢ are SE and VCO output signal
instantaneous phases, respectively.

When phase difference Ap=g;-¢, << 712 one can
write:

Ua(t)= [o1(t)-2a(D)]=4¢. (10)

Having designated the controller transfer function
as F(s), its equation in Laplace transform can be written
down as follows:

Uy(s)=F(s)u(s). (11)
PLL basic equation is defined by the VCO and is
as follows:
U €= 0 + Kyco rlz Ut 12)
All these equation is valid when PLL operates in
stationary mode at the resonant or close to it frequency.
Having designated Laplace transform of PLL
signals u(t) and u,(t) as u(s) and uy(s) for linearized
transfer function of PLL (without phase detector which has
been inserted in SE as demodulator) can be obtained:

~ Uy ‘ choF ‘
G 13
BT (13)
Let’s consider proportional-integral-differential

with low pass filter (PIDF) to smooth the differentiator
noise as a controller with the following transfer function:

~ KyNs K;
F€=—9 " +K,+—1=
~ s+N Pos 1
(< +NKg 2 5%+ KN +K; S+ NK; (14)
s% +Ns ’
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where Kq, K, K; are differential, proportional and
integral chain coefficients, respectively, N is the low
pass filter pole. In this case transfer function of
linearized PLL takes the following view:

2,2 o
ce €p +NKq 25"+ &pN +Ki 3+ NKi Kyeo

, (15)
s+ Ns S

Now, the resonant frequency tracking system
block diagram can be presented as follows (fig.4):

uy ()
G(s) >

r(t) . u(t) Ux(t)

H(s)

Fig.4. Linearized tracking system block diagram

Influence of shock type disturbance

External shock type disturbance b(t) is introduced
on the SE output as shown in fig.5.
b(t
(* ux(t)
U

LI s 1

H(s)

Up(t-To)=Us(t)

Fig.5. Tracking system block diagram
with shock disturbance

Disturbance transfer function Ay(s) is defined by
the following expression:

~_ Uz‘ 1
B 1+Hc§¢bt

Sz[ﬂsz [ R +1]s +1J
Op Wp Il

P .
{@s“ [ 2Q+l]s &g kg 32 €GN K s+KiN}Q—2°KVCOe STy

O Op Op

A€ = (16)

where D(s)= eSTd At phase step of B, transfer function

of the step is /s, and total angle measurement error, taking
into account Laplace transform properties, is equal to:

) B
lim-~ al "I VA‘B L

s—0 S s—>0 52

QR " (17)
2

r

KvcoKi

Coefficient v characterizes sensitivity of frequency
change to angle rate measurement. Let’s set maximum
angle measurement error equal to Epa =0.1arc min
(2.9%10° rad.), then the following inequality should be valid:

KryuKi=—- KvcoEmax =%
of of  (18)
251001 ..,

10%2.9#107° %05
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At numerical calculations the following values
were set f=0.1rad., Kyco=10 Hz/V. Thus for phase step
of $=0.1 rad. angle measurement error will be no more
than 0.1 arc min when amplification coefficient of PIDF
controller integrating chain is K;>0.14. Such high
accuracy is due to low sensitivity of angle rate measurement
error to resonant frequency change v=2*10".

Disturbance amplitude-frequency characteristic
(AFC) of the tracking system is presented in fig.6.
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Fig.6. Disturbance AFC of the tracking system

This figure shows that external shock type disturbance
suppression bandwidth, for controller coefficients:
Kq=95, K,=498, K;=578, N=22738 spread up to 100-
150 Hz.

Unit step response is presented in fig.7. It shows
that system settling time is 60 ms.
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Fig. 7. Frequency tracking system settling time
after shock

It is clear that if the disturbance suppression
bandwidth is 100-150 Hz, then the same bandwidth of
the useful signal will be passed. Let’s show that at the same
controller parameters the tracking system bandwidth on
input-output (r(z) — u,(t)) is about 100Hz. For this let’s
write input-output transfer function as follows:

~Up, € GEHE _
~ R€. 1+H€GEDE
kP+NKdEZ+«PN+KI§+K\N;Q’ZOK\/CO

[2)

= r

Az € (19)

’
<~ ~ P
{%—Qs‘+[N 2—+1]s3+ I‘I+((p+NKd22+((pN+KI/s+ KN Rl Ko™
T
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Fig. 8 presents input-output AFC of the tracking
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Fig.8. The tracking system bandwidth

system. This figure shows that tracking system
bandwidth on the input (useful) signal is 100 Hz.

Influence of noises

The noises wy(t) of demodulator, output buffer,
and in case of digital implementation of the system,
analog-to-digital converter (ADC) are inserted in the
system after delay chain as shown in fig.9.

us (t)

Ua(t)

Fig.9. Block diagram with wy (t) noise

Transfer function by the inserted noise can be
written down as follows:

~ U6 GE€HE
W, € 11GEHEDC (20)

< P
ko vy 32 €N kN DKo
[Q]

—_ r

= 1

< P _
[@34+[N§+1]52+ b+ €, Nk 32+ €GN K s HKGN Q—ZOKVCOe sTa
o or

Avy €

oy

This system AFC is presented in fig.10.
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Fig.10. Noise wy (t) suppression

This figure shows that high frequency noise is only
suppressed. Noise wy(t) sources have high frequency
character. So, demodulator operates at the resonant
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frequency (4-5 kHz), and ADC at about 100 kHz. Intensities
of these noises are concentrated at the frequencies of
their operation and, therefore, are effectively suppressed
by the system.

The noises wy(t) of modulator, input buffer, and in
case of digital implementation of the system, digital-to-
analog converter (DAC) are inserted in the system
before SE as shown in fig.11.

r(t) u(t) Uo(t) mU1(t)

G(s) > > 2(1)
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Fig.11. Block diagram with w(t) noise

Transfer function of the tracking system by
inserted noise is:

~ Uz‘ H‘
Puy €= Wy € 1+G<Hﬂ>c (20)
526+N:Q2°

_ Or
= 1

P
{gs‘l ( 2, ]s i+ &g Nk 32 €N +KG S KGN Q—choe sTa
Op Op r

Transfer function AWm 6: AFC is presented in
fig. 12.
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Fig.12. Noises wy, (t) suppression

Fig.12 shows that the tracking system provides
suppression of no less than 60 dB over all frequency
range, but in the range less than 0.5 Hz and more than
50 Hz suppression is more significant.

Tracking system accuracy analysis

Resonant frequency searching time depends on
how close to it is set PLL initial frequency oq=2nf,. The
closer the initial frequency to the resonant one, the more
rapid and accurate the PLL finds it. Fig.13 shows the
dependence of frequency difference f, — fyco between
resonant frequency f, and excitation frequency fyco
coming from the VCO at f=0.
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Fig.13. Resonant frequency searching process at f,=0
VCO excitation frequency reaches up resonant one
to an accuracy of 0.01 Hz for 4.5 s.
Fig.14 shows the same dependence when VCO
initial frequency is f,=f-0.5 Hz.
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Fig.14. Resonant frequency searching process at
fo=1f-0.5I'y

As can be seen from the figure in 20 ms the
difference between excitation frequency and resonant
one becomes less than 0.01 Hz. Thus in order to rapid
capture resonant frequency by PLL it needs to launch
autogenerator, then to measure resonant frequency by
frequency meter and then to switch excitation to PLL
setting VCO initial frequency to an accuracy of no less
than 0.5 Hz.
Fig.15 shows graphs of PLL input noise wy(t) with
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Fig.15. PLL input noise wy (t) (up) and CVG
output noise uy(t) (down)
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root mean square (RMS) value of 0,4=0.5 Hz in the
frequency range up to 50 kHz and CVG output noise
which RMS value is of 0y,=0.02 Hz. So, suppression
coefficient of demodulator, output buffer and ADC
noises, wy(t), is equal to 0.5/0.02=25~28 dB.

Fig.16 shows graphs of CVG output noise with
RMS value of 6;,=2.1*10° Hz when PLL input noise
Wi (t) is the same as wy (t) shown in fig.15.
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Fig.16. CVG output noise uy(t) when PLL input noise
Win(t)=wa(t)

In this case suppression coefficient of modulator,
input buffer and DAC noises Wy(t) is 0.5/2.1%10° =
23800 ~ 87 dB, which is many more than suppression
coefficient of wy(t) noises. Therefore, special attention
should be paid to reduction of demodulator, output
buffer and ADC noises minimizing them with the use of
circuit technology.

Conclusion

1. In order to provide short start-up time when
switching on the CVG at any temperature from the
range -40 +85°C it needs to use autogenerator and
frequency meter with subsequent transition to PLL to
minimize frequency tracking noise.
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2. To minimize influence of shock disturbances on
the resonant frequency tracking system performance in
CVG it needs to use in PLL PIDF controller tuned to
bandwidth of 100 Hz. Doing this angle measurement
error due to shock disturbance is dependent on
amplification coefficient K; of controller integrating
chain which can be chosen from angle measurement
accuracy requirement.

3. Special attention should be paid to reduce
demodulator, output buffer and ADC noises, because
suppression coefficient of the other noise sources such
as modulator, input buffer and DAC is much more and
makes about 87 dB.
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BIIMB 30BHIIIHIX YAAPIB TA BHYTPIIIHIX ITYMIB HA CHCTEMY CTEKEHHS 3A YACTOTOIO ¥
KOPIOJIICOBOMY BIBPAIIIMHOMY I'TPOCKOIII

B.B. Uikoani

Y pobomi npononyemoca i ananizyemucsa cucmema CMeHCeHHS 34 PE3OHAHCHOIO YACOMOI0 Pe30HAMOPA KOPIONic08020
8ibpayiiino2o 2ipockona, sKa 3a6e3neuye weuoKe 3axonjieHHsl I CMelCen s 3a Yacmomoro Npu 6KIIOYeHHI 2ipockona Ha OyOb-sKill
memnepamypi 3 dianazony pobouux memnepamyp. [ocmiodncyiombcs numanis NpueHIiMeHHs 6IIUGY 306HIUHIX IMIYIbCHUX Oitl muny
VOapie, a MaKoHC BHYMPIUHIX WYMIE HA POOONTY cCUCmeMU CIeXCeHHs, NOOYO0BAHOI HA OCHOBI CUCIEMU (ha306020 ABIMONIOCHPOIOBAHHSL
uacmomu, WsXomM Hanawmyesanis napamempie 1IHJ]® konmponepa, 6UKOpUcmogy8aHoeo 6 JaHYIo31 360POMHO20 36 513Ky CUCTEMI.

Kniouosi cnosa: xopionicosutl eibpayitinuii 2ipockon, ¢hazoea aemoniocmpilika 4acmomu, 2eHepamop KepoeaHull
Hanpyz010, NiHeapu3ayis.

BJIMSIHUE BHEIIIHAX YJIAPOB U BHYTPEHHHX IITYMOB HA CACTEMY CJIEXKEHHS 3A YACTOTOM B
KOPHOJIMCOBOM BUBPALIMOHHOM I'HPOCKOIIE

B.B. UnukoBanu

B pabome npeonazaemca u ananusupyemcs cucmema ciedxicenus 3a pe3oHAHCHON 4aCmomotl pe3oHamopa KOPUOIUCo8020
8UOPAYUOHHO20 2UPOCKONA, KOMOPAs obecneuusaem ObICMpblL 3aX8aAM U CledceHuUe 3a Yacmomotl npu 6KII04eHUU 2UPOCKONA HA
110601 memnepamype u3 ouanazona pabouux memnepamyp. HMccneoyromes onpocsl nooasieHust 6IUAHUA GHEUHUX UMNYTbCHBIX
6030€licmeull Muna yoapos, a maxdice GHympeHHUX WyMo8 Ha pabonty cucmemyl ClledCeHus, NOCMPOEHHOU HaA OCHO8e CUCITeMbl
@a3080il a8MONOICMPOUKU HACMOMbL, nymem Hacmpolku napamempog [TH/[® konmponiepa, ucnonszyemo2o 8 yenu 0opamuoi
CBA3U CUCMEMbL CIeHCEHUSL.

Knrouesvie cnosa: KOpuOﬂuCOGblﬁ 6u6pauu0Han7 cUupocKkon,
ynpa&fl}leMblﬁ Hanpssicenuem, Juneapu3ayusl.
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