GEOPHYSICAL TRANSACTIONS 1984
Vol. 30. No. 1 pp. 107- 117

COMPARISON OF ACCURACY OF CONTROL SYSTEMS FOR
VARIOUS FOCUSED-CURRENT LOGGING INSTRUMENTS

Istvan KUBINA*

This paper deals with the errors of the various types of locused-current (laterolog) control
systems taking into account all the characteristic features of the control loop, as well as those of
the borehole and bearing in mind the influence of the surrounding formations on the accuracy of

the various controls.
The relationship is shown between the error of the measured apparent resistivity and the

insufficient control, and their links with the main features of the control-loop and the four transfer
functions representing the physical properties of the borhole and the surrounding formations.

It is emphasized that the applied theoretical treatment has less rigorous requirements than the
real cases, as the ground contact resistance of the current electrodes are taken into account by that
of the equipotential surfaces matching at the S, and S2electrodes. This involves neglecting the effect
of the gaps (filled with low resistivity mud) between the current electrodes and the mentioned
potential-surfaces. This results in no significant difference if the values of Raare high enough while
for low values of Rait acts as if the output-resistivity of the control-loop in question was increased.

d: focused-eurrent logging, control system, accuracy, /, control, /,, control, /,//0 ratio

1. Introduction

Focused-current (laterolog) well-logging methods have been used univers-
ally, in boreholes drilled with conductive mud, since the beginning of the
seventies, pushing into background all the classical resistivity measurements. On
the one hand this can be attributed to their having the deepest penetration of
all logging methods, a good selectivity along the borehole and additionally, they
are independent of the disturbances of mud-resistivity, as opposed to the
conventional devices; on the other hand, with regard to their features and
selectivity, they can better be associated with the other modern logging methods
(sonic-, induction-, nuclear-) than the conventional ones. In the near future the
focused method can look forward to a further boom as now this is perhaps the
only one which offers the possibility of increasing its penetration and sensitivity.
It is also likely that this method will play an important role in the planning of
enhanced production methods. For these reasons it is necessary to get acquain-
ted with some of the factors influencing its accuracy.

Among the well-known focused current tools (LL3, LL7, LL9 and DLL),
those with seven or nine electrodes have so far proved the most useful because
there is no flow either of /0 measuring- or of Ix focusing currents through the
electrodes which give the control-signal and the measured information and this
means that they are more accurate than the others. Moreover, one can form the
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shape of the /0 current-beam by means of the Ix current flowing through the
properly located A xelectrodes, to yield an advantageous measuring characteris-
tic. Therefore this paper deals with the common effects of mud- and rock-resis-
tivities and electrical parameters of the control circuit on the accuracy of control
and measurement.

2. Errors of the control and measuring processes

Let us now consider the errors of the control and measuring process caused
by these characteristic parameters, as a function of the current ratio n = /,//0.
We will find that not only the error of n is proportional to this influence, but

that of the measured resistivity too.
Our intention is to examine this influence on the wellknown seven-electrode
focused sonde (Fig. 1/c) but the same method is also suitable for the nine-elec-

trode sonde as well as for dual types with elongated electrodes.

Fig. 1 Schematic diagrams of /, and 10 control circuits (a. b) and an LL7 sonde (c)
1 abra. Az 10és /, szabalyoz6 egyszer(sitett tombvazlata és a hét elektrodas szonda

Puc. |. ¥YnpouweHHas 6710K-cxema perynvpytoLiero yctpoiicTea /, u /,
N CEMW3NEKTPOAHbIA 30HA LL7

One can read in Fig. lia, representing the simplified block-scheme of the
Ix control, the expressions

AU = AU(1()-AU(I1¥ = I0Rso- | xRs (1)
Ix= AUAX 2
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If A(7=0, then (1) gives
n/lo = KJRs = «0 ©))

where n0 is the ideal 1\/10 ratio. The existing current ratio, if AO® O, using (1)
and (2), is

n=1/,1/l,, =A.RJd+AM 4
Let us define the error of the control as
K = {n~nQIn0= -\l (\+AIR9)"-\I1AIRs ®)

this is, in fact, the known expression for automatic control systems.
If the /0 current is controlled, the expression of the error is

hy=- Y1+N10 * -11AR,, (6)

.Thus in both cases the errors are functions of the gain of the control circuit
as well as of the transfer functions, having values defined by Rso=A(10)/10and
RS=A(li)//j, and they apparently depend on whether we control the /, or 10.
Our aim is to examine the effect on the control of these parameters. The
characteristic features of these transfer-functions and those of the n ratio are
shown in Fig. 2 for a so called optimum-sonde and two-parameter resistivity-
distribution in the direction perpendicular to the borehole axis.

4 Rt-0.1 -KTSm
Rm -0.01-HO0 2m
3
Rso “ Rm ”so

2 Rs -Rm Rs*
1d) - KOmm

0 dj « 300 mm

Fig. 2. Rso. Rsand n0 as functions of rock- (/?,), mud-resistivity (Rm),
and diameter of borehole (d)

2. dbra. A szabalyozas transzfer-fliggvényei és az n0 aramarany a kézet- (R f az iszap-ellenallas
(Rm) és a lyukatmérg (d) flggvényében

Puc. 2. ®yHKUMM Nepefayn pPerynMpoBaHnsi U COOTHOLLEHWE TOKOB M, B 3aBUCUMOCTM OT
conpoTmBneHnsa nopoapl (R f pacteopa (Rm) n gnameTpa ckBakuHbl (d)
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The characteristic behaviour of R®0and Rsin expressions (5) and (6) fosters
the idea that the 10 control needs far less gain (AO) than does the control of I{
(Aj), especially in cases demanding high n ratio. Some experts consider 10
control to be more beneficial than the other, in particular if they wish to vary,
beyond the controlled current, the n ratio too, e.g. so that the more the 10 is
decreased the more the I{is increased, or vice versa. One can achieve this process
with an additional control circuit driven by the signal produced on R by the

controlled current.
Unfortunately, these ideas are rather irrational since they do not take into

account either the effects of the output resistances of the generators (RO,

or the ground contact resistances of the electrodes (Rf0, Rfl). The control
schemes shown in Figs, I/a and b serve for the study of the characteristics of
functions R and Rs only, they cannot be applied in the actual design of an
instrument.

Next we use a general model which is suitable for studying the errors
attributed to the inadequate control both of the n ratio and the Raapparent
resistivities. In both cases of the controls the RO and RfO are connected series
in the 10 circuit as well as Rxand Rfl in the It circuit, see Figs. 3 and 4. The
transfer functions make connections between the current flowing through two
given points of the rock-space and the voltage caused by this current between
another two points of the same space. They are fictitious, thus have no primary
effect on the currents. Besides the transfers already defined, the other two are

RAUJJyWt and”0=t/M/0)//0.

Fig. 3. Schematic diagram of /, control using all transfer-functions
3. dbra. Az /, szabalyozas és a mérés transzfer-fiiggvényes témbvazlata

Puc. 3. BNOK-CXemMa perynupoBaHus /, U N3MepPeHUs ¢ NpUMeHeHneM BCex (yHKLWii nepegaun
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Fig. 4. Schematic diagram of /0 control using all transfer-functions
4. dbra. Az /0 szabalyozas és a mérés transzfer-fiiggvényes tombvazlata

Puc. 4. BNok-cxema perynupoBaHus /,, y U3MepeHus ¢ npumeHeHneM Bcex qyHKLWiA nepegaun

AU = AU(I0)- A£/(/,) = IRD fK s @)
I, = AUAY(RI +Rfl) ©)
Thus one can express the existing /1 value and the n ratio as
Il = I0AiRS0/KRi + RfJ + A ~] ©))
n=1J10= AIRJ[(Ri+Rfl)+AIRg (10)

The relative error of f and the gain due to the parameters are given by:

hi, = («-«0)/«0 =+
N-(R. +R™MAR, (11)
Ai = [V+hn)Ihn]INex +Rn)IRs\ (12)

Accordingly, (11) and (12) show that the error and the gain are not only
functions of Rsor h,i but also of Rt and Rfl, however they are independent
from the RO, Rf0, R and A values. The error of Racaused by f is
hRI= (R-R*)/R* (13)
where R* exists if AU=0, and Rais measured if AU®0
Ra = k(RKO+ nORK) (14)

Ra = K(RKO+nRK) (15)
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Equations (14) and (15) are merely modified forms of the basic equation of
geophysical resistivity measurement:

Ra=kUM 10 (16)

if we consider the UMvalue to be the superposition of the two potentials 10Rko
and 11Rk (fig. 3). From (14) and (15) one can express the error of resistivity:

h RL= (n-~ nmo)R kIl (RkO " M oRk) (17)

Now, taking (3) and (10) one can reformulate (17), viz.

hRI

—(R{+Rj-"/ [(Rt +Rj-t + A IRs] ®[0Rk/ (RK0+NORK)] —

hn nORJ(RKO+nORK) = hn ek (18)
Hence the error hRI is proportional to hn, moreover

ek = noR k/(R kO"hI‘IoRfC) 0/\)

representing the influence of the rock- and mud-resistivities and their distribu-
tion always having a value less than unity. On the basis of (18) it can be stated
that hRI, the error of the apparent resistivity, is less than the error of Ik.
Similarly one can determine the characteristics of the 10 control using
Fig. 4.
AU = AW\ )- AU(I0) = IDR - 10RD (20)

10 = AUAO/(RO+ Rf0) (1)

From these one gets the characteristic formulae

M) = 1i” RIIRg+ Rfo) + /10T (22)

n = 1J10 — (RO+ Rfo + AORS))/AORS 23)
hio = (JI>~7*)//* = —(Ro + Rfo)/[(Ro 3’R/0) F "o”so] ~

~ —Ro 'FR/0)/AORs0 (24)

= [(@ hIO)/nIO\ m{(i?0+ Rfo)/Rso\ (25)

If we consider (24) and (25) it can be seen that h,0 and AO depend on the
parameters of the 10circuit. It soon becomes obvious that this apparent inequal-
ity between (11) and (24) covers a strict identity. Now, similarly to (14), the error
of Rais
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hRO= (Ra- RMR*a =(n-n 0)RI(R kO+« oK) (26)
Using (3), (19) and the right side of (26) one can write
hKO=[(RO+R /QM Rj [RAR «0+«S ¥ 27)
If we then multiply (27) by Rso/Rso and take (3), (19) and (24)
Nro~ [(72 o* R fa)Ne CAso] \n CA=(72k0+ NRA\ =
= [(7?0 Rfo)/*oRso\ek — hiCek (28)

On comparing (24) and (11), the ratio of the errors from the controlled currents
—supposing that hl0 and hn are small—is found to be

hjo_ RO+ Rf0O Ry+ Rfi +A1RS ~ Rfo 1
hn  7jJ+Rfi Rg+Rfo +AORsSO Rj-1 noO

This last approximation is derived by setting Ao=a u RO=R1=0 and using (3).
The approximate values of Rf0 and Rfl are obtained from (16) and Fig. 1/,
viz.

R/o = 6M/0 = RJk (30)

Rfi = UmA1= hIMn0IO = Rakn0 (31)

Inserting (30) and (31) into (29) we find that the ratio is practically equal to
unity, namely it does not depend on Ra. For this reason the accuracy of the
current controls demands the same gain regardless as to whether we control /0
or ly. Making use of (18) and (28), the ratio of the measurement errors is

hrol hRL= h/ock/hiek= highn ~ 1 (32)

In Fig. 5, as further evidence, we present, on the basis of (12) and (25), the
values of amplification A for both current controls, as a function of Ra, Rmand
RO or Ry respectively, using the transfer functions already presented in Fig. 2
The error of the control has a value as high as h=0.01, the diameter of the
borehole d= 140 mm, and RO=1Qor R!=0.1 Q

The continuous curves represent the cases of RO=Ry =0 and the dashed
ones correspond to the real ROor Ry values found in practice. The effect of the
transitional impedances of the current electrodes is included in RO and Ry,
respectively.

The figure shows the values of gain A necessary for measurements having
an accuracy of h=0.01 and the remarkable effect if RO or Ry have values
differing from zero.
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It can thus be seen that there is no difference in the technical requirements
if one controls Ix or 10. Consequently neither of the control ideas has the
slightest advantage over the other. The main factor to be taken into considera-
tion is which kind of measuring system gives the best solution for the most
severe conditions, and the extremely high Rt and Rmdynamics occurring in oil
and gas prospecting.

Fig. 5. Values of A versus RJRmand RO or Rt for an LL7 sonde. Continuous lines represent
RO=Rt=C

5. abra. Az A értéke RJRmés RO illetve /?, fliggvényében egy LL7-szonda esetében. A folytonos
vonal az RO = J1, = 0 értéknek felel meg

Puc. 5. 3HaueHve A B 3aBucumoct oT RIJRmwu RO unm R, ans 3oHga LL7. CniowHasa nuHus
oTBeYaeT 3HayeHuw Ra=R,=0

3. Optimum system for focused-current control
and measurement

A simple optimum system is shown in Fig. 6. The value of RO is chosen so
that it keeps /0 constant if Rahas low values; if Rais high, then 10is in inverse
ratio to Ra, advancing the realization of the nO requirement. We produce Ruas
a quotient of UMand 1Qbeing measured simultaneously while 1xis controlled.
The very advantage of the system is that it covers a high range of Raresistivities
while having possibly the least dynamics in the information channels. The value
of UMand /0, that is C(/0), are shown as a function of Rain Fig. 6/a.
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-10 12 3 4 5
Fig. 6. Characteristics of the sonde measuring the UMLLO ratio and its 10 circuit
6. abra. Az UM/10 hanyados mérésen alapulé mérérendszer karakterisztikai és az /0 aramkor

Puc. 6. XapaKTepucTUKN U3MePUTENbHOI YCTaHOBKM, OCHOBAHHOW Ha M3MePEHUM OTHOLLEHMS
UM/I0 n cxema /0

4, Combined controls

Let us consider the possibilities offered by the combined controlling. In the
case of /0control (cf. Fig. 4) ifhl0 (24) is small, supposing RO— =0 and using
(22), (23) and (30), one can write

10- U rkAl(Ra+kAR) (33)
f —UKAN/(Ra+KAR) (34)

hence, /0does not depend on n,: it is only a function of Raas well as of constants
k, A, and R of the control circuit. If we choose k, A, and R properly, the current
will have the same shape as that of the U(10) curve shown by Fig. 6/a. The shape
of the curve of the measured potentials is similar to that of curve Uu in Fig.
6/a. The position of the crossing point of the UMand U(10) functions depends
on the values of Raand k AR product. Consequently the combined 70 control,
in spite of its having been complicated by using an additional control circuit,
realizes only the simple optimum system shown by Fig. 6.
Likewise, we can write for the f control shown in Fig. 3

10 * UIKA/(Ra+KAR) (35)
IxK UIKAn/(Ra+KAR) (36)

The currents as function of Raand n are plotted in Fig. 7. The continuous curves
show the /0 values and the dashed ones those of /t. One can see that the values
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of /j never exceed the maximum of the function 10(Ra, n0). Theoretically this
control would give the best solution—being both 70 and 7t maxima limited—if
we did not consider the low values of 70 i.e. the UM voltage caused by this
current. Whenever Rais low we can see, bearing in mind expression (16), that
UMcan have extremely low values, even lower that the noise level. Moreover
the optimum UMand t/(70) signal-dynamics is spoilt because the shape and
relative values are not optimized as strictly as in the case of the system shown
in Fig. 6. Thus, this control requires higher dynamics in each measuring channel
than it does in the optimum system. Although the concept seems reasonable it
is no more advantageous than the simple system.

Fig. 7. Typical values of /, (dashed line) and /,, (continuous line) versus Ruand n for /, control
with additional /,//,, ratio

7. abra. /, (szaggatott vonal) és /,, (folytonos vonal) jellemz6 értékei Raés n fliggvényében, /, és
jarulékos /,/1,,-szabalyozas esetében

Puc. 7. XapakTepHble 3HayeHus /, (MyHKTMP) 1 /,, (CNNowWwHasa NMHWSA) B 3aBUCMMOCTM Ru 1 n npm
perynnpoBaHun /, n gononHuTensHo /,//,,

5. Conclusions

Both cases of Irand 70 controls demand identical control loop gain if the
conditions are identical in the borehole. Thus it is not valid that the 70 control
demands less gain than that of the f*see equations (12) and (25)).

Consequently it is important for the highly demanding situation of oil and
gas prospecting, especially in hostile environmental boreholes, that such control
systems are realized which give adequate gain as well as stable and rapid

operation.
The additional */ 1 gratio adjusting cannot make it possible to decrease the

gain of the control-loop for Ix or 70 control either, since neither gain A nor
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coupling-resistance R figuring in the expressions describes the error of the
controlled current or that of the apparent resistivity (see equations (11) and (18),
or (24) and (28)).

The error of the measured resistivity caused by insufficient control is
proportional to the product of the error of current control and the factor
depending on the resistivities of the borehole and rock-space and their geometri-
cal distribution. This error is generally less than the error of the current control
(see equations (18); (19), or (28)).

A KULONFELE TiPUSU FOKUSZALT ARAMTERU SZELVENYEZO
BERENDEZESEKBEN HASZNALT SZABALY0ZO RENDSZEREK
OSSZEHASONLITASA A PONTOSSAG SZEMPONTJABOL

KUBINA ISTVAN

A cikk az iranyitott aramter( (laterolog) szelvényezés kilonféle valtozataival foglalkozik,
figyelembe véve a szabalyoz6 berendezés, a farélyuk és a kdzettér valamennyi jellemzgjét, amely
befolyasolja a szabalyozas pontossagat.

Bemutatjuk a mért latsz6lagos ellenallas hibajanak és a szabalyozas elégtelenségének dsszefiig-
gését és azt, hogy ezek milyen kapcsolatban vannak a mérést meghatarozo6 f6 miszerjellemzdékkel,
valamint a fardlyukat és az azt koriilvev6 kézetteret leiré négy atviteli fiiggvénnyel.

COMOCTABJIEHUME MO TOYHOCTW PErYNNPYROWWNX CUCTEM PA3/TNYHbBLIX
TNMNOB AN1A BOKOBOIO KAPOTAXA

N. KYBUHA

B pa60Te [JaHO COMOCTaB/eHNE Pa3HbiX BAPMAHTOB GOKOBOrO KapoTaxka C yU4eTOM BCEX Xapak-
TEPHbIX YepT PErynnpytoLLero ycTpoicTea, CKBaXMHbI 1 BMELLAIOWMX NOPOA, KOTOpble Npou3Bo-
AT BAMSHME HA TOYHOCTb PerympoBaHus.

MpPUBOAATCA 3aBUCMMOCTb MOMPELLIHOCTU U3MEPEHHOTO KXKYLLErocs yaenbHOro conpoTmBene-
HUS OT HEJOCTATOUYHOCTW PEryNMPOBaHNUS W ee CBA3b C ONPEAeNsoWMMU U3MEPEHNe OCHOBHBLIMM
XapaKTepuCTMKaMmM annapaTypbl, a Takxe C YeTbipbMs QYHKLMAMU Nepefayu, OnuchiBaoLLUMK
CKBXWHY 1 OKpY>Katolllee ee NPOCTPaHCTBO FOPHbLIX Mopof.
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