Topic 2

Inductive voltage divider (IVD)
= Principle
= Errors of IVD’s
= Two-stage IVD (magnetizing winding)

AC current comparator
= Principle, properties, applications

DC current comparator
= Principle, properties, applications

= Cryogenic current comparator (CCC)
= Principle of CCC
* SQUID - basic function, SQUID readout electronics
= Applications — DC resistance ratio measurement bridge
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= A two-terminal-pair bridge based on IVDs — circuit for very
precise impedance measurement at level of a few ppm or better !

reference signal
generator

qp

main IVD quad IVD

[ |

qp

supply
transformer
Ry
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= Key-component of all transformer bridges for impedance
comparison
= Used for division of input voltage U m
= Looks like a autotransformer
= To provide fine resolution of its voltage ratio m-1
more decades must be used y
m-2
k
Uout:ZUi:D(1+aD+JﬂD)U U K
i=1
D=k/m k-1
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0
Simple one-stage IVD with m sections
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The effect of leakage inductance, capacitance and resistance

Ideal winding Leakage inductance L
reprezented by parallel
combination of L and R Resistance of the
winding and leakage
inductance L
U 71

Magnetic core
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- C — | —

oy
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Lumped stray
’c@’u capacitance of winding
R X
c M

Athens Programme / Course CTU 2 - Metrology on Electrical Quantities / Topic 2

4
stray flux :
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small stray flux af fects voltage ratio n_1
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= Each turn has a capacitance to the IVD terminals

= Each winding section has a capacitance to another section

= All distributed capacitances can be represented by a single lumped
capacitance C

= Capacitance C forms with main magnetising inductance parallel
resonant circuit — it should be as small as possible to obtain high
resonance frequency f, 1

o fref =
2mVLC
= Capacitance may be reduced by electrostatic shielding
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= In low-frequency range

= Errors are mainly due to unequal voltage drops which are
produced by the magnetizing current when it passes through
unequal resistances and leakage inductances of divider sections.

= In high-frequency range (over 10 kHz)

= Errors are caused mainly by various parasitic capacitances
between sections as well as between the turns.

= Errors coming from IVD output loading

= According to the IVD model — its output has a finite output
impedance -> there is always a need to use IVD in a such way
that output is not loaded by connected measurement circuits!
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Equivalent circuit of one-
stage divider

Iigg = UIR + jooL)

Uout

Input impedance of a single-stage IVD is
given by magnetising impedances of all
sections and all series impedances Z,, Z;
(leakage inductances and resistances of the
windings)

Z

n

= Uin / Imag

For applications in transformer bridges, we need
IVDs with very high input impedances.

How do we obtain them ? By use of TWO-
STAGE dividers.
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= Some theory before ...
The induced voltage in
the secondary coil is
also given by Faraday's
taw: AB
Though there is a slight Vg= "NgA A
= s loss to fringe fields, the
Eoovodts iy | | mognes s | Th i o change
the back emf generated by totally contained in the the that in
the primary isg:iven by iron cors, and couples the sﬂx ascoil - S0
F ' . around through the primary
araday's law: ) the number of turns
AB secondary coil. .
V, = Emf= -NPAE \ 7 determines
- \,/ Result
Primary Ig\ Secondary
v 's ﬂ
P f Vs R
ba = g
N ] Ng
A current in the primary IRON CORE
coil produces a magnetic
field, like a solenoid.
10
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one winding must be added
winding (R)

cores

1
u‘[° [

—r

v

N, %

A

= |n comparison with one-stage divider - one magnetic core and
= Two-stage IVD is equipped by an exciting winding (E) and a ratio
= EW being wound around core no. 1 only, RW is wound around both

= Number of turns of ER = number of turns of RW (N, = N,)!

I,

R

N,

D=, +P, > ,=0 = L,=0
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= Voltage follower is used for driving EW
= Due to its high input impedance (>10GQ) also the input impedance
of the whole circuit is very high

1, VF

L]
o—0
A
u

R‘IZ
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= Example 1 - IVD having 1 decade and 11 output taps — voltage of
each section is 1/11 of the input voltage — number of calibration
points is 11

= Example 2 — IVD having 8 decades and 1 output tap - number of
all possible settings is so high that complete calibration is practically
impossible
= Solution: perform calibration only for:
int,i=1,2,..,10

1/11 = 0.090 909 09
2/11=0.181818 18
3/11=0.272727 27
4/11 = 0.363 636 36
5/11 = 0.454 545 45
etc.

= Reason: during calibration process each setting of each decade is verified
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- Step 1 - comparison of the divider under test with an 11 section
reference divider

+  Step 2 - calibration of the reference divider based on employment of
an auxiliary 11:1 transformer (it is not necessary to know the exact
value of the transformer ratio before the experiment )
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IDT — IVD under TEST

IDR - reference IVD( divider with known errors)
IDG — auxiliary IDV
LIA — lock-in amplifier

‘ N Ak B
% % 1 |

IDG

IDT
= For clarity all cable shieldings are omitted
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= LIA—a very often used scientific instrument
= typically used as a null detector in impedance metrology
= it allows to detect signals 100x times smaller than noise (40 dB)

Low Noise 50/60 Hz 100/120 Hz

Differential Notch Notch
A Amp Filter Filter Gain
Volt:
s e >V HY >
Current | DC Gain
Offset
Expand
‘USIG.SIII(C\)SIG.T + 951(;)‘ 90° Low
Phase 3> Pass |H Y Out
Shift Filter
‘ Uxer.cos(Orer.t + Orer) ‘ Phase L
Detector Rand[© R
@ Calcl—o o
Reference In Phase Low
Sine or TTL PLL [\j Shifter Pass X Out
Filter
Discriminator ~ Phase Internal Phase DC Gain
Locked | Oscillator| Sensitive Offset
Loop Detector Expand

Athens Programme / Course CTU 2 - Metrology on Electrical Quantities / Topic 2 17
Ux= % Usic Urer €0 [ (@516 — Ozer).t + Os16 — Ozer] —
Y5 Uszc Uggr €OS [ ((‘)SIG + (‘)R.EF)~t + 6510 + OREF]
UY= s USIG UREF sin [ ((')SIG + COREF).I + eSIG + OREF] +
s Us1(; UREF sin [ ((1)51(; - (DREF)AI + 651(; - GREF]
Ux= V2 Usic Urer €0s [Bs16 — Ozzr]
Uy= Y2 Ussg Ugzr sin [Bs16 — Ozzer]
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= T - auxiliary transformer with nominal ratio of 1/11

= |IDR - reference IVD for calibration

= |IDG1 — auxiliary IVD — its output defines potential of the shield of the
whole circuit

= |IDG1 — auxiliary IVD — its output defines potential of the inner
shielding of the triaxial cable

= LIA - lock-in amplifier

Triaxial cable having 2

shieldings
= Principle of active guarding

is applied to avoid

loading by parasitic .
cable capacitances |§ i

L L
DG1 IDG2  IDR T
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= Coaxial cables with a characteristic impedance of 50 ohm have a
typical parasitic capacitance of 100pF/m

= For application of the AG, we need a triaxial cable and some
auxiliary source Ugy,,q Which maintains the potential of the
intermediate shield so that voltage between this shield and the
inner wire is a zero (AU =0 V)

= Then no current flows through the parasitic capacitance and the
source U is not loaded

A B
U Zint \ I i 0 l
S AU
e ———————_———————-———-——3 L — >
=0 1
—
Uguard
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= Tape-wound toroidal core made from thin strip of a soft magnetic
material with sufficiently high permeability (e.g. of Supermalloy,
Mumetal or amorphous materials for HF).

= Arope of m strands wound a sufficient number around the core;
the ends are soldered together to form a continuous ratio winding.

Ratio windings

+0U - 1oy /
+

Magnetic cores with high «
permeability q U
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= When we need finer resolution of the divider ratio
= Variant |: each section = one magnetic core

C::

1.0 —0 0.1 ete.
0.9 0.09
07 o —=9 U, = 057..U
0.7 «—---- =
0.6 0.06 out o
4 0.05
0.4 0.04
0.3 0.03
0.2 0.02
0.1 0.01
0 o 0
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= Variant Il — economic - each successive pair of decades wound
onto one magnetic core

. 0.01
! 0.009
. 0.08
0.00
Number of 7 Y 0,006
H . X 0.005
section turns: p 01 0.004
. 0.003
X -~
X 0.001
0

0.001

«— B U, =0.5728U

0.0007

-
Number of / )

0
0.
section turns: 10p 0
0

(=
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= device for comparison of two AC currents

= both currents create magnetic fluxes in the core in opposite
direction

= at balance — magnetomotive force coming from current Ip is the
same as magnetomotive force coming from current Is

Red point means beginning of

windings l
NY b

primary winding

N ok o
secondary winding NI -N1=0
o p'p~ "Vsfs ™
A detection winding
toroidal magnetic core
detector
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= capacitance coupling between detection and ratio windings
= can be eliminated by electrostatic shielding

= stray magnetic flux coming from ratio windings
= can be eliminated by application of a magnetic shield

= parasitic capacitances of the windings
= their effect is more pronounced when the number of turns
increases

= when a large number of turns must be used to achieve high
sensitivity, application of a compensation winding is advisable
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= Windings and shields of a a AC comparator

e primary winding
[ ]
Y YV secondary winding
___________ - copper shield

magnetic shield
copper shield

~ detection winding
toroidal magnetic core

M)
\Qj detector
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= All toroids are realized from ribbon having high initial permeability
= By means of this shield, leakage magnetic fluxes are kept from
reaching the detector winding.

/1 2
N Z
‘i
7 A 7
3 4
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= Where n is the turns ratio of the ratio windings and [ , I, are the
currents in ratio windings measured at their respective marked

terminals when these terminals are at ground potential

I
IS=I:(1+£)
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—— Y Y Y e

Al ———- i+ |B

Magnetic shield B B —

Compensation winding
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= At balance, there is no flux in the toroidal magnetic core, the
resultant magnetizing m.m.f. for this core being

N1I1 -NZIS-NZIC=O .
= The resultant magnetizing m.m.f. for the shield is
Um.s. = N1 I1 - N2 Is = N2 Ic

= the corresponding shield flux is
¢m.s. = Um.s./ Rm.s. = N2 Ic / Rm.s.
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= Avoltage induced by @, into the secondary winding nearly
cancels all voltage drops between the points A and B, namely

the drop on resistance of the secondary winding,
the drop on leakage inductance of the secondary winding,

- the drop on possible burden impedance in series with the
secondary winding.

Athens Programme / Course CTU 2 - Metrology on Electrical Quantities / Topic 2 31

= Calibration of a current transformer

el

Compensated CCC . CT | Current transformer under
current hd TEST

TTNAAS T AAST
comparator — > . - «— ‘

. e Eer=(G +jwC) r
N L\, Q]Rb ‘ \_'_I

Ratio error of CT

AT

r = N
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= Device for comparison of two DC currents

= If some DC current flows through a winding , the corresponding DC

magnetic flux core is created in the core.
= However DC magnetic flux does not induce any voltage in the

detection winding
= Modulation winding must be used !

N < |
N —_

d(BS)
dt

d(uH)

= NSFE dt

-N4D _
u=-N A =N

modulation winding

o) (&

L1 L

detection winding

8(H) 5(u)
= NSpglp—~+ Ha—(l:]
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= Device used in precision electrical measurements to compare two
electrical currents at the highest level of accuracy (109) !I!

= Typical application of the CCC: comparison of resistance
standards

= Two reasons why the CCCs are so sensitive:

= all ratio windings are put into a superconducting shield ensuring perfect
isolation from all external magnetic fluxes (based on Meissner effect)

= for detecting unbalanced magnetic flux the most sensitive sensor of DC
magnetic flux - DC SQUID -is used
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Iy
Step-up
transformer

Lock-
in dc
amplifier amplifier
= —>
Feem ) {
coil < Output

o —>

I( 100-kHz
oscillator
Feedback current
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# Cryoelectronics

A

SQUID
SENSO!

T
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/ Superconducting tube

T>Tc

[B-ds=0= (4 +1,+15)
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= Due to the Meissner effect, no magnetic flux can be inside the
superconductor - the space inside the tube is perfectly shielded

T<Tc

42
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» The CCCis balancedif N,I,-N,I,=0

/ Superconducting shield

= According to the Ampere’s law lB'dszﬂ"z;'li

= Balance occurs when the magnetic flux density B =0
= DC SQUID is used the detector of magnetic field
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I~

CCC

= circuit for comparison of two resistance standards: Ry, Ry

= two isolated precise current sources

= as a detector of zero difference of voltage drops across the resistance
standards, a low noise nV electronic module (A20) is used
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