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Stray Capacitances of Single-Layer
Solenoid Air-Core Inductors
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Abstract—This paper presents a method for predicting parasitic Some results concerning stray capacitances of single-layer
capacitances of solenoid HF |nducto_rs made of one layer of and multiple-layer coils are presented in [4]-[10]. These
turns with circular cross sections, uniformly wound around a |, hjications offer some interesting physical insights, but the
cylindrical nonconductive core. The method is based on an It | . tal data. A | simolified thod
analytical approach to obtain the turn-to-turn and turn-to-shield results rey on experimenta _a a. nov_e Simpli '_e metho
capacitances of coils. The influence of the wire insulation is for evaluating the stray capacitances of inductors is presented
taken into account. An equivalent lumped parallel capacitance is in [11] and [12]. This method is suited for inductors made of
derived. The method was tested by experimental measurements. a3 conductive ferromagnetic core and multiple-layer windings
The calculated and measured values were in good agreement.qngisting of layers of turns that are close to one another.
in the considered cases. The derived expressions are useful forY t th thod i t sufficientl te when the induct
designing HF inductors and can also be adopted for modeling e, X € method IS not sulficiently accurate when the '_n uctor
and simulation purposes. consists of only one layer of turns and a nonconductive core

. o . and the distance between turns is increased.
Index Terms—Equivalent circuits, HF inductors, stray capac- . .
itances. The purpose of this paper is to present a method for
calculating stray capacitances of single-layer solenoid air-
core inductors using an analytical approach based on few
. INTRODUCTION simplifying assumptions. The presence of a shield surrounding
HE behavior of air-core inductors at high frequenciefie inductor is taken into account. The proposed method
is very different from that at low frequencies. Skin angan predict the overall stray capacitance of an inductor as a
proximity effects cause the winding resistance to increase fggction of its geometry.
approximately+/f and the inductance to decrease slightly
with increasing operating frequendgly Furthermore, the par- [I. PROPOSEDMETHOD
asitic capacitances of the winding cannot be neglected at
high frequencies. Parasitic capacitances significantly affect the Inductor Models

inductor behavior and are responsible for resonant frequencies, gmc filtering applications, the frequencies of interest

An inductor behaves like a capacitor abO\_/e its first_(paralle(gEm range up to tens of megahertz. In order to minimize the
self-resonant frequency. Inductors used in EMC filters, Rfects of parasitic capacitances, inductors are usually made
power amplifiers, and radio transmitters operate at frequencigsy single wire wound as a single-layer solenoid, and the
above several hundred kilohertz. Therefore, for an accur@fg&s of a conductive ferromagnetic core should be avoided.

prediction of the response of these inductors, the calculatipRnce, these inductors have neither turn-to-turn capacitances

of stray capacitances may be crucial for the design. Since {i&een turns of different layers nor turn-to-core capacitances.

parasitic capacitances are distributed parameters, predicting@i@hermore, an air core does not suffer from hysteresis and
frequency response of an inductor is a difficult task. The higRyqy.-current losses. The distance between turns is usually in-
frequency behavior of wound components is widely discussgfbased enough to reduce turn-to-turn capacitances. Inductors

in the !iterature, but mginly the aspects related to the parasifiy gpic applications, such as those used in line impedance
ac resistance of the winding have been addressed [1]-[3]. gtapilizing networks (LISN's), are usually surrounded by an
external shield. The presence of an external shield can give
some contribution to the overall stray capacitance of such
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Fig. 4. Model of single-layer solenoid air-core inductors with a shield above
the first self-resonant frequency.
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Fig. 1. HF equivalent circuit of single-layer solenoid air-core inductors with i
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Fig. 5. Equivalentr-circuit of single-layer solenoid air-core inductors with

a noninsulated shield above the first self-resonant frequency.

Fig. 2. HF equivalent circuit of single-layer solenoid air-core inductors

without a shield and neglecting fringe effects.
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Above the first self-resonant frequency, the impedances of
the RLM branches of the equivalent circuit of Fig. 1 become
much higher than those of the shunt capacitances between
adjacent turns. We can also assume that capacitances between
nonadjacent turns can be neglected, because they are usually
much smaller than capacitances between adjacent turns. In
Section lll, the relative error due to this assumption and its

Fig. 3. Simplified HF equivalent circuit of single-layer solenoid air-corflependence on the geometrical dimensions of the inductors

inductors without a shield.

turns. Because of symmetries of the winding,

Ct(i,i-l—l) = Ct(i+1,i+2) = =Cy
Csi = Cygiyr) = - = Cys
Ri:Ri—l—l ::Rt:R/TL

are highlighted. As a consequence, the equivalent circuit of
Fig. 1 simplifies to the form in Fig. 4 [13]. In this case, the

turn-to-shield capacitances (if they can considerably affect the
overall impedance in this frequency range) can be taken into
account and, consequently, the voltage along the winding is
distributed according to the law of hyperbolic functions [13].

If the shield is not insulated, it may be important to consider

also the partial capacitancé&s, between each terminal and
where R is the total coil resistance. the shield, in addition to the partial capacitance between

If a uniform voltage distribution along the winding can bderminals, thus introducing the equivalenicircuit of Fig. 5.
assumed, we can reduce the circuit shown in Fig. 1 to tA&e capacitance€’; and C» depend on both turn-to-turn
simpler model depicted in Fig. 2. The condition of uniforn@nd turn-to-shield capacitances, as will be shown in the next
voltage distribution is satisfied when there is no shield (or tiggction.
influence of the shield can be neglected) and fringe effects
are negligible. The simplifications introduced are justified , ,
by symmetry considerations which imply that inductive anfl- Calculation of the Overall Stray Capacitance
capacitive effects are the same for all turns and, thereforefFor the circuit shown in Fig. 3, the overall stray capacitance
the same current flows through all turns. In particular, each is given by (1). The equivalent turn capacitarcecan be
turn has the same series equivalent self-inductahge= calculated neglecting the contribution of nonadjacent turns, so
L/n, whereL is the overall coil inductance. The capacitancthatC, is reduced to the capacitan€g; between two adjacent
C; in Fig. 2 represents the equivalent capacitance betweenns.
two corresponding points of any pair of adjacent turns. It In order to evaluate the overall stray capacitaitgs of
consists of turn-to-turn capacitances between both adjactm circuit depicted in Fig. 4, the conducting shield can be
and nonadjacent turns. regarded as a single node, at which all the turn-to-shield

From the equivalent circuit of Fig. 2, we can obtain theapacitanceg’;; are connected, and the symmetries of the
simplified HF model of inductors without shield shown ircircuit can be exploited. For a coil with an even number of
Fig. 3, the parameters of which satisfy the following relationgurns, we firstly can consider the two turns in the middle

of the winding. For these two turns, the capacitive network

G ) 1) consists of the capacitance between the two turns in parallel

L=nL
g n—1 with the series combination of the turn-to-shield capacitances.

R:TLRt C=
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Fig. 6. Normalized overall capacitance for various values of the ratieig. 7. Normalized capacitance between a coil terminal and the shield for

@ = Cis/Cy. various values of the ratioc = Ct/Cys.
The equivalent capacitance of this network is N e 3
o ‘ ‘ ‘ | ‘
Cap(2)=Cyu + ;- (2)

For coils consisting of an odd number of turns, we first
consider the three turns placed in the middle of the winding.
The equivalent capacitance of the network associated with
these three turns is given by

Cu , Cin

Cap(3) = 5 + 5 3)

In order to find the overall capacitance for coils consisting
of larger numbers of turns, we can start from the two-turns
(or three-turns) network and add systematically one more turn
at each side of the network, the equivalent capacitance fid- 8. Normalized capacitances for an infinite number of turns as a function
which has been already obtained. The added turns introd J&d® capacitance ratia.

two more turn-to-turn and turn-to-shield capacitances. The

equivalent capacitance of the previous network results in beigguivalent capacitance between each of the two coil terminals
in series with two more turn-to-turn capacitances and then and the shield (e.g( 45, andCgrs = Cas). This capacitance
parallel with the series combination of two more turn-to-shiel¢hn be derived using a similar procedure.

capacitances. Thus, for the network with a larger number ofStarting fromC45(1) = C;,, we obtain

turns, we obtain the total stray capacitance

Can (71 - 2) : Ctt/2 Cis
C, = s
() = T 12 T 2
Normalizing C.1p with respect toC;, and introducing the From (7), we can normaliz€’s(n) with respect toC’;; and
capacitance ratioe = C;,/Cy, (4) becomes introduce the ratiox to obtain
CAB(TL) 1 67 CAs(TL) 1
= = + —_—. 5 C ; n)= =
Ctt 2+Ctt/CAB(n_2) 2 ( ) AS( ) Ott 1+Ott/CAS(n_1)
Starting from (2) and (3), and using (4) or (5), we can calculajgy 7 shows that (8) converges to a finite limit for increasing

the overall capacitances of coils made of either an even @& umber of turns.. We found that the expression of such
an odd number of turns, respectively. Furthermore, for large|imit as a function ofx is given by

values ofn, (5) converges to a finite limit, as shown in Fig. 6.

0.0 0.2 0.4 0.6 0.8 1.0
a=Cys/Cu

CAS(TL — 1) . Ott
C = Cis, for 1. (7
as(n) Cas(in — 1)+ Cy e e %

forn > 3. (4)

cap(n) +a. (8)

It can be seen that the convergence is faster for higher values Cas(oo 1
of a. ’ ? cas(oo) = 7’42( ) _ 5(a+Vaitda) (9
tt
We found that the convergence limit ef 3 for n — oo in
terms ofa is given by the following expression: Notice that the limit obtained in (9) is twice the limit given
Can() 1 by (6). Equations (6) and (9) are plotted in Fig. 8. In order
cap(oo) = Agioo = (@+Vo?+4da).  (6) to obtain the capacitancds, and C; of the r-circuit model
tt

of Fig. 5, we must impose that the capacitances between
For the model of Fig. 5, in order to calculate the partiderminals and between each terminal and the shield have the
capacitanceg’; and Cs, it is necessary to determine also thesame values of the corresponding capacitances of the circuit
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Fig. 10. Wire loop arrangement for stray capacitance measurements.
Fig. 9. Cross-sectional view of a coil and shield.

coating. Under these assumptions, we can calculate the turn-
shown in Fig. 4. Namely, we impose the following conditionsy,_ghie|q capacitance}, from the formula of the capacitance

Con— Cy per unit length between an infinitely long straight conductor

ap =Gt o and a parallel conducting plane given by [14]

Cl . 02 2

Cas=Co+ ——"= 10 27 De,

AS 2+ L+ Oy (10) Ch :1 o +7r (he/ — (15)

n T \/ T —
Hence, we obtain
Can-C. where i is the distance between the shield and the coil
Oy =Cup— —2B 245 winding.
4C4ap — Cas

Cin.C It should be noted that, in the calculation of turn-to-turn
Cy =2 AB ZAS (11) and turn-to-shield capacitances by (12) and (15), respectively,
ACap — Cas their mutual influence is neglected. The interaction between
whereC,p andC4s are given by (4) and (7), respectively. the corresponding capacitive effects is taken into account
introducing these stray capacitances in the equivalent circuit
C. Calculation of Turn-to-Turn and of Fig. 4.
Turn-to-Shield Capacitances

The cross-sectional view of uniformly wound wires of lll. COMPARISON OF NUMERICAL
circular cross sections with a shield is shown in Fig. 9. We AND EXPERIMENTAL RESULTS
assume that the capacitance between two adjacent €ns In order to validate the proposed method, single-wire rings
can be calculated from the formula for the capacitance pgithout insulating coating were considered. These rings of
unit length of two infinitely long straight parallel conductorsircular cross section were arranged as the turns of an HF coil.
placed in a homogeneous medium. Hence, for this purpose, thi® arrangement for. = 7 is shown in Fig. 10. Notice that
turn curvature is neglected. Under these assumptions and whg 10 reflects the inductor behavior represented by the equiv-
the thickness of the insulating coating is small compared withalent circuit model of Fig. 4, in which the autotransformer
the air-gap distance = (p — 2r), an analytical expression for action of the winding is not significant.
the turn-to-turn capacitanc€;; can be derived for wires of Three sets of rings were used for the measurements. The
circular cross section [14] as geometrical parameters of the rings are given in Table I. For
72De, each set, different pitches were considered. The measurements
- ot = 1) fort <p—2r (12) were carried out by means of a HP 4192A LF Impedance
Analyzer. Measured and calculated values for the turn-to-
where D is the turn diameterp is the winding pitch (i.e., the turn capacitance”;, are given in Table |. As expected, no
distance between the centerlines of two adjacent turns)randignificant difference was found for measured capacitances in
is the wire radius. the frequency range between 10 kHz—1 MHz. Good agreement
When the thicknesg¢ of an insulating coating of relative between the measured and calculated values of the turn-
permittivity ¢,. is comparable with the air gap, the followingto-turn capacitanc&€’y; indicates that the analytical formula
expression is derived in the Appendix assuming a radial fie{dl2) is sufficiently accurate whe®/2r > 5. Fig. 11 shows

in the insulating coating: the measured overall stray capacitan€gp for coils of
2 De type 1 having four different winding pitches as a function
Cy = ° (13) of the number of turns. Since a shield was not present,
n(F + /F2 — (14 t/r)2/e) the corresponding calculated values were obtained from (1)
where when C, is assumed to be equal 0, or from (2)—(4),

/20 when _Cts = 0. Because turn-to-turn cgpacitances b(_atween
= W (14) nonadjacent turns have _been neglected in the calculations, the
measured overall capacitances were larger than the calculated
We can evaluate the turn-to-shield capacitances of thaes given by (1). For a coil with = 10, the relative error
structure by neglecting the curvature of both the turns amtreased from 12% to 23% when the winding pitch-to-wire
the shield. We also neglect the contribution of the insulatirdjameter ratiqy/2r increased from 1.61 to 2.57. These results
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TABLE |
GEOMETRICAL PARAMETERS OF RINGS

Coil No.  Ring Diameter Wire Radius Pitch Mcas. Calc.
D [mm] r [mm] p [mm] C, [pF] C, [pF]

la 472 3.25 6.90 11.7 11.82
1b 472 3.25 732 8.2 8.30
Ic 472 3.25 9.00 4.7 4.85
2a 36.0 270 5.70 9.4 9.48
2b 36.0 2.70 5.98 6.8 6.85
2c 36.0 2.70 7.33 3.8 3.83
3a 26.9 2.12 4.59 5.8 5.82
3b 26.9 2.12 5.05 3.8 3.86
3c 26.9 2.12 6.57 2.3 2.34

12 12 -

-k ---4---Measured

10 4 10 4 \ ---——-- Theoretical

6 +

Overall Capacitance, C 48 (n) [pF]

Overall Capacitance, C 45 (n) [pF]
(o]

Fig. 12. Measured and calculated capacitances as a function of the number

Fig. 11. Measured capacitances for different values of the winding pitch.Of turns for the coilsla and 1c

confirm that, as a rule of thumb, the assumption of neglectir&ging the method presented in [12]lis = 82.4 ;H, and the
capacitances between nonadjacent turns is reasonable WheR s\ red inductance wis, = 82.3 uH at f = 10 kHz. The
the ratiop/2r is less or equal to two. capacitance between two adjacent turns calculated from (12)
Figs. 12-14 show the measured and calculated capacitangeg,, — 143 pF. Consequently, the calculated overall stray
for the coilsa and c of the types 1-3, respectively. CoilScapacitance i§’s5 = 9.5 pF. The first self-resonant frequency
1b, 2b, and3b having values within coilg andc of all types \yas measured to b¢o., = 5.1 MHz. Hence, the overall
have been omitted for the sake of readability. The experimenway capacitanc€’,,, = 11.8 pF is derived. The discrepancy
results prove that the proposed HF equivalent circuit of Fig.gktween the values af 45 andC,, is about 19%. However,
is sufficiently accurate and the percentage of error increasesti@s calculated value does not take into account the electric
increasing values of the winding pitch-to-wire-diameter ratigffects of plastic spacers we put all around the coil to maintain
In order to verify the correctness of the measuring proceduipproximately a constant distance between the relatively large
adopted, a test inductor consisting of = 16 turns with turns of such a coil. These plastic spacers, present for a 10% of
wire of radiusr = 5 mm, turn diametet) = 326 mm, and the total turn length, can be primarily responsible for the higher
pitch p = 10.2 mm was built. The coil inductance calculatectapacitance measured in the experiment. From this test, it can
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10 APPENDIX

o :Ahiaosr::iil In order to derive (13) of Section II-C, we consider the
equivalent capacitance of the series combination of the capac-
itances related to the insulating coatings and the capacitance
related to the air gap between turns. Using the cylindrical
capacitor formula, we obtain the per-unit length capacitance
C. related to an insulating coating

6 +

27re

B Co=———.
,;;E’ngjjj T In(l+t/r)
T 2 3 4 5 & 7 é 9 10 The per-unit length capacitanc€, related to the air gap

Turns, n between adjacent turns can be calculated from (12) replacing

the wire radius- with the external coating radius + ¢)
Fig. 13. Measured and calculated capacitances as a function of the number
of turns for the coils2a and 2c. C =

(A1)

Overall Capacitance, C 48 (n) [pF]

g (A2)
In
% GI + ~ 4+ Measured
g \ —— - Theoretical Using (A1) and (A2), one obtains the equivalent capacitance
T 3a per-unit length
O 4 \
g ‘ CeCy
g . 4 Coq =
3 \ C.+2C,
s TE- €
g 2 < e = - (A3)
3 T 31\ N'i;j‘, ., In[(1+t/r)¢ - (B++v/B?—1)]
C RS e v where B = (p/2r)/(1 + t/7).
C o —— We can write the denominator of (A3) in the form
1 2 3 4 5 6 7 8 9 10
Turns, n In[(1+¢t/r) - (B+vB%2—-1)]
Fig. 14. Measured and calculated capacitances as a function of the number =c-In[(1+t/r)/* - (B+VB2—1). (A4)

of turns for the coils3a and 3c.

After algebraic manipulations and introducing the turn length
wD, one obtains (13) of Section II-C from (A3) and (A4).

be seen that the procedure we adopted in previous experiments

by measuring the capacitance between rings is quite reasonable REFERENCES
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McGraw-Hill, 1986.
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IV. CONCLUSIONS
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