http://cpb.iphy.ac.cn
http://iopscience.iop.org/cpb

Chinese Physics B

General series expression of eddy-current impedance for coil placed above multi-layer plate

conductor

Yin-Zhao Lei( & 4LH7)
Citation:Chin. Phys. B . 2018, 27(6): 060308. doi: 10.1088/1674-1056/27/6/060308

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb

What follows is a list of articles you may be interested in

Physical interpretation of Planck's constant based on the Maxwell theory

Donald C Chang(ik %4
Chin. Phys. B . 2017, 26(4): 040301. doi: 10.1088/1674-1056/26/4/040301

Inverse problem of pulsed eddy current field of ferromagnetic plates

Chen Xing-Le, Lei Yin-Zhao
Chin. Phys. B . 2015, 24(3): 030301. doi: 10.1088/1674-1056/24/3/030301

Characteristics of spectral-hole burning in Tm®': YAG based on the perturbation theory

Zhang Shi-Yu, Ma Xiu-Rong, Zhang Shuang-Gen, Chen-Lei, Wang Xia-Yang, Mu Kuan-Lin, Wang Song
Chin. Phys. B . 2014, 23(6): 060304. doi: 10.1088/1674-1056/23/6/060304

Prediction and experimental measurement of electromagnetic thrust generated by a microwave

thruster system

Yang Juan, Wang Yu-Quan, Ma Yan-Jie, Li Peng-Fei, Yang Le, Wang Yang, He Guo-Qiang
Chin. Phys. B . 2013, 22(5): 050301. doi: 10.1088/1674-1056/22/5/050301

Research on synthetic aperture radar imaging technology of one-dimensional layered rough
surfaces

Ji Wei-Jie, Tong Chuang-Ming
Chin. Phys. B . 2013, 22(2): 020301. doi: 10.1088/1674-1056/22/2/020301


http://cpb.iphy.ac.cn/EN/abstract/abstract72236.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract72236.shtml
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/abstract/abstract69634.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract63522.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract59658.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract53411.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract53411.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract52104.shtml
http://cpb.iphy.ac.cn/EN/abstract/abstract52104.shtml

Chin. Phys. B Vol. 27, No. 6 (2018) 060308

General series expression of eddy-current impedance for
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This paper presents a closed expression of the layered-plate factor used to calculate the coil eddy-current impedance
over the multi-layer plate conductor. By using this expression, the general series of eddy-current impedance can be written
directly without solving the undetermined constant equations. The series expression is easy to use for theoretical analysis
and programming. Experimental results show that calculated values and measured values are in agreement. As an applica-
tion, when the bottom layer of the layered plate is a non-ferromagnetic thin layer conductor and the product of the thickness
and conductivity of the layer remains unchanged, using the layered-plate factor expression proposed in this paper, it can be
theoretically predicted that the eddy-current impedance curves corresponding to different thin layer thickness values will

coincide.
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1. Introduction

In industrial eddy-current non-destructive testing, the pa-
rameters and surface status of the layered conductor material
can be determined by measuring the eddy-current impedance
of the coil. The eddy-current analytical methods for an air-
core current-carrying cylindrical coil vertically placed above
In 1968,
Dodd and Deeds!!! derived the integral-type analytical so-

layered conductor have been investigated earlier.

lution of magnetic vector potential and the eddy-current
impedance of an air-core cylindrical coil carrying a sinusoidal
current placed above a two-layer conductor. This paper has
been widely cited since its publication. Based on the Dodd—
Deeds model, Luquire et al.!?! obtained the integral expression
of the impedance for the coil above the multi-layer conductive
material by using a mathematical induction method. Cheng
et al.B) used the 2 x 2 matrix recursion method to calculate
the eddy-current impedance of the coil above layered conduc-
tors, furthermore, this method also could be used to calcu-
late the eddy-current field of arbitrary multi-layer conductors.
Theodoulidis et al.'*! replaced the infinite region of Dodd—
Deeds model by a finite-radius coaxial cylindrical region and
took the magnetic vector potential to be zero on the cylindri-
cal surface, and therefore, the series-form analytic solution
of the sinusoidal eddy-current field has been obtained. The
method in Ref. [4] not only greatly improved the efficiency in
calculating eddy-current impedance, but also could be used to
obtain approximate analytical solutions of some eddy-current
problems.>~71 Furthermore, Fan et al.!®! obtained the general-
ized reflection coefficients of the multi-layer plate conductor,
and then obtained the series expression of coil eddy-current
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impedance by using the recursive method.

The derivation method of Lipskaya—Vanyan formula!®-1!
is used in this paper. The method is that the solution of the
second order homogeneous ordinary differential equation is
divided by its derivative. Starting from the undetermined con-
stant equations, using the natural logarithm identity and the
definition of hyperbolic tangent function repeatedly, then a
general series expression for eddy-current impedance for air-
core cylindrical coil placed above an arbitrary multi-layer con-
ductor is obtained for the first time. Compared with previous
results, this series expression needs no iteration or solving lin-
ear equations, which is easy to use for theoretical analysis and
programming.

2. Eddy-current model for the air-core cylindri-
cal coil and layered plate conductor

As shown in Fig. 1, the central axis of the air-core cylin-
drical coil is perpendicular to the conductor plate and the coil
is uniformly tightly wound. ry, r, h,W, and [ are the coil inner
radius, outer radius, height, turns, and lift-off (the distance be-
tween the coil bottom plane and the multi-layer plate conduc-
tor upper plane) respectively. A cylindrical coordinate system
Op ¢z is established with three coordinate unit vectors, i.e.,
€p, €y, and e;. The origin point O is located at the interface
between the multi-layer plate conductor upper plane and the
vacuum region; and the z axis coincides with the central axis
of the coil. The phasor current in the coil is /, with frequency
f and angular frequency w = 27 f, and the reference direc-
tion of I has a right-hand screw relationship with e;. N is the
number of layers of multi-layer plate conductor. The N layers

*Project supported by the National Natural Science Foundation of China (Grant No. 51577004).
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are numbered along the —e, direction respectively as: Layer 1
(z1 <z<0),layer2(zp <z<z1), -, layer N (zy < z<zy-1),
wherez1 = —hy,20=—h1—hy, -, an=—h1 —hy—--- —hy.
The conductivity, relative permeability, and thickness of the
n-th layer are o, Uy, and hy,, n =1,2,... N.

€A

vacuum
o =0, po

<3
o
~—

1 2=z
1
|
2= ZN-1
JON: KN ///// /:
c Z by = 2y

vacuum
1 o =0, po

Fig. 1. Model of sinusoidal eddy-current problem composed of N-layer
plate conductors and a current-carrying coil.

3. Magnetic vector potential in upper half space
generated by the single-turn circular phasor
current

3.1. General solutions and undetermined constant equa-

tions

In the cross-section of the air-core cylindrical coil shown
in Fig. 1, a single-turn circular current / is taken arbitrarily on
the plane S’ : z = 7. Magnetic vector potential A is suitable
for solving the axisymmetric electromagnetic field problem,

UH 1n order to

which can be written as A(p, ¢,2) = A4 (p,2)ep-
facilitate the calculation, the whole field region is truncated by
a long straight coaxial cylindrical surface whose radius p = b
(b>>ry, b>> |zy|), and let Ay (b,z) = 0 on the cylindrical sur-
face.

Based on the assumptions given above, neglecting the dis-
placement current, and then following the analytical methods
in Refs. [1] and [4], the general solutions for circumferential
components of the magnetic vector potential in each region

can be written as follows:

Apo1 (P,2) = Y, CotmJ1 (xmp) exp(—xmz), 2 <z<eo, (1)

m=1
Apo2 (p,2) = Z J1 (xmp) [Co2mexp (—xm2)
m=1
+ Dogmexp (xmz)], 0<z<7, ()

Apn(p:2) = Y J1 (xmpP) [Comexp (— Cum2)

m=1

+ Dy €Xp (anmz)]v

i <z<zy—1,m=1,2,..., N, 3)
Ap03 (P,2) = Y, Dosmd1 (xmp) exp (xmz),

m=1

—oo < 7 < 2y, “4)

where X, = An/b, Cun = /X% +i0OUUL 0, 1 = V1,
ReQ,, > 0, to = 471 x 1077 H/m; zg = 0; A, is the m-th pos-
itive zero point of J; (1) which denotes the Bessel function of
the first kind of order one. Cyi, Co2m> Do2ims Cums Dpm, and
D3, are undetermined complex constants which satisfy the
following linear equations:

Coim = Coom + Doamexp (2xu7') , (5

Cotm — 28mexp (xmzl) = Cozm — Do2m €xp (mez/) , (6)

Co2m + Do2m = Cim + Dim, (N
Coom — Do2m = qim (Cim — Dim) » (®)
Cimexp (—0mz1) + Dimexp (0mz1)

= Conexp (—0omz1) + Damexp (Qamz1), ©

Cimexp (—timz1) — Dimexp (Qimz1)

= Gom [Comexp (—02mz1) — Damexp (0mz1)], (10)

Cnmexp (_2aNmZN) +Dnm
= D3 eXp [_ (aan_xm)ZN]7 a1
Cnmexp (—20nmzn) — Dnm
= —gN+1,mDo3mexp [— (Cvm — Xm) 2n] , (12)
where
_ polp'T1 (xmp”)
bzfm [JO ()Vm)]z ’
Hr(n—1) Onm
Men anfl,m ’

Ho = ,u'r(NJrl) = la

m

qnm =

Com = ON+1,m = Xm-

There are 2(N +2) equations and 2(N + 2) undetermined
constants in Egs. (5)—(12). In theory, whatever the number
N of layers is, all undetermined constants can be solved from
Egs. (5)—(12).

3.2. Derivation of the layered-plate factor expression

Let

Lym = — 13)

D02m .
Solving Egs. (5) and (6), we obtain

Cotm = &m [GXP (xmzl) — Lymexp (—XmZ/)] ) (14)
Coom = —8mLymexp (_xmzl) ) (15)
Doam = gmexp (—XmZ/) . (16)
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As can be seen, if Ly, has been derived, Cy,, and Cpyyy,
can be obtained and then C),, and Dy,, can be solved from
Egs. (7) and (8). All of the undetermined constants will be
obtained by the continuous equivalent transformation with a
similar process to the above.

Now, by using the derivation method of Lipskaya—Vanyan
formula,®1%! Ly, can be derived. The ratio of Eq. (8) to
Eq. (7) is

=dq1m —. 17)

Using the natural logarithm identity x = exp(lnx), equa-
tion (17) can be converted into

ex <ln G > -1
exp (InLyp) + 1 P D1y,
exp (InLy,,) — 1 = im Cim ' (18)
" exp <ln D) +1

Im

Further, using the definition of hyperbolic tangent function thx
and hyperbolic cotangent function cthx, equation (18) can be
written as

1 Cim
cth (2 1nLNm> = qimth (2 In D]m) (19)

Because the inverse function of y = cthx is x = arcthy, equa-

tion (19) can be changed into

1 1. C
5 In Ly = arcth <q1,,,th (2 In DKZ)) (20)

Using the identity transform

1
exp(2arcth(x)) = th (2 In (—x)> )
equation (20) can be written as

Lym = exp(InLyy,)

Cim
(o)

To solve Cy,,/D1m, We take the ratio of Eq. (10) to Eq. (9)
and obtain

Cim CXP(—ZOCIle) —Dim
Cimexp (—20mz1) +Dim

C —200, — Dy,
= Gom 2m CXP( 2nZ]) 2m ) (22)
Com eXP(—zaszl) + Doy,

Imitating the derivation process of Eq. (20), equation (22) can

be written as
1. Cinm

Zp 22
2 Dlm

1. Com
= Oypz) +arth (qzmth( Ozt + 2lnD2)>. (23)

Similarly,
ln(sz/ng)/Z,ln(C3m/D3m)/2, e 71n(CNm/DNm)/2

can be obtained successively, and expressed as
lln CNm
2 DNm
Finally, substituting In(Cny,/Dnm)/2 into In(Cy—1 m/Dn—1,m)
/2, n(Cy—1.m/DN-1,m)/2 into In(Cy—2 n/DN-2m)/2, ..., un-
til In(C1n/D1m)/2 into Eq. (21), we obtain

= ONmIN — artth+l,zn' 24

1
Ly, = th <2 ln(qlmth((x]mhl +- 1+ arth(qul’mth(OtN,l"m

X hy—1+ arth(quth(athN + al‘tth+1’m))))))> .
(25)

In this paper, Ly, is named layered-plate factor, and it is a
complex function determined by thickness, relative permeabil-
ity, and conductivity of each layer.

3.3. Magnetic vector potential above the multi-layer plate
conductor

The region above the multi-layer plate conductor is the
measurement region, so the most important step is to solve the
magnetic vector potential in this region.

Substituting Egs. (14)—(16) into Egs. (1) and (2), the se-
ries expression for circumferential components of the mag-
netic vector potential, under the excitation of single-turn cir-
cular sinusoidal current, can be obtained as follows:

,LL()I PJI XmP
Z Ao Do (Aon))®
X [exp(fxm|zfz’|)—LNmexp(fxm(erZ'))]. (26)

Based on Eq. (26), the series expression for circumferential

A¢0 P, Z ( mp)

components of the magnetic vector potential in the upper half
space, under the excitation of eddy-current in the multi-layer
plate conductor, can be written as

Mgo (p3) = Ao (p.2) ~Ago (P3)],

pol & p'T1 (Xmp') Lvm

ST L e )

x exp [—xm (z+7)]. 27

4. Series expression of eddy-current impedance
for air-core cylindrical coil

The impedance!'!! for the air-core cylindrical coil corre-
sponding to eddy-current is

2 g 1+h r
AZ =iong,, / ( / dZ /
|4 ! r

where ngen = W/ [h(r, —r1)] is the density of turns of the

90 dp’) v,  (28)

air-core cylindrical coil, V is the occupied region of the air-
core cylindrical coil. AZ is called eddy-current impedance for
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short, which is the difference between Z (impedance for air-
core cylindrical coil placed above a multi-layer plate conduc-
tor) and Zy (impedance for the air-core cylindrical coil in the
infinite vacuum). Substituting Eq. (27) into Eq. (28), the se-
ries expression of eddy-current impedance can be obtained as

follows:
AZ = —2muph’ @ i LymC2 exp (—2x,1), (29)
m=1
where
C, — Men [1772exp(—xmh)] /x"’rszl (x) dx. (30)
Aot “Jo (M) Jxmr

In this paper, C,, is named coil factor, determined only by the
coil parameters W, ry, rp, and h.

5. Experiment verification

In order to verify Eq. (29), a three-layer clinging tightly
non-ferromagnetic plate has been made which consists of
a copper plate, a paperboard, and an aluminum plate suc-
cessively from top to bottom. The detailed parameters of
the three-layer plate and air-core cylindrical coil are listed
in Tables 1 and 2, respectively. Let b =1 m. We pick 32
frequency points between 180 Hz and 6000 Hz and then cal-
culate the sum of the first 300 terms in Eq. (29) of which the
MATLAB calculation program is provided in Appendix A.
Calculations show that under the above conditions, the cal-
culation values of the eddy-current impedance have at least
4 significant figures. For comparison, we measure Zpeas
(impedance for the coil above the three-layer plate) and Zymeas
(impedance for the coil in infinity air) respectively with a
WKG6500B impedance analyzer, and then obtain the eddy-
current impedance AZpeas = Zmeas — Zomeas corresponding to
the 32 frequency points. Figure 2 shows the calculated and
measured values of AR = ReAZ as a function of f, respec-
tively. Figure 3 shows the calculated and measured values
of AX = ImAZ as a function of f, respectively. Both fig-
ures 2 and 3 show that the measured values are in agreement
with the calculated values. Figure 2 shows that there is a
large deviation between the measured values of the real part
and calculated values at the frequency of several hundred
Hz. The reason for this phenomenon is that the real part of
the impedance represents eddy-current power loss, which is

Table 1. Parameters of the three-layer plate.

Symbol Parameter Value
hy the st layer’s thickness (copper) 2.00 mm
hy the 2nd layer’s thickness (paper) 1.04 mm
h3 the 3rd layer’s thickness (aluminum) 3.44 mm
o] the 1st layer’s conductivity (copper) 54.55 MS/m
o) the 2nd layer’s conductivity (paper) 0
o3 the 3rd layer’s conductivity (aluminum)  34.45 MS/m

Table 2. Parameters of the air-core cylindrical coil.

Symbol Parameter Value
w turns 43
| inner radius 9.95 mm
123 outer radius 10.20 mm
h height 7.24 mm
l lift-off 1.20 mm

0.05

0.04
c 0.03
~
3

0.02

(0]
0.01 o calculation
o © measurement
0 L )
0 2000 4000 6000
f/Hz
Fig. 2. AR changing with f.
0rq
calculation
O measurement

—0.1
g 0.2
> .
<

—0.3

—0.4 * :

0 2000 4000 6000

f/Hz
Fig. 3. AX changing with f.

small at a low frequency, and it is obviously affected by the
change of surrounding temperature. Hence, one of the mea-
sures to reduce the large deviation is to place both the coil and

the multi-layer plate conductor into the temperature controlled

oil sump.!?!

6. Discussion
6.1. Writing method of layered-plate factor expression

According to Eq. (25), the layered-plate factor Ly, is
composed of N functions shaped like th(¢ 4 arthx) and the in-
nermost part of the layered-plate factor is written as

un = gNmth(Onmhy +arthgy+1m),
and writing them successively from inner to outer as follows:

uy—1 = qn-1mth(oy_1 mhy—1 +arthuy),

060308-4
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)

U = qlmth(oclmhl + arth uz).

Eventually, we obtain

1
Ly, =th (zlnul) .

In this way, the layered-plate factor corresponding to N =
1,2,3,4 can be written respectively as

le

1
th (zln(qlmth(mmh] —|—arthqzm))) , 31D
1
L2m = th (2 ]n(qlmth(almhl
+ arth (quth((szhz + arth613m))))> ’ (32)
1
L3y, = th(2 In(q1mth(ct,hy + arth (gomth(0pmho
+ arth (q3mth(a3mh3 + arthq4m))))))) ) (33)

1
L4y, = th (2 ln(q1mth(a1mh1 + arth (q2mth((x2mh2
+ arth (Q3mth(063mh3 + arth (q4mth(064mh4
+arthgs)) ). 4

6.2. Properties of layered plate factor

(i) Even though there are multi-value functions arthx and
Inx in Ly,,, both

th (¢ + arthx) =

1 x—1
th( zlnx) =
<2 nx) X+l

are single-value functions. Hence, Ly, is single-valued.

and

(ii) Ly, can also be composed of cth(f + arcthx) because
cth (¢ 4 arcthx) = th (z + arthx) .

(iii) When the coil is in infinite vacuum, ] =ty =--- =
wy=1,01=0y=---=0n=0,50 Lyp :th(1n1/2) =0.

6.3. Application example of layered-plate factor expres-
sion
Let the N-th layer (bottom layer) of the N-layer plate be

non-ferromagnetic conductor, and cy = b/®Uy0oy. If the N-
th layer is a thin-layer conductor and its thickness Ay satisfies

Anhy <1, cyhy < 1,
then

oy | = [(Amhin)* + (enhn) V4 < 1,

where A, & (m—+0.25)7 (m < 300 in general). Using the fol-
lowing approximate expressions: 13!

1
arthx = x + §x3+--- ~x, (Jx]<1),

1
thxzx—§x3—|—~~-%x, (|x\ <g>,

we have

A +ib2(0 ovh
quth(athN+artth+l7,n)g m “0( N N)7
ON—-1,m

where

Am

=77 <1
|QN+17m| (A{’%+C§/)1/4

Hence
1
Ly, =~ th(zln(qlmth(almhl 4.

+ arth(gn—1 mth(ON—1,mhn—1

12
arthlm +1b a)uo(GNhN) ))))) .
ON—1,m

+

As can be seen, Ly,, is the function of oyhy. It means that
if oyhy remains unchanged, Ly, will not change. In other
words,

AZ(/’ZN, O'N) ~AZ (Lth, %) s
where a > 0.

Taking a three-layer plate for example, the parameters of
the first layer and the second layer are the same as those listed
in Table 1. The third layer is replaced by the following two
kinds of thin-layer plates separately:

Plate 1: 3 = 0.01 mm, o3 = 35 MS/m, 303 =350 S;
Plate 2: i3 = 0.1 mm, o3 = 3.5 MS/m, h303 =350 S.

Let the coil parameters be the same as those listed in Table 2.
The results show that when the calculated values of eddy-
current impedance are accurate to the fourth place after the
decimal point, both the impedance values of these two thin-
layer plates are AZ = 0.0473 —i0.3609 Q at f = 6000 Hz.

The parameters of the multi-layer plate conductor can be
inversed with the least square method,!'*17! i.e., choosing a
set of frequency values fi, f>,---, f,, and then adjusting pa-
rameters to minimize

Aanlcu (fl) ‘27

(ngE

|AZmeas (fi) —

1

Il
=

where AZpeqs (f7) is the measured value and AZgy ., (/) is the
calculated value. Numerical calculation shows that when the
least square method is used to inverse the parameters of thin-
layer metal plate, only the product of the thin-layer metal plate
thickness and conductivity can be obtained, i.e., the thickness

[18-20

cannot be obtained directly. | This phenomenon could be

explained by the research results above.
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7. Conclusions

In the paper, the closed-form expression and properties of
a layered-plate factor are presented. Based on them, it is easy
to write a general series expression of eddy-current impedance
of the coil. This series expression consists of three indepen-
dent factors: layered-plate factor, coil factor, and lift-off. The
expression has a simple form and is convenient for theoretical
analysis. In addition, the method in this paper can also be used
to derive the integral solution of eddy-current impedance and
analyze the electromagnetic fields of other layered media.

Appendix A: Calculation program of eddy-
current impedance series

MATLAB™ calculation program of Eq. (29) is as fol-
lows. The conductor plate has three layers and the frequency
is 6000 Hz. Parameters of the conductor plate are shown in
Table 1, and the coil parameters are shown in Table 2. ST units
are used for all quantities.

Input data:
f=6000;

W=43; r1=9.95e-3; 12=10.2e-3; h=7.24¢-3;
lo=1.2e-3;

h1=2.0e-3; h2=1.04e-3; h3=3.44¢-3;
sigmal=54.55e6; sigma2=0; sigma3=34.45¢6;
murl=1; mur2=1; mur3=1;

b=1.0;

M=300;

Precomputed quantities:
nden=W/h/(r2-r1);
i=complex(0,1);
mu0=4*pi*le-7;
omega=2*pi*f;
a0=i*omega*mu0;

Series computation:
syms t
for j=1:1:M

y0=pi*(j+0.25);

yj=fzero( @ (x)besselj(1,x),[y0-0.096,y0]);

x(j)=yj/b;

integral=double(int(t*besselj(1,t),t,x(j)*r1,x(j)*12));

JO=besselj(0,yj);

C(j)=nden*(1-exp(-x(j)*h))*integral/(JO*yj"3.5);
end

c=complex(0,0);
for m=1:1:M

end

x2=x(m)*x(m);

alphal=sqrt(x2+a0* murl*sigmal);
alpha2=sqrt(x2+a0* mur2*sigma2);
alpha3=sqrt(x2+a0* mur3*sigma3);
q1=(1.0/murl)*(alphal/x(m));
q2=(mur1/mur2)*(alpha2/alphal);
q3=(mur2/mur3)*(alpha3/alpha2);
g4=(mur3/1.0)*(x(m)/alpha3);
u3=q3*tanh(alpha3*h3+atanh(q4));
u2=q2*tanh(alpha2*h2+atanh(u3));
ul=ql*tanh(alphal*hl+atanh(u2));
L3=tanh(0.5*log(ul));
c=c+L3*C(m)"2*exp(-2*x(m)*lo);

Result:

deltaZ=-2*pi*b"5* a0*c
deltaZ=
0.0477-0.3612i
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