International Journal for Research in Engineering Application & Management (IJREAM)
ISSN : 2454-9150 Wol=05; Issue-02; May 2019

Simple Modelling to Calculate the Parasitic
Components for the Materials in AC Circuit

Samy Khalil Kamel Shaat
Department of Physics, Islamic University, Gaza, P.O. Box 108, Palestine.

Correspondence should be addressed to Samy K. K. Shaat; samyshaat@yahoo.com

Abstract - The main goal of this work is to find a simple mathematical model to calculate parasitic components for the
materials in AC circuit. There are different methods such as Delay-Time, Lissajous, Product and Curve-fitting that can
be performed to study the parasitic properties. Among them, the Delay-Time method can be achieved to find the phase
shift (@) between any two different sine waves using an oscilloscope. The ¢ was exercised to resolve the parallel model
for the examined sample in AC circuit. The phasor diagram of the parallel sample model in AC circuit was plotted. All
the fundamental and derived quantities of the AC circuit can be calculated, such as the immittances, conductivity and
dielectric parameters. The presented method is considered as a simple method comparing to others. Therefore, it can
be replaced the others as well as it can be used from the scientists and engineers.
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l. INTRODUCTION

The significance of study the electrochemistry has moved from a time/focused dependency to frequency-related phenomena, a
trend toward alternating current (AC) small-signal studies [1]. The importance of such studies is to calculate various quantities
such as the impedance, immittances, admittance, modulus, dielectric permittivity, and conductivity. The effect of
polycrystallinity on these quantities for solid dielectric materials were reported in refs. [2-4]. Nevertheless, the problem is the
measuring of the impedance for these materials. However, the study of the AC properties for the materials can be launch using
different methods. Based on somewhat oversimplified physics model; the sample can be dealt as a two parallel plat capacitor
separated by examined material) as shown in Figure 1, which can be considered as a capacitor with double electrical layers
(DELs). DELs and their inherent capacitive reactance (Xc) are well-known by the distribution of their relaxation times [1].

The variation ultimately of the electrical response of the sample, which can be considered as a heterogeneous cell, depends on
the species of charge present, the microstructure, electrolyte, the texture and nature of the plates [1,4]. The most significant
properties of the sample are the capacitance and parasitic (stray). The property effects on the AC circuit behaviour such as: a-
an increase in propagation delay or equivalently, b- a drop in performance, c- an introduction of extra noise sources, which
affects the reliability of the circuit, and d- an impact on the energy dissipation and the power distribution [5]. Both the
speed/frequency and dynamic power dissipation of a circuit are affected by propagation delay, so timing analysis has been
investigated for several decades [6-12].

As seen in Figure 1, the sample with its parasitic components can be represented as LCR parallel. Therefore, Figure 2 shows
that, the sample is introduced in a half bridge configuration with the sine wave function generator. The self-inductance (L) and
Ohmic resistance (R) depend, strongly, on the physical structure. Such as, the Ohmic resistance of the electrolyte is the only
influencing factor in the impedance of the cell, as it is not affected by frequency [13]. Additionally, the dielectric plays a major
role, which is represented as an Ohmic resistance. Moreover, the electrolyte in electrolytic capacitors has an Ohmic resistance.
This work presents the anatomy of sample in a parallel AC circuit to calculate the X2 and the equivalent resistance (R%), and to
estimate other quantities, as well. Herein, the other parasitic L did not present which may be needed another measurement
method. However, the effects of the L are noticeable as spikes in the oscilloscope image.

Sample

Figure 1: Parasitic model of the sample in AC circuit.
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Figure 2: Examined sample in AC circuit.

1. MATERIALS AND METHODS

Measurements of the Phase difference for sinusoidal waves.
It is well known that, the phase difference or shift (¢) can be produced between any two different waveforms for the AC
circuit. Subsequently, different methods and techniques can be used to measure the ¢ between more than one waveforms using
an oscilloscope. These methods are Delay-Time, Lissajous, Product and Curve-fitting as shown in Table 1. In addition, the
advantages and limitations of each are in Table (1) [14,15]. It is noticed from this table that, among these methods the Delay-
Time is considered the best one to calculate the ¢.
As shown in Figure 2, ¢ can be calculated by measuring the Delay-time (At) between two different sine waves using the
following formula:

¢ = 2nfAt a
where f is the linear frequency for the sine wave.
As revealed in the Figure 3, the circuit consists of a sample and a resistor (Rs). This circuit, can be performed to calculate X7 |
RE and other derived parameters. Here the subscript p stands for parallel. To resolve the assumed circuit in Figure 3, phasors
diagram should be plotted, which are exhibited in Figures 4a and 4b. The currents and voltages phasors diagram are shown in
Figures 4a and 4b, respectively. After measuring the peak voltage of the applied voltage (V;”), the peak voltage of the R (V5)
and At by using oscilloscope different quantities can be found such as the total currents (1) and, consequently, the voltage a
cross the sample (V;”) and the phase angles (6, ¢ and a) as shown in Figure 4a.

Table 1: Comparison between different methods for measuring phase difference.

Methods Waveform Advantages Limitations
Delay-Time All waveforms. e Works with nonsinusoidal wave-forms. e  Errors introduced when DC offsets are
present.
Product Sine wave only. e No manual reading of values from display (can e  Errors introduced when DC offsets are
be automated). present.
e  Reduced precision near ¢ = 0° and 180°.
Lissajous Sine wave only. e No need to measure time scales. e  Errors introduced when DC offsets are
e  Cool. present.
e Reduced precision near ¢ = 90° and 270°.
Curve-fitting All waveforms. e No manual reading of values from display (can e  Possible incorrect solution.

be automated).

. Works with nonsinusoidal wave-forms.

. Uses entire waveform information to increase
accuracy.

. Cool.
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Figure 3: The sample connected in an AC circuit of a half bridge configuration.
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Figure 4: Phasor diagram for AC circuit in Figure 3 (a) currents and (b) voltages.

Suppose that vk, is the instantaneous voltage cross R and v is the instantaneous voltage cross the sample both oscillate
harmonically in time as,
vhs = Vs sin(wt + @) = Vi (sin wt cos ¢ + coswt sin @) 2
vl = VPsin(wt — a) = V¥ (sin wt cos @ — cos wt sin a) 3
where Vs and V" are the peak voltage of the vk and v?, respectively.
By adding the right hand sides of Egs. 2 and 3, then rearrange the terms one can find
vis + V8 = sinwt (Vs cos @ + V¥ cosa) + cos wt (Vi sing — Vsina) )
But the applied voltage (vF) equals to

vr = Vgs + V5 )
In general, vk can be written as follows
vl = VP sin(wt + B) (6)
with V¥ is the peak voltage of the v} and g is a phase angle, which can be rewritten by
vl = VFsin wt cos B + V¥ cos wt sin B @
Compare Eq. 7 with Eq. 5, one can find that
VP cosp = VEscosp + Vi cos a 8)
VE sing = Vs singp — V¥ sina )
Square both sides of Egs. 8 and 9, implies to
(VF cosP)? = (Vi cos 9)? + 2VEsVE cos ¢ cos a + (Vi cos a)z (10)
(VP sinf)? = (Vi sin @)% — 2VE VY sin gsin a + (V) sin a)z a1
Adding the left hand side and the right hand side of Egs. 10 and 11, then one can get V"
VP = \/(V;’S)Z + 2VEVE cos (a + @) + (Vsp)2 1z
Again, from Figure 4, the summation of phases angles is given by
@ +a+86=90° a3
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cos( ¢ +a) = cos(90° — §) = sin & (14
Therefore, Eq. 12 becomes

VP = g + 20 WPsins + (4P as
In straightforward, to find the loss tangent (tan 8) divide Egs. 9 and 8,
Vissing — VPsina

tan f = Viscoso + VJ cos a (a6
Thus, the phase angle (), is given by
8 = tant < Vf’s sing — Vs:sin a ) a7
Vescos@ + Vg cos a
In the case of B = 0, implies to cos 8 = 1, thus Eq. 7 becomes
VP =Vicosp + VY cosa 18
and so sin 8 = 0, thus Eq. 10 becomes
VEssing = VPsin a 19
By using Eq. 19, substitute V£ into Eq. 18, which implies to
VP = _Vsp (sinacos ¢ +sing cos a) = M 20
sin ¢ sin ¢
VP = VP (sinacot g + cosa) 21
Again, from Eq. 13,
sin( ¢ +a) = sin(90° — §) = cos § (22
As a result, Eq. 20 becomes
v - V_;p-cosd 23
sin ¢

Based on the AC circuit (Figure 3), which is a circuit that is driven by a voltage source (emf) that oscillates harmonically in
time as
vP =VEsinwt (24

In the physical regime, where non-linear effects can be neglected, the response is linear. Thus, aside from transients, the
current, also, oscillates harmonically, and takes the form

i = Psin(wt + @) 25
The amplitude I%. and phase ¢ can be determined from the driving voltage and the nature of the circuit. The amplitude of the
current is linearly related to the amplitude of the voltage, where the phase angle is determined by a trigonometric equation.
These relations can be very conveniently combined into a single linear relation by expressing the voltage and current as the
real parts of complex quantities

v;p — VTcp et 26
if =17 e/t (27

with VP = VP and 1P = IL e=/% is a complex number.

Once more, based on the phasor diagram in Figure 4a, the ¢ between the two voltages waves V;” and V;{; can be calculated by

using Eq. (1). Herein, I? can be determined by measuring VR’; across the known R and, also, by applying Ohm's law as follows
A

L4 ==
TTRzP T 28
where Zg"is the impedance of the sample and Z;? is the total impedance. Referring to Figure 4a, the vector sum of the V¥ is
donated by
VP =D + D% = (V) —D,)*+ D2 9
Geometrically, D; = Vi cosa, D, = Vs cos ¢ and D; = Vs sin . Now, substitute these parameters into Eq. 29 to get
VP = \/(VTp — VEs cos )% + (Vs sin )2 30
Now, the phase angle (a) between the two voltage waves V;¥ and Vi (Figure 4a), can be expressed as follows
Vs sin
a=sin"?! [7( RS 5 ¢) 31
V.
N

From Eq. 13 and Eq. 31, the phase angle (&) can be written by
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§= [90° - <(p + sin™! [WD] 32
s

Because the sample in the circuit is presented as a capacitor and a parallel resistor as in Figure 3, the V;” and the voltage a cross
the parallel resistor (V&) have the same value i.e.

Vs = Vg = IxeRE (33
Using the Figure 4a, to find,
I? =Ifsiné (34
Thus, R can be found from the following relation
e W W 35
E-IPsing IEsiné
Herein, in this supposed model (Figure 3), a capacitor and a resistor are in a parallel connection, therefore,
W =VE=IEX (36
Referring to the Figure 4a,
I£ =1 cosé (37
As a result, the capacitive reactance (X£) can be found by
VP _
g=1¥csosd=[wcs] 1 (38
Now, the capacitance of the sample can be calculated by using the following
»  Ipcosé
(s = wV? (39

Immitances functions
It is worthy to mention that, there are several quantities are called immittances: the impedance (Z), admittance (Y), modulus
(M) and dielectric constant or dielectric permittivity (£). Where all of them are linked to each other's.

The impedance function

Impedance (Z) was defined for discrete systems and for arbitrary distributed systems such as the Fourier transform (FFT) of
the differential equation defining, the voltage response divided by the FFT of the periodic current excitation [1]. Nevertheless,
FFT only decreases differential equations to simple Ohm’s law-like form under conditions of linearity, causality, and
stationarity of the system; consequently, Z is, properly, defined only for systems fitting these conditions. In the AC circuit, Z
has a more general conception than resistance (R) because it considers phase differences. It becomes a fundamental and
essential concept in different engineering and science applications.

Based on Eqgs. 27 and 28, the impedance (Z) can be defined as the ratio of the complex voltage and current amplitudes

/AL VAL .
7P = ea = [_pelfp =7 el (40
T T
where Z<? s usually complex. The complex voltage V,.* and current I;” , thus obey the linear relation,
VP =zl 41

which is a complex generalization of Ohm’s law, V = IR. The Z is most directly interpreted when written in polar form,
Z = |Z|e®. The magnitude |Z°?| = V¥ /I;? is called the reactance, and it determines the real amplitude of the current
given the real amplitude of the voltage. The phase ¢ of ZP encodes the phase relation between voltage v¥ = V¥ sin wt and
current iy, = IPsin(wt + ¢). Thus, there are many methods to find the impedance of the sample ZgP, Here subscription s
stands for sample, which is expressed in a complex vector, as follows:

Z&P =70 + jzv" 42
where ZP" and ZP"' are the real and imaginary parts of the Z:”, respectively. The three quantities Z:”, ZP' and ZP''can be
represented in the plane with either rectangular or polar coordinates. In the simplest analysis the Z? of the parallel RC circuits
model. Herein, the electrical configurations will be encountered in measurement and interpretation of experimental Z
spectroscopic behaviour of the double-layer at electrode interfaces.

Experimentally, depend on the Figure 4b and Eq. 42, Z? = Z:P is represented in Figure 5, which can be written by the

following:
1 1 1
77 "R kP
s E J4s

3
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In order to distinct the real and imaginary components of impedance in this equation multiply the numerator and denominator
by the rationalizing complex conjugate of X? + jRY, viz X¥' — jRE, which is giving by
JREXS _ JREXZ(RE — jX3)

.- = (44
PR HIXS (REHJXDRE — XD
So that, Z¢P can be given by
. 2
7P — RZ (X_s?)z _]Xsp (RZ) (45
P =
(RP)? + (X£)?
C Rllzz 5 14 p
p _ .
Zs = m[xs — JRg] 46
E
Based on the Eq. 42, the real Z?' of Z¢P is given by
Zpl — REp (Xéj)z (47
S (XD + (RY?
where the imaginary ZP" of Z¢” is given by
g KSR (48

T+ RY?
The magnitude or modulus of Z§’ (mod|Z§ |) can be calculated from Eqgs. 47 and 48 as follows

2 2 2 \?
|z;p|=j( B ) + (o) | @

(XP)2 + (RD)? XP)? + (RY)?

o _ [y @ey
%1~ |ami+ @ =0

pll _ (X§)2(RR)?
|Zs| - \/(Vgp/lg cos 6)2 + (REP)Z (51

Moreover, the total impedance (Z;") for the circuit show in Figure 3 can be calculated from the following

Now, by using Eg. 38

Z/ = J(RS)2+2RS|Z§| cos(90 — &) + (Z)? (52
But
cos(90 — §) = sin(6) (53
Therefore, Eg. 52 becomes
27 = [R)H+2R|ZZ | sin(®) + (22 (54

Now, from Egs. 15 and 54, it can be found the I%.

P \/(V,{’S)2+2V,§’Svspsin 6+(Vsp)2

P=
J(Rs)2+st|z§p| sin(8)+ (zgP)?

(55

jYp” 4 Imaginary
S
<®
<5
r
Pr
ZS
. Real
v
7 P11 8&6}0
]ZS I v

Figure 5: Representation of the Zs” and the Y;?.
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In the complex domain, the current (i = v/Z), otherwise, i = Yv, with v is the voltage, where all of them are taken as complex
quantities. Experimentally, Z and Y can be expressed in terms of resistance and capacitance components. Therefore, the
admittance of the examined sample can be given by

cp _ cp\—1
Y:P = (Z5F) (56
Using Eq. 46,
RP)? + (X§)? 1
Y§p=<( E)pg)S)) > — (57
Ry X (Xg —JRg)
To simplify the Eq. 57, multiply by conjugate of (X¥ — jRY)
o _ [(RE* + (Xg)? (X5 +JRE)
Ys© = DyD D _ pPy(yD 4 ipP (38
REXS (Xs _]RE)(XS +]RE)
1 J
=—=+—F5—= XY+ jRY
However YSP is a complex, so it can be expressed by
Y;P =YY +5YE (60

YSS is plotted in Figure 5. As in Eq. 59 the real and imaginary parts of Y;? are 1/R? and 1/X? , respectively. In line with, the
Z§’ of the parallel RC circuit model is subjected as in Eq. 46, while the Y for the parallel RC circuit model, is

Y:? =GP + jBP (61
where the conductance GP = 1/R% and the susceptance BS = 1/XS”. The synonymous unit of Admittance is mho (U), and the
symbol (an upside-down uppercase omega), are also in common use.

The modulus function
Other important quantity is the modulus (M), which is, usually, defined by

MP = (Y = Mg+ Mg (62
Using Eq. 58 into Eq. 61, it can be found

o HREX{

s T ryP  ipP (63
Xg +JRE)
(X§ = JjRY)
MP = ur?X? . , (64
s E7S (X§ + JRE)(XE — jRY)
URPX? , (65
M = —— "= (X{ — jR}) = uzs"

(RD)" + (x2)
where u = jwC° = —1/jX2 with C° = €°A/T is the capacitance of the empty measuring cell and £° is the dielectric
permittivity of free space, 8.854 x 107'2F/m. X¢ is the capacitive reactance for the empty measuring cell. This implies to
the following

jwC°RP XY _
§ =5 (XY — R} (66
(RE)" + (X3)
COREX?
M = 2SR (2 4 jx7) ©
(RE)" + (X3)
But C° = 1/X2 , so Eq. 66, becomes
REX? REX?
MP =—— R+ ——— XY (68
Xe[(RE)" + (X5)] X[(RE)" + (X5)]
where the real part of the Mg is
P _ wCOXS?(Rg)Z (69
N 2 2
[(RE)" + (X5)]
2
N 2 2
x2[(Rg)” + (x§)]
and the imaginary part of the M¢ is
. wCoR(xP)? RP(x?)?

CIRD) ()1 xel(RY) + (k7))
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opb(yP)>
;J” — wC zRE(XS) > (72
[(RE)" + (X5)]

Dielectric parameters
The complex relative dielectric constant or dielectric permittivity (&) is connected to the (Mg”)~. From Eq. 66, the ;" can
be expressed by the following
2 2
o (R + (D) -
& S o RPYP(pP 4 xP
wC°RYXP(RY + jX7)

Or one can use Eq. 67

2 2
o _ XeI(RE) +(x5)1 1
& = D yP D ix? (74
Ry X (RE +JjXs )
The Eq. 72 can be treated to become
2 2 .
&P — (REP) + (X.SI‘)) (Rg _]X.SZ‘J) (75
r wCoRLXY  (RY +jXP)(R? —jXT)
The Eq. 73 can be treated to become
2 2 .
P = Xg[(REp) + (X.s?) ] (REp _]XSZ‘J) (76
' REXS (R +JX5)(RE — jX3)
Finally, Eq. 75 becomes
1
v _ Rp _ 'Xp
& wCoszg( E J S) (77
Finally, Eg. 76 becomes
X¢ .
E®S
The complex relative dielectric constant or dielectric permittivity (¢;”) can be expressed by the following
& =g —je (79
From Egs. 77 and 78
p_ 1 X G (80

u ~ wCox? _X_;’_E
Again, from Eqgs. 77 and 78
1 X2
wC°RE R
The dielectric loss tangent (dissipation factor) is defined by the relative “lossiness” of a material is the ratio of the energy lost
to the energy stored which is given by

v /A
& =

(81

srr

=
tand = e (82
So by using the Eqgs. 78 and 79
xex? x?
tan§ =—5-5 ="5% (83
R;X¢ R,
Again by using the Egs. 78 and 79
XO CO
tané = —g—p (84
RE CS
Experimentally, from the phasor diagram the same result can be found by using the Eqgs. 35 and 38,
X5
tand = —; (85
RE

The quality factor or Q-factor” is used with respect to an electronic microwave material, which is the reciprocal of the loss

tangent

1 Rp RpCY
tand XY X2ce

Q (86

The electrical conductivity
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It is, well, known that, the conductivity is conducted as a function with impedance. By using Eq. 50, the magnitude of the
electric conductivity of the sample in the parallel model () can be expressed as
T 87
p

O¢ = —%5
S AZ;p

T /(Xé’)z + (RD)?
% =7 T Hrr R (8%

where T and A are the thickness and the cross section area of the examined sample, respectively.
The complex model for the conductivity can be expressed by

eer g0 €:p (89
Oc =———5 = ————
S ochz? sz
Using the Eqgs. 46 and 77
X0g0 RP 2+ XP 2 Rp_ -Xp
a5 = Cp(E)pP(ZS)<(5 ];)) (%0
CS (REX5) (Xs _]RE)
» X2 (R + (XD)? ( (R — jX&)(XF + jRY) 01
% TP T (RPxP)2 \(X? — jRP)(XP + jRP) (
s EXs s —JRp)Ag T R
X2e° 1 ) .
ol = 7m((zeg — JX2)(XE + jRD)) (92
S E®S
X2e° 1
P c PyP 4 i[(PP\2 _ iryP\2
of = ————(2R2X? + j[(RD)? — j(XP)?] 93
N C;) (Rprf)Z( E“S E S ) (
Therefore, as” can be expressed by
o = 2X2e° 1 X2e®[(Rp)* —j(X§)*] %4
ST R T Ry
or
2¢° 1 &% [(RR* —j(X5)*] ©5

14
og = +
S wCoct REXY g wCoc?  (RPXDP)2
The conductivity and dipolar relaxation processes may be existence in the same material, and the total conductivity is given by
complex electrical conductivity

a5 (@) = 05" (w) +jog"(w) (%96
The real part conductivity is
b o 2X2e° 1
G o
2 1
= aCeCT R ©8

The imaginary part of the conductivity is
X2e° [(RP)* — j(X$)?]

124 —
O ey @
& (R —jXE)?
- P P yD (10(
wCoC?  (RVXT)?
Useful relations Conductivity and Immittances Functions
It was defined that the imaginary part of the conductivity is
o (w) = ’'%w (101
Using Eqg. 80 into Eq. 100,
V(@) = TEED _ & (10;
RY  C°R? ‘
Since C° = A&°/T , so Eqg. 101 becomes
(@) =+ = 16211281 — 103)
ARY TSR

where |ad| = €°/C°|Z&°|, is the magnitude for conductivity of the empty of sample.
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1. CONCLUSIONS

The Delay-Time measurement method can be used to calculate the phase shift (¢) between the two different waveforms using
an oscilloscope. The sample of the material can be considered as a capacitor in an AC circuit. Different physics quantities were
derived and can be calculated by using the Delay-Time measurement method such as immittances, conductivity and dielectric
parameters. The presented method, can be, easy, used from the scientists and engineers.
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