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Highlights

The proposed derivations of the foundations of fractional-order cir-
cuit theory are based on quasi-static approximations of fractional-or
Maxwell’s equations.

Our approach is not limited by the geometry of the considere
RLC elements and employs the concepts of voltage and cur k

from the circuit theory.
It can be further extended towards fractional-order” multiterminal el-

ements, described by e.g. capacitance, inductance,and conductance
matrices.

The proposed theory is applied for interpretati f Poynting’s theo-
rem in the fractional-order electromagnetisni, onstrating its logical

coherence and applicability.
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Abstract

In this paper, foundations of the fractional-ordex ciredit theory are revisited.
Although many papers have been devoted to fractional-order modelling of
electrical circuits, there are relatively few foundations for such an approach.
Therefore, we derive fractional-order lumped-element equations for capaci-
tors, inductors and resistors, as well\as, Kirchhoff’s voltage and current laws
using quasi-static approximationswef\ fractional-order Maxwell’s equations.
The proposed approach is not limited by the geometry of the considered
lumped elements and employsithe concepts of voltage and current known
from the circuit theory~ Fimally, the proposed theory of circuit elements is
applied to interpretation of Poynting’s theorem in fractional-order electro-
magnetism.

Keywords: Fraetional-order circuits, Maxwell’s equations,
Riemann-Liouville derivative

1. Introduction

The"integer-order circuit theory is well established based on quasi-static
(QS) approximations of Maxwell’s equations [1, 2, 3], which allow for formu-
lation of lumped-element circuit equations for capacitors (C), inductors (L)
and resistors (R), as well as Kirchhoff’s voltage and current laws. However,
although many papers are devoted to fractional-order modelling of electri-
cal circuits [4, 5, 6, 7, 8, 9], to the best of the authors’ knowledge there
are no strong foundations for such an approach. In [10], the formulation of
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lumped-element equations for capacitors, inductors and resistors is presented.
However, it is not general and flexible enough in terms of the geometry of
basic circuit elements. That is, it assumes that the fractional-order capac-
itor consists of two parallel plates confining a dielectric described by the
fractional-order derivative, the fractional-order inductor is a toroidal frame
of rectangular cross section, and the fractional-order resistor is cylindrical.
In [11], the RLC circuit elements are identified in fractional-orderdMaxwell’s
equations based on the characteristic impedance of a fractional-order elec-
tromagnetic system, given by the ratio of the electric and, magnetie fields.
However, such an approach does not employ the concepts o6f voltage and cur-
rent, which are typical for the circuit theory. Recent discussion/in literature
[12, 13] suggests that clear derivations of the fractionalsexder circuit theory
foundations from electromagnetism are necessary.

Fractional-order circuits and systems designisidefinitely an emerging area
of interdisciplinary research [14]. The number of published papers in differ-
ent areas is increasing and will continue to’grow in*parallel with the diffusion
of the theory [15]. Hence, the growingmnumber of applications and imple-
mentations of fractional-order circuits and systems is a motivation for our
research. Therefore, we have decidedyto revisit the fractional-order circuit
theory foundations. The propoSédadérivations are based on QS approxima-
tions [2] of fractional-order Maxwells equations [16, 17, 18, 19, 20] establish-
ing the fractional-order ele¢trodynamics [21, 22, 23, 24, 25, 26]. Furthermore,
our approach is not limited, by ,the geometries of the considered lumped el-
ements and employs{the concepts of voltage and current known from the
circuit theory. Hence, it _ean be further extended towards fractional-order
multi-terminal elements, described by e.g. capacitance, inductance and con-
ductance matrices [2]. In the next step, Kirchhoff’s voltage and current laws
as well as the power conservation law are derived. Finally, the proposed the-
ory of gircuit elements is applied for interpretation of Poynting’s theorem in
the fractionalforder electromagnetism.

2. Basic Definitions of Fractional Calculus

Mathematical foundations of the fractional order calculus have a very
long history, which dates back to the beginnings of calculus itself, and to
some ideas of Leibniz. The concept was later developed, and proved useful
not only in mathematics, by numerous mathematicians - including Euler,
Abel, Liouville and Riemann, to name but a few. For the historical outline,
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we refer to the appropriate chapters of [27, 28, 29]. Throughout the paper,
we have tried to employ basic definitions consistent with the terminology
proposed in [10].

The Riemann-Liouville integral of the function f : R — R is defined as

(L) = ﬁ / H =) 1)

where o > 0 is an order of integration, I' is the Gamma function andya’'is a
fixed base point set to zero. Based on this definition, the Riemanm=liouville
derivative of order « is introduced as

DA f(t) = DI (1), (2)

It is worth referring here to a similar concept of the.Caputo derivative (see
Section 2.4. of [29]). This derivative definition and the Riemann-Liouville
derivative are actually the same for functions f,'such that f(a) =0 (a is the
base point). It appears though, that Riemann:Liouville derivative D® f offers
an advantageous transition between f(#)wand ’'(¢) as a changes from 0 to
1. As seen in [30, Formula (1.14)], the Ri¢mann-Liouville derivative satisfies
the property

Tt D () = (1) )
whereas the Caputo derivative'(Dg) satisfies the property
W5 1)(0) = £(1) — f(a) ()

In this case, the/Caputo derivative gives the result which might depend on
the choice of théibasepoint. Therefore, from now on we focus in our consid-
erations on.the Riemann-Liouville definition.

The ptopertiesof Riemann-Liouville fractional order integrals and deriva-
tives are theroughly explained in classical monographs, e.g. [27, 28, 29]. Let
us now recall some of these properties, which are referred to in the sequel.

Theorem 1 (28, Lemma 2.1.], see also [29, Theorem 3.11]). If f : [0, +00) —
Ruis an absolutely continuous function', then J® f(t) is an absolutely contin-

1One of the equivalent characterization of absolutely continuous function on the interval
[a,b] is the function f which is almost everywhere differentiable, the derivative is an

integrable function and such that f(t) = f(a) + fat f'(s)ds. However, we may also use the
stronger assumption of f being continuously differentiable.

4
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uous function and

1 t
Jf(t) = — Ota+/ ")t —7)"].
10 = s (JO + [ 7=
Remark 1. From the proof of the theorem, one can see that if the derivative
1! is continuous, then J*f(t) is not only absolutely continuous bul“is’ also
differentiable everywhere, and its derivative is a continuous function.

Corollary 1 ([29, Corollary 2.1]). If a € (0,1) then
Df(t) =0 f(t)=c-t*!
fort >0 and constant c € R.

In what follows, we refer to multivariate fractional ealculus (for the entire
theory see [28, Chapter 5.]). The definitienwof-the fractional derivative is
very natural (see [28, Formula (24.9)]) and wexdo not repeat it here. Still, we
should mention that although, in general, the,definition depends on the order
of differentiation when we assume that fis continuously differentiable up to
the order of m, this definition does notydepend on the order of derivatives
(see the discussion in [28, Section“24.2]).

From now on, we assume“that all the functions f:[0,4+00) x V' — R and
vector fields F: [0, +00) X3/ — R3, for a certain volume V C R3, are of an
appropriate smoothness + it would be safe to assume that they all belong to
the space C3([0, +o0) X V), meaning that derivatives up to the third order
exist and are comtinuous.

3. Fractional Order Maxwell’s Equations

Let us consider Maxwell’s equations in free space

V:-D=p (5)

VxE:—%—]? (6)

V-B=0 (7)

VXHZ%—?H (8)
5
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where E and H denote respectively the electric- and magnetic-field intensity,
D and B denote respectively the displacement- and magnetic-flux density, J
denotes the current density and p denotes the charge density. For space with-
out sources, the current density can be related to the electric-field intensity
by the generalized fractional-order Ohm’s law [10]

J=0,D/™E, 0<a<l (9)
which reduces to the classical law for o = 1, i.e.
J=o0E. (10)

Other constitutive relations for the electromagnetic meditith described by the
fractional-order model (FOM) are assumed as follows:

sE=D"D, 0<p<1 (11)

pH =D} "B,.0 << 1. (12)

For f = 1 and v = 1, one obtains, the{constitutive relations for the me-
dia described by the integer-order model (IOM), with permittivity € and
permeability zq

D= €1E (13)

In the case of a vacuumysthe permittivity and permeability are denoted as €
and o, respectively. The problem of dimensional non-uniformity of FOMs
[13] is solved by taking the following SI units for parameters in (9), (11),
(12): [oa) =L [es] = £, (1] =

Equations. (I11)—(12) describe the media with power-law frequency dis-
persion™{247,25/ 31]. For instance, power-laws are a common feature of the
dielegtric response of most materials for wide frequency ranges. Dielectrics
afe knewa'in electrodynamics, with the so-called universal response being de-
scribed by fractional derivatives, which obey the universal fractional power
law*and the fractional Curie-von Schweidler law. However, in circuit mod-
elling, the physical microscopic mechanisms causing power-law dispersion for
the media are not investigated. Therefore, we only postulate constitutive re-
lations (9), (11), (12) for the considered electromagnetic media described by
FOM and we do not limit considerations to any particular microscopic model
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of dielectric or magnetic material. It is worth noticing that the fractional-
order relation (12) is also allowed with regard to the magnetic field in the
considered electromagnetic media.

Circuit theory modelling assumes that time rates of change are slow
enough (frequencies are low enough), so that time delays resulting from the
propagation of electromagnetic waves are unimportant. Under this assump-
tion, QS approximations of Maxwell’s equations (5)—(8) can be obtained [2].
In the proposed derivations, we distinguish the electro-quasi-staticy(EQS)
approximation

V-D=p (15)
VxE=0 (16)
V-B=0 (17)
oD

H=— 1

V X 5 +J (18)
and the magneto-quasi-static (MQS) approximation
VD =0 (19)
0B

o Sl 2
V % 5 (20)
V-B=0 (21)
VxH=1IJ. (22)

The EQS and MQS appreximations are obtained assuming respectively that

98 ~ 0 and 22~ 0 in Maxwell’s equations (5)—(8).

4. Fractional Order Circuit Elements

In’ this section, we introduce capacitance, inductance and resistance in
the.medium described by FOM based on analogous definitions for IOM. We
assume that the media inside the considered circuit elements are isotropic
and_homogeneous.
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4.1. Resistance

The application of the divergence operator to (18) gives the charge con-
servation law in the EQS approximation
dp
V- J+—=0. 23
By (23)
We assume as in [2], that excitations are essentially constant in“timey in
the sense that the rate of accumulation of charge at any given location has
negligible influence on the distribution of current density,~Henge, the time
derivative of the charge density in the charge conservation law (23), is negli-
gible and the current density is consequently solenoidal; i.e:

vV-J=0. (24)

Let us consider the system consisting of two eleéetrodes (connected to termi-
nals) in a conducting medium described by TOM, f.e. a resistor, as shown in
Fig. 1. Let us assume that the EQS approximation can be applied to this
system. A conductance G between the two electrodes is defined as the ratio
of the electrode current i and the voltage v between two electrodes, i.e.
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where

i:]{J-da:—j{J-da (26)
5'1 SQ

(2
v :/ E - ds. (27)
(

1)
Equations (26) and (27) stem from the current-density definition andyintegral
formulation of (16), respectively. The electric field is irrotational, henee the
integral (27) can be calculated along any contour connecting the electrodes
1 and 2. Furthermore, the electric field intensity is the negative gradient of
the scalar electric potential @, i.e.

and

E=-Vo. (28)

In the case of the conducting medium described bysl@M, one can write

2.20'1% E - da. (29)
S1

Based on (10), (24) and (28), one ohtains'the Laplace equation for the con-
ducting medium described by IOM=between the electrodes

Vio = 0. (30)

In what follows, wé agsume’ that the electric-field potential ®: [0, 4+00) x
V — R, defined in&-cértain volume V C R3, is the function of the form

satisfying the following assumptions

(A1) @0, 400) — R is continuous with the derivative continuous in (0, +-00);
(A2) ®p: V)= R belongs to class C?.

That is, the QS solution (31) to Maxwell’s equations is obtained from the
static/solution @ by its multiplication with the time-varying function ¢(t).
It,is a reasonable assumption, taking into account that the QS approach
assumes no time retardation of potentials, hence, the QS solution has the
same spatial distribution as the static solution, but it may vary temporally.

Let us now consider the system consisting of two electrodes in a conduct-
ing medium described by FOM, i.e. a fractional-order resistor, as shown in

9
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Fig. 1. In this case, the conductance formula (25) can be generalized to a
differential operator, which maps the voltage function v = v(¢) to the current
function i = i(t)

i = Guv. (32)

Taking advantage of the current-density definition and the constitutiyestela-
tion for the conducting medium described by FOM (9), one obtainsior the
Sy surface

G, = ?{ J-da= j{ 0D} °E - da = aaDtla% E -da. (33)
S5 S S
In the case of the conducting medium described by EOM, the-scalar electric
potential solves the following equation resulting from(9), (24), (28):

V-D;/7*V® = (), (34)

In accordance with the assumptions (A1l)—(A2)ywe may change the order of
differentiation and write
qu)o Dtl_a¢ = 0

One should notice that if D}7®¢ = 0; then o(t) = Ct* !, hence, it is
unbounded in the neighbourhood ef.0, ‘and the function ¢ does not satisfy
the natural assumption (A1). Therefore, we can conclude that D} “¢ =
¥(t) #Z 0. Then, for somed, € (0, +00), we have 1(ty) # 0 leading to

V2 = 0. (35)

This means that’ay® solution for the resistor in a conducting medium de-
scribed by IOMis alsoy(for a fixed time ¢) a solution for the same geometry of
the resistor.in‘a/conducting medium described by FOM. Independent of the
media type, the BEQS approximation (16) requires that the Laplace equations
(30), £35) be satisfied by the scalar electric potential ®. Hence, (33) can be
written with’'the use of (25) and (29) as

Gov = G122 D=y (36)
01

where G; denotes the conductance in a conducting medium described by
IOM, resulting from reference calculations for a = 1. Then, one can obtain
from (36) the formula for the conductance operator, i.e.

ga = GaDtl_a (37>

10
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where G, = G2 (referred to as pseudo-conductance). The SI unit for
the pseudo-conductance is [G4] = —2— which results from the constitutive
relation (9).

In the next step, one can define the resistance operator R, which is the
inverse of the differential conductance operator, i.e.

gaRa = Raga =1 (38)

where Z denotes the identity operator. Hence, the resistance' formula maps
the current function ¢ = i(¢) to the voltage function v = y(t) andyis given by

Ra=G, =G I =G'D¢ . (39)

4.2. Capacitor

Let us consider the system consisting of4twonelectrodes (connected to
terminals) in a medium described by IOM disesascapacitor, as shown in Fig.
2. Let us also assume that the EQS approximation can be applied to this
system. Let us assume that the charge on'the electrode 1 (g;) is brought to
it by a voltage source (v), which takes the charge away from the electrode 2
and deposits it on the electrode.l. Thens the charge on the electrode 2 (g2)
equals —qq, i.e. g9 = —¢;. The eapacitance C' between the two electrodes
is defined as the ratio of charge on the electrode 1 divided by the voltage
between the two electrodes, i.e.

q
== 4
=1 (10)
where
g=¢ D-da=—-¢ D-da (41)
Sl 52
and
(1)
v = / E . ds. (42)
(2)

Equations (41) and (42) stem from integral formulations of (15) and (16),
respectively. The electric field is irrotational, hence the integral (42) can be
calculated along any contour connecting the electrodes 1 and 2. Further-
more, the electric field intensity is the negative gradient of the scalar electric
potential &, i.e.

E=-Vo. (43)

11
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at infinity

Figure 2: Capacitor consisting of two electrodes for capacitance definition.

When the medium described by IOM is a vacuum, one can write

q:eo% E - da. (44)
S1

Based on((15) and (43), one obtains the Laplace equation for the medium
described by IOM in the space between the two electrodes

V20 = 0. (45)

Let us now consider the system consisting of two electrodes in a medium de-
seribed by FOM, i.e. a fractional-order capacitor, as shown in Fig. 2. In this
case, the capacitance formula (40) can be generalized towards a differential
operator, which maps the voltage function v = v(t) to the charge function
q=q(t)

q = Cpu. (46)

12
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Taking advantage of Gauss’s law (41) and the constitutive relation for the
medium described by FOM (11), one obtains for the S; surface

D} PCov=D}"" ¢ D-da :7{ esE - da= eﬂj[ E-da.  (47)
S1 S1 S1

In the case of the electromagnetic medium described by FOM, the,scalar

electric potential satisfies the following equation resulting from (1), (15),

(43):

Hence, one obtains

V20 = 0. (49)

It means that a ® solution for the capacitor in a medium-described by IOM
is also (for a fixed time ¢) a solution for the same,geometry of the capacitor
in a medium described by FOM. Hence, (47) can be written with the use of
(40) and (44) as
Cov = Co 2Py (50)
€0

where Cjy denotes the capacitance in the medium described by IOM being the
vacuum. Then, one can concludefrem (50) the formula for the capacitance
operator, i.e.

€5 =CsD/™! (51)

where Oy = COZ—’;. The parameter Cj is a constant (referred to as pseudo-
capacitance [9] or supercapacity [13]) in the circuit equation defining the
fractional-order €apacitor, i.e.

i = Dyg = C3D}v. (52)

The SLunit for» the pseudo-capacitance is [Cs] = —f— which results from
the gonstitutive relation (11).

4.3. Inductor

Let us consider an inductor having terminals 1 and 2, that links flux
through the surface enclosed by a contour composed of the path P, along
the perfect electric conductor (PEC) and the path P, completing the circuit
between the terminals, see Fig. 3. If the voltage is to be a well-defined
quantity, independent of the layout of the connecting wires, the terminals of
the inductor must be in a region where the magnetic induction is negligible

13
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compared to that in other regions and where, as a result, the EQS approx-
imation can be applied and the electric field is irrotational [2]. Hence, the
induced voltage between the terminals 1 and 2 is the negative integral of the
electric field intensity along the path P, i.e.

Figure 3: Inductor consisting of a wire with two terminals for inductance definition.

()
U:q)l—q)gz/ E'dS, (53)
(

1) B

for which the EQS approximation can be applied. Because the electric field
intensity is zero along the perfectly conducting wire, one obtains

(2) (1)
]{ E-ds:/ E-ds—l—/ E.ds=—v. (54)
PSP, 1) P 2) Py

Then, the voltage between the terminals 1 and 2 can be determined with the
use of theé integral form of Faraday’s law (20)

v = Dt)\ (55)
where
A= ?{ B da. (56)
s

It is worth noticing the importance of having the terminals in a region where
the magnetic induction is negligible; hence the EQS approximation can be
applied to the terminals 1 and 2, whereas the MQS approximation is applied
to the rest of the inductor. The inductance L between the terminals 1 and 2

14


http://mostwiedzy.pl

A\ MOST

is defined for the inductor in a medium described by IOM as the ratio of the
flux linkage and the terminal current, i.e.

L=-—. (57)
1
In the case of PEC within the medium described by IOM being a 4acuum,
one can write

A:uoj[H-da. (58)
S

We assume that the medium adjacent to PEC does not cgntain any currents
J. Hence, the magnetic field intensity is irrotational in/thisumedium (refer to
(22)), and can be calculated as the negative gradient of'the scalar magnetic
potential ¥, i.e.

H=-VU. (59)

Based on (14), (21) and (59), one obtains forshemedium described by IOM
in the space adjacent to PEC

VAL = 0. (60)

Let us now consider the inductor in an electromagnetic medium described by
FOM, i.e. a fractional-order<inducter, as shown in Fig. 3. In this case, the
inductance formula (57)€an be generalized towards a differential operator,
which maps the current function i = i(¢) to the flux-linkage function A = A(¢)

A= L. (61)

Taking advantage of the constitutive relation (12), one obtains, for the surface

S
D, Li=D" ¢ B-da= f i H - da =y, ?{ H - da. (62)
5 s s
In‘the case of the medium described by FOM, the scalar magnetic potential
also solves the Laplace equation (60) resulting from (12), (21), (59). It means
that.a W solution for the inductor in a medium described by IOM is also a

solution for the same geometry of the inductor in a medium described by
FOM. Hence, (62) can be written with the use of (57) and (58) as

DILyi = Lot (63)
Ho

15
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where Ly denotes inductance of the considered wire in the medium described
by IOM being the vacuum. Then, one can conclude from (63) the formula
for the inductance operator, i.e.

£, = LDy (64)

where L, = LOZ_Z' The parameter L. is a constant (refered to as pseudo-
inductance [9]) in the circuit equation defining the fractional-order fnductor,
le.

v =D\ = L,Dji. (65)

The SI unit for the pseudo-inductance is [L,] = which/results from

the constitutive relation (12).

_H
secl ="

5. Kirchhoff’s voltage and current laws

In this section, Kirchhoff’s voltage lawt(KVL) and Kirchhoff’s current
law (KCL) are derived for fractional-order cireuits based on the QS approx-
imations of Maxwell’s equations for the\sakerof comprehensive approach to
the topic. Then, the power conservation law (PCL) is obtained.

5.1. KVL

Let us consider a closed 16op in’a circuit as shown in Fig. 4. The elec-
tric field intensity along the loop consists of the impressed electric intensity
(voltage sources) and the. eleetric intensity due to the reaction of currents
and charges in thecircuit €lements [1]. Independent of the element order,
one can distinguish'in such a loop resistors and capacitors for which the EQS
approximation 18 applied, and inductors for which the MQS approximation
is applied. /Howéver, we assume that for any inductor (refer to Section 4), as
well as for, voltage sources, the EQS approximation is still valid between the
terminals. Theérefore, for any closed loop consisting of resistors, capacitors,
induetors and voltage sources, the electric field intensity is irrotational (16),
and then'its integral along a path being a closed circuit loop equals zero, i.e.

7{ E.ds = 0. (66)
P
Integration of the electric field intensity between the terminals of circuit

elements gives terminal voltages (e.g. vg, v, v, vs). However, in the case
of inductors and voltage sources, integration paths are around the exterior

16
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Figure 4: Closed loop ofia fractional-order circuit.

of each of the components, from one _terminal to the other in the space under
the EQS approximation. Withithe use of (66), one obtains KVL

> v, =0. (67)

5.2. KCL

Let us_ ¢onsider a circuit node as in Fig. 5. Here, as in Section 4.1, we
assume that' the’ EQS approximation is valid around the node, hence the
current density is solenoidal (24). Therefore, the current flux through any
closed surface around the circuit node equals zero, i.e.

fSJ-dazo. (68)

Integration of the current density (68) over cross sections of wires in the node

results in KCL
> iy =0 (69)
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where currents flowing into the node are taken with a minus sign and currents
flowing out of the node are taken with a plus sign.

Figure 5: Node of a fractional-erdericircuit.

5.3. PCL

If KVL and KCL are satisfiedg then; according to Tellegen’s theorem
[32, 33, 34], the sum of instantaneous,powers at all elements in a circuit
equals zero, i.e.

k
Z Uply = 0. (70)
n=0

6. Application:Interpretation of fractional-order Poynting’s theo-
rem

Although the circuit theory stems from the QS approximation of Maxwell’s
equations, theindiscretization results in lumped-element circuit models which
allow for solving these equations. Such an approach is widely used in compu-
tational electromagnetics, e.g. in the transmission-line matrix method [3, 35]
which selves lumped-element circuit models to obtain solutions to Maxwell’s
equations.

Let us consider equations defining fractional-order capacitor (52) and
inductor (65). The electric power p = p(t) (the rate, per time unit at which
electrical energy w = w(t) is transferred by a considered circuit element) is
given by

p = Dyw = vi. (71)

18
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Hence, one obtains the following formulas for power calculations in the

fractional-order capacitor
pe = CsvDlv (72)

and inductor
= LviD?i. (73)

However, the changes of energy in a fractional-order capacitor (astwelléas in
an inductor) are associated not only with energy storage but_.also with its
dissipation [36].
Let us now consider fractional-order curl Maxwell’s equations in.free space
(6), (8). Taking into account constitutive relations (11), (12), ohe obtains
VxE=—-u,D/H (74)
V x H=¢sD/E 4J. (75)
Let us multiply (74) by H and (75) by E {2]."Then, one obtains
H-(VXE)=-uH-D/H (76)
E-(VxH) =¢BE-D'E+E-J. (77)
Subtracting (76) from (77) gives
E-(VxH) -H (VWE)=gE-D'E+E-J+u,H-DJ/H.  (78)
Left-hand side of (78)¢an be represented as
V- (ExH)=H-(VxE)-E-(VxH). (79)
Hence, (78) can'be written as

V. (ExH)+¢E-D'E+E-J+p,H-D/H=0. (80)

Supposéhow that V' C R? is a compact volume with the boundary S being
the piecewise smooth surface. Then, using Gauss’s theorem, one obtains

j{ E><H~da—|—/EBE'DfEdv—i-/E-Jdv—l—/uVH'DszvO. (81)
S=av v % v

It is the integral form of Poynting’s theorem for fractional-order electromag-
netics. Its interpretation can be introduced based on lumped-element circuit
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models of the fractional-order capacitor and inductor. Let us assume that
the current density can be related to the electric field intensity by the clas-
sical Ohm’s law (10) for the sake of brevity. Then, the term E - J is the
power-dissipation density associated with Joule’s heating.

Let us consider an infinitesimally small volume AV = SAl between the
surfaces S7 and Sy perpendicular to the electric field intensity (S =~ .85 ~ S),
see Fig. 6. Introduction of PEC plates instead of S; and S, does not disturb
the electric field and allows us to consider the volume as a fraetional-order
capacitor. Since the electric field E is perpendicular to S,, e, may-assume
that E = (0,0, |E|) in an appropriate coordinate system. /Then, one obtains
for v = |E|Al

esE - DJE = e5(Al) *0Dfv = e5(Al) paCy! = % (82)

because the capacitance of a parallel-plate vacuum~capacitor is given by
Co = €S/Al. Hence, the term egE - Df E denotes the increase rate of the

/S
M v /Sz

Figure 6: Infinitesimally small volume fractional-order capacitor storing and dissipating
therenergy of an electric field.

energy stored and dissipated in the electric field within the medium described
by FOM.

Analogously, let us consider a single coil winding on side surfaces of an
infinitesimally small volume AV see Fig. 7. Then, similarly as above, one
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obtains for ¢ = |[H|Al, H = (0,0, |H]|) (in an appropriate coordinate system)

pH - D/H = 11, (Al %D} = MV(AZYZPLLW_l = &

NT (83)

because the inductance of such a vacuum coil is given by Lo = 1105/ Al

fh

Figure 7: Infinitesimally small . wolume fractional-order inductor storing and dissipating
the energy of a magnetic fields:

Finally, (81) showsithat the input power (surface integral of the power flux
density E x H [2}).is equal to the rate of increase of the total energy stored
and dissipated.in theunedium described by FOM plus the power dissipation
related to Jotle’s heating. The rate of increase of the total energy is expressed
as an integral over the volume of power density in electric field (72) and in
magnetic field (73) within the medium described by FOM. The occurrence
of eléctromagnetic energy dissipation in the medium described by FOM is
not-easilyvisible in (80)-(81) without the interpretation based on lumped
element models for which it is well known that the energy is not only stored
butsalso dissipated [36].

7. Conclusions

In this paper, we present comprehensive derivations of the fractional-order
circuit theory foundations from electromagnetism. The proposed derivations
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are based on the QS approximations of fractional-order Maxwell’s equations.
This allows for formulation of fractional-order lumped-element equations for
capacitors, inductors and resistors as well as Kirchhoff’s voltage and cur-
rent laws. Our derivations are not limited by the geometries of the consid-
ered fractional-order elements. Finally, the proposed theory is applied for
interpretation of Poynting’s theorem in fractional-order electromagnetism,
demonstrating its logical coherence and applicability.
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