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ABSTRACT

A high aim of mechatronics is the integration of mechanical engineering, electrical
engineering and information technology including computer-aided simulations for all different
disciplines in this complex field of application. But very often an optimized or new
mechatronic design cannot be developed if engineers are not experienced in
electrodynamics based on extended Maxwell's equations including movable bodies [1-14].
Therefore this publication shall demonstrate:

First, how easily engineers can understand and derive the complete Maxwell’'s equations in
differential and integral form with additional views from mnemonics and entropy, too. The
usage of Mind Maps and Memo Maps in physics is helpful for a good understanding.

Second, based on Maxwell's equations the analogies between magnetostatics, electrostatics,
and electric current flow based on concentrated field elements are useful tools for analytical
approximations in all applications of interdisciplinary mechatronics.

Third, the mighty capabilities using “Unit Check” methods will show how we can derive a
huge range of famous equations in physics primarily electrodynamics (extended Maxwell’s
equations up to formulas in quantum mechanics, Einstein’s special relativity and more)
without using any additional literature. This method is a good exercise to train our brain.

Fourth, the structure identity of the complete eddy current equation with respect to other
disciplines in physics (i.e. hydrodynamics, thermodynamics and elastomechanics) opens the
door for an interdisciplinary development and optimization of new mechatronic systems.

An important aim of this publication is to provide a helpful re-formulated set of extended
Maxwell equations and a variety of methods for mechatronic engineers and students with
respect to understanding, approximation, integration and solution of different physical
disciplines. Actual computer-aided applications in the broad field of industrial motor car
production, robot gripper design, anti-vibration systems with software controlled actuators
and sensors and computer hard disc drives will show the high efficiency and central position
of extended Maxwell’s equations in mechatronics.

1 INTRODUCTION

The often recognized problem in mechatronics is a lack of experience in applying
electrodynamic knowledge. Therefore a compact introduction in an extended Maxwell’s field
theory with interdisciplinary applications shall introduce a valuable key for all
“Mechatronicists”. All the described industrial developments were primarily based on
electrodynamics, using innovative ideas, Maxwell’'s equations and both software controlling
and computer-aided simulation. But the focus of this publication is primarily on the advantage
and necessity of electrodynamics inside mechatronics.

2 ELECTRODYNAMICS AS A CENTRAL PART IN MECHATRONICS
The fact that electrodynamics is a central part in mechatronics will be shown by different
views of Maxwell’'s equations and interdisciplinary evaluations.

2.1 Electrodynamics based on Maxwell’s equations
One of the most famous formulations in physics is the set of Maxwell’'s equations. In the next
lines some basic and extended equations will be shown or re-formulated.

2.1.1 Basic Maxwell’s equations and constitutive relations
A compact overview of basic Maxwell's equations in differential and integral formulation with
(nonlinear) constitutive relations is presented in this section.
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Maxwell’s equations in differential form
The basic set of Maxwell’s equations (1) - (4) can be written in differential form:

Differential Maxwell's equations

o o curnHAZ J +D B
VxH=J+D ¢ VxE= -B © .Q A al
div Di=p -

V-D=p & V-B=0 © %EE":“

Ma::twei_l Hand - curl E==
Fig 1. Set of Maxwell’s equations with equivalent mnemonics “Maxwell’s Hand” [1], [10]

Eq. (1) in Fig. 1 is Ampere-Maxwell's Law and eq. (2) Faraday-Lorentz' Law, both of which are called
field equations. Eq. (3) is electric Gauss' Law and eq. (4) magnetic Gauss' Law, both are called
source equations for Maxwell’s field theory. B is magnetic flux density in Vs/m?, H the magnetic field
strength in A/m, D is displacement or electric flux density in As/m?, E the electric field strength in V/m,
J is the electric current density in A/m?, p is the electric volume charge density in As/m?, Q is electric
charge in As, and V is the Nabla-Operator for vector analytical operations. For all bodies in rest, the
dot (e) over D and B means partial derivatives of these characteristics with respect to time (here
d/dt=0/ot). Simple mnemonics are shown in Fig.1.

Maxwell’s equations in integral form
Using the known vector analysis laws by Stokes and Gauss we get from eq. (1) - (4):

fHdl=[[Jds+[[dD/dt-ds (1a) §EdI=—[[dB/dt-ds (2a)
fDds =[[[pdv=Q (3a) fBds=0 (4a)

Because of primarily using the superior magnetic vector potential A shown in later equations, we
introduce letter s (=surface) for area, | is the length and v is the volume. If we don’t consider moving
bodies, the terms d/dt are partial derivatives o/ct.

Constitutive relations
The constitutive relations between the classical field terms D, E, B, H and J, also
including both polarisations and external current sources, are defined by eq. (5) - (7):

D=[¢e]E+P (6) B=[puH+B, ) J=[y]E+Je ()
Eq. (6) with details: B =t H + By = po H +po Me + po My = po (H +Me) + po M, (6a)

In eq. (6a) By is the magnetic polarization and M, is the magnetization in permanent magnets, M. is
the magnetization in magnetic iron caused by an external field (index “e”), considering magnetic iron
without permanent magnets B, = 0, without iron Me = 0, too [14]. The material property p = po-p, is the
permeability in ferromagnetic materials, €= ¢p-¢; is the permittivity in dielectric materials and y is the
electrical conductivity. P is the electric polarization, J. are all possible external current sources. In
most of industrial applications magnetic material properties, primarily permeability, show non-linear
characteristics, ref. Fig. 2. [ = 4n-107 Vs/Am = 1/(c2-&o)]
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Fig. 2 Graphical constitutive relations of permanent magnets + ferromagnetic materials [1], [11]
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2.1.2 Extended Maxwell’s equations considering moved bodies

Following four re-formulated Maxwell equations (1b) - (4b) can be used for all advanced calculations
and computations in electrodynamics (with fields and waves), including constitutive relations [ref. to
eq. (5)-(7)] and arbitrary movements of bodies (or particles) with speed v. The basis of these

extensions is the relativity relation [(v-V)A = dA/dt - 0A/ct | (ref. to Einstein’s Relativity Theory [12],
Helmholtz’ theorems for moved objects [1], [10], Sommerfeld’s electrodynamics [7]), where A may be
any vector, scalar or tensor. Furthermore these equations are the central basis for understanding
interdisciplinary physics, especially structure identical formulations in i.e. hydrodynamics, diffusion,
thermodynamics etc compared with directly derivable eddy current equation. Material properties of
[ul, [e] and [y] in brackets shall be a reminder, that they are often non-linear and additionally tensors.

1. extended Maxwell's equation ' ﬁ ] ]
Ampere-Maxwell's Law VxH = +£5.t+(v V)J D+J (1b)
2. extended Maxwell's equation o é . .
Faraday-Lorentz' Law VxE= { ﬂ"'(v V)J B (2b)
3. extended Maxwell's equation s~ _ m' _
electric Gauss' Law V:-D=p (3b)
4. extended Maxwell's equation v-B =0 (4b)

magnetic Gauss' Law

- using B, H, D, E etc . .
area based vector analysis (8a) (v-V)-B=-curl(vxB)+v-divB-B-divv+(B-grad} v (8a)
- using A (with B =curl A)
line based vector analysis (8b)

(v-V)-A=-vxcurlA+grad(v-A)-(A-grad)-v - Axcurlv |(8b)

Fig 3. Extended Maxwell’s equations for moved bodies and basics in vector analysis [1], [10]

The transformation equations in general formulation are:

E'=E+vxB+...furtherterms H'=H-vxD + ... further terms -> refer to eq. (8)

The additional field entities i.e. v x B and v x D - caused by moved bodies - are only 1 of 4 possible
terms. The transformation equations in simplified formulation are therefore

E'=E+vxB (2c) and H'=H-vxD (1c)
and well known as basic Lorentz' Transformation. Using only this special transformation the
transformed current caused by moved body (i.e. conductor) is J'=J-vep (le)

Following three examples shall deepen the background about influences of transformations:

1. EXAMPLE for evaluation with magnetic flux density terms. Derivation of Faraday-Lorentz' Law
using equation (8a): Assuming special conditions/restrictions (in literature often not mentioned) i.e.
incompressible materials div v = 0, space independent constant movements (B grad) v = 0 and in
magnetic fields directly from magnetic Gauss' law always div B = 0 the remaining term on the right
side in eq. (8a) yieldsrot (B xv )=-rot (vx B )=-curl (vxB). Inserting this result in Faraday's
Law we can simply derive the extended 2. Maxwell's equation for moved bodies:

differential Faraday - Lorentz' — Law

curl E'=-dB/dt=-0B/at+curl (vxB) (2d)

using equation (8b) with same conditions mentioned above we get eq. (2d) with V x A = Nabla x A =
curl A = B. The first term on the right side of this equation (2d) was proved by Faraday, the second
one by Lorentz. NOTE: using this vector analytical formulation we get the Lorentz-Term E = v x B
automatically! The famous Lorentz law is therefore a (very important) vector identity ... but not really a
separate physical law.

2. EXAMPLE for evaluation with electric flux density terms. Derivation of Ampere-Maxwell's Law
using equation (8a): Assuming special conditions/restrictions as in the 1. Example (i.e.
incompressible materials div v = 0, space independent constant movements (D grad) v = 0 and in
electric fields directly from electric Gauss' law div D = V e D the remaining term on the right side in
eq. (8a) yields for the cross productrot (Dxv)=-rot(vxD)=-curl (vxD)andin opposite to the
Faraday-Lorentz' Law in eq. (2d) for the Ampere-Maxwell's Law in equation (1d) an additional term.
Considering simplified conditions like non-relativistic, linear and constant Movements yields eq. (3).
But generally v e div D' = v e p' is valid, ref. to eq. (3b), [7], [10].
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Inserting these results in Ampere-Maxwell's Law eq. (1a) we can derive the extended 1. Maxwell's
equation for moved bodies or particles with following expressions:

curlH'=J+dD/dt=J+0D/ot+vep-curl (vxD) (1d)

The first term on the right side of this equation (1d) was proved by Ampere, the third term by
Rowland, the second term by Hertz (suggested and introduced by Maxwell), the fourth term by
Roentgen. NOTE: using this vector analytical formulation we get the "dualism" of the Lorentz-Term
H = - v x D automatically! The Rowland and Roentgen terms are therefore (important) vector
identities ... but not really separate physical laws.

3. EXAMPLE: Proof of extended 1. + 2. Maxwell's equations using famous HELMHOLTZ' formula.
Helmholtz derived for any arbitrary vector flux X in physics (i.e. hydrodynamics) through a moved (v )
and simultaneously deformable area element in his curl laws - as a subset of (8a) - following formula :

dX/dt=0X/ot+curl Xxv)+vdivX (¥)

Inserting this Helmholtz' formula (*) in the Maxwell equations (1a) and (2a) - prerequisiting both the
same above mentioned conditions and X = B alternatively X = D - we immediately get the extended
Maxwell's equations (1b) and (2b) in the 1. and 2. example! NOTE: using (*) the extended Maxwell's
equations are derivable without any knowledge in vector analysis. The Helmholtz' formula is
ingenious and the basis for Lorentz, Minkowski and Einstein, too. Helmholtz derived his formula
visualizing - like a "mnemonics artist" - moved and deformable geometric elements. But nevertheless
Helmholtz' formula d X / dt neglects the LAST term, here (X ® V) v inside (v ® V) X (i.e. additional
rotations), refer to (8a) and (8b) !

2.1.3 Extended Maxwell’s equations in 4-dimensional formulation

Another compact expression of Maxwell’s equations (i.e. in vacuum without materials and no
movable bodies) can be derived, using 4-dimensional expressions [7], [1]:

4
1. space-time operator [ (x, y, z, i - C - t) with d’Alembert [ = A-1/c>?/ot = > 0% /ox?
i=1
2. A-¢-Potential Q (A, A, A,, i - ¢/ c) with ¢ = 1/\(go-po), i = V(-1) and

3. current densities T" (Jy, Jy, J, i - p - ) respectively J’ = v - p with condensed results:
a)0Q=-p-T, byv.-Q=0, c)v-r=o0, d) F=p-G=VxQ (9)

where F (B, -i-E/c) and G (H, -i-cD) define the electromagnetic Maxwell field tensors.

2.1.4 Extended Maxwell’s equations in quantum electrodynamics

Quantum electrodynamics is a complex interdisciplinary field, but normally not used daily by practical
mechatronics engineers. On the other side many phenomena (duality of wave and particle, tunnel
diode, special superconductivity up to quantum computers etc) are important and must be handled
with a background of this superior theory based on the integration of electrodynamics, quantum
mechanics and (for relativistic processes) relativity theory [1]. As a compromise only the resulting
extended Maxwell equations in quantum electrodynamics will be shown in (1f) - (4f).

VxH=J+D-x2-Aly, (1f) VxE=—B (2f) V-D=p-«?-9-5,(3) V-B=0 (49

These extended Maxwell’s equations, which called Proca’s equations, additionally describe special
phenomena in quantum electrodynamics [5], [1].

These further quantum terms consist of classical magnetic vector potential A, respectively electrical
scalar potential ¢, the special term k? = (mg - ¢ / h)* and material properties in vacuum both
permeability po and permittivity eo.
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The term «? is famous in quantum mechanics, because «k is Compton’s frequency divided by speed of
light ¢ or Einstein's energy in view of quantum mechanics. The mass in rest is my, the universal

Planck’s constant in quantum mechanicsish (=h/2x= 110 Js).

2.2 Interdisciplinary evaluation of Maxwell’s equations
From Maxwell’'s equations we can directly derive all central relations for electromagnetic waves and

fields, eddy current equations, structure identities inside electrodynamics and with other physical
disciplines, too. Ref. to all possible derivations in chap. 2.2.4)

2.2.1 Electromagnetic Field and Wave equations
Electrodynamics as 1 compact equation including polarizations and movable bodies:

curllcurIA =J, +curIlMp +£+v-p+(y+ggj- —grad¢—%+v><curIA (10)
Y7 Y7, ot ot ot

Choice of gauges in electrodynamics is important for evaluation of fields and waves, because

potentials A and ¢ are not unique ( ¥ scalar magnetic potential), eq.(10).

%A oA L)
—uy=—"—"=vV.|VA -

FYCRRAPT [ +ﬂ€at+ﬂ7¢} (11)

The most used gauges are the complete Lorentz gauge [...]=0, eq. (11) and reduced Lorentz gauge

VA= - ue - 0¢/ot for waves and Coulomb gauge VA=0 for eddy current and static applications. Wave

equations from eq. (11) using eq. (3) and polarizations:

A=A"-Vy, ¢=¢ +0yl/ot (10a+b) AA-uc

1 0%ps

1 0°A oP
=—yo(J+Vpr+j (12a) Aps ——

AA — —
c? ot?

1
ot o - o PV P (120)

Wave equations derived from concentrated field elements in electric circuits with resistance R,
conductance G, capacitance C, inductance L (mutual inductance M) yield the same result for voltage
V and current | instead of A or ¢, as shown in eq.(11) respectively eq.(12a,b).

2.2.2 Eddy current equation in electrodynamics
With (g o/ot) = 0, eq.(10) leads to interdisciplinary usage of eddy current equation(13).
1 B 1 oA
curl;curIA =J—y-grad ¢ +curl ;Mp —y-ﬁﬂ/-vmurlA (13)
The current density J includes all further electrical excitations shown in eq. (10).

2.2.3 Static equations inside electrodynamics with identical structure

From Maxwell's equations we get formulations with identical structure for magnetic fields in
magnetostatics, electric fields in electrostatics and electric current flow. In Fig. 4 six identical fields
are sketched for different areas inside electrodynamics. The field map for only electrostatics
automatically yields the results for the other shown disciplines, refer to eq.(19a, 20a). The field maps
were evaluated for the centre of the applications shown neglecting the leakage fluxes i.e. of capacitor
and current sheets.

“Trial and Error” field equipotential lines + field lines  "Trial & Error” FIELD MAPPING with curvilinear squares
mapping proved by field o=1 vy ] ¥ J 2 _ Mo
numerical computations LNEHeS EFZQ ' / iﬁ

- 0 M~ ==
with FEM program C¥el : . - M fIRY? f= % P__
MagnetoGAD. e e Tl G Iy
i i i a) Cim=16/4-¢, Fim m=16/k, Uim ¢t Gim=416 g Oim
Field mapping rules in capacitance/depth conductaa;celdepth conductanaé:efdepth

Fig. 4a considering field =
lines and equipotential Y hed - y Mo - LY 514 B

lines as perpendicular, i !% Moo ﬁ
equidistantly arranged TJLH \\w- Mo #_ g L g
1= e

and sketched by means - e X Aa? Mo B X -k +j4_._a.‘_
i d) A/m=16/L-p, Him e) A/m=4/16-pm, Him f}  Lim=LA6-p, H/m
of curvilinear squares. permeance/depth permeanceﬁepth inductance/depth

Fig 4. Application of one field map to six interdisciplinary cases inside electrodynamics [1]
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2.2.4 All possible Mind Map derivations from variations of “Maxwell’s Hand”

All central derivations from Maxwell's equations with respect to all important phenomena inside
electrodynamics are developed by the author and visualized as a new Mind Map with 10
memorable Memo Maps based on variations of Maxwell's "Right Hand Rule" and Brain Power
Rules [8]. Starting from differential equations we can formulate all central equations governing
electrodynamics and interdisciplinary physics. These Memo Maps are valuable mnemonics for
necessary derivations, useful backgrounds and compact results. Memorizing these pictures it's
easy for us to bear all derivations in mind concerning the variety of extended Maxwell’s equations.
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Fig. 5: Mind Map for central derivations from Maxwell's equations in electrodynamics [10]

This above shown Mind Map can be found in a special web site prepared by the author [10].
Clicking there on one of these 11 Memo Maps (including centred Maxwell's Hand = basic right
hand rule) these special figures will be enlarged with further details about the mathematical
procedure und the developed results for electrodynamic power, forces, energy, waves, relativity
relations etc up to quantum electrodynamics. Most of all these formulas and equations can be
derived using the powerful unit check method shown in the next chapter 2.2.5, too.
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2.2.5 The mighty method in physics: Deriving equations by Unit Checks S\,
Following questions (Q1 ... Q20) and answers (A x.y) will demonstrate and train this E!FF':LIB‘I ,sﬂgg

useful method using both sides of our brain to understand, to derive, to learn and to Equatiegg ff:_??picture
recall most important formulas in physics without any effort. 7

Q1) What will happen with an electric Charge Q placed in an electric field E?

The scalar Q in As and vector E in V/m build the product Q - E . (A1.1)
Equivalent unit equation: As - V/m = Ws/m = Nm/m = N = Newton = Force Fg, (A1.2)
The result is Coulomb’s law, an electric force Fg = Q - E (A1.3)
Q2) What is equivalent to a space-depending electric potential ¢ defined by gradient “grad”?

This term can be written as a product of Nabla operator and electric potential Vo (A2.1)
Equivalent unit equation: 1/m - V = V/m electric field strength E (A2.2)
Regarding signs for “grad” in mathematics and E in physics the result is: E = - grad ¢ (A2.3)
Q3) What will happen in a magnetic field B moving a particle / body with a uniform speed v?

Both vectors v in m/s and B in Vs/m?2 build a cross product v x B. (A3.1)
Equivalent unit equation: m/s x Vs/m? = V/m - electric field strength E (A3.2)
The result is the additionally induced electric Lorentz’ field strength E. = v x B (A3.3)
Q4) What will happen in an electric field D moving a particle / body with a uniform speed v?

Both vectors v in m/s and D in As/m? build a cross product vx D - (ref. to Q18 1) (A4.1)
Equivalent unit equation: m/s x As/m? = A/m - magnetic field strength H (A4.2)
The result is the additional magnetic Lorentz’ field strength H=vxD=-D xv (A4.3)

Applying “V” operator on H the result is Roentgen’s current Jree=V x (D xVv)=curl (Dxv) (A4.4)
Q5) What is equivalent to an electric charge density p moved with the speed v?

The scalar p in As/m® and vector v in m/s build the product p - v. (A5.1)
Equivalent unit equation: As/m*® - m/s = A/m? additional electric current density Jrow (A5.2)
The result is Rowland’s current density Jrow = p * V. (A5.3)
Q6) How much is the force on a current carrying conductor or moved p in a magnetic field B?

The physical entities p, v and B build the cross product p - v x B. (AB.1)
Equivalent unit equation: As/m? - m/s x Vs/m? = Ws/m* = Nm/m* = N/m* - force density f (A6.2)
The result is Lorentz’ force density caused by electric currents f, =J x B (AB.3)

Q7) What will happen when a magnetic flux density B is time-changing through a loop?

The action 6B / ot causes a reaction in a loop which must be a negatively signed vector, too. (A7.1)
Equivalent unit equation: 1/s - Vs/m? = 1/m - V/m = V applied on electric field strength E (A7.2)
The result is Faraday’s law or Maxwell’s second (field) equation - 6B / 6t = V x E = curl E (A7.3)

Q8) Which physical entity will be produced by an electric current density J?

All currents will produce a magnetic field strength H easily derived by following unit check:
Equivalent unit equation: A/m? = 1/m - A/m = V applied on magnetic field strength H (A8.1)
The result is basic Ampére’s law or Maxwell’s first (field) equation J =V x H = curl H (A8.2)

Q9) Which source divergence “div” of a physical entity produces electric charge density p?

This relation can be written as a product of Nabla operator and electric potential V - “?” = p (A9.1)
Equivalent unit equation: 1/m - *?’ = As/m?® or ‘?’ = As/m? electric flux density D (A9.2)
The result is electric Gauss’ law or Maxwell’s third (source) equation V-D =divD = p (A9.3)

Q10) Which magnetic source divergence “div” of a physical entity is always zero?
This relation can be written as a product of Nabla operator and electric potential V- “?” =0  (A10.1)

Equivalent unit equation: 1/m - “?’ = Vs/m? (fictive monopole) - magnetic flux density B (A10.2)
The result is magnetic Gauss’ law or Maxwell’s fourth (source) equation V - B = div B = 0 (A10.3)
Q11) Which time-changing physical entity X will produce a current density J in air (vacuum)?

This relation can be written as 6X / ot = J, where X is the searched unknown. (A11.1)
Equivalent unit equation: 1/s - “?” = A/m? or *?’ = As/m? - electric flux density D (A11.2)

The result is Maxwell’s displacement current Jp= X / 6t ( = 2™ part of 1. Maxwell’s equation) (A11.3)
Q12) What is equivalent to the source “div” of a moved charge density p with the speed v?

Applying Helmholtz’ law div (curl H) = 0 on eq. (A8.2) with (A11.2) or fromV - (p-v)=“?" (A12.1)
Equivalent unit equation: 1/m - (As/m® - m/s) = A/m? = 1/s - As/m*® - 0/ ot - charge density o (A12.2)
The result is Maxwell’s continuity law in electrodynamics V- (p-v)=V-J =-0p/ ot (A12.3)
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Q13) What is equivalent to the source “div” of a moved mass density py, with the speed v?
From V - (om - v) = “?” unit equation:1/m - (kg/m?® - m/s) = 1/s-kg/m® = &/ ot - mass density pyy (A13.1)
The result is Newton’s continuity law in mechanics V- (oy-v)=V-J =-0py/ ot (A13.2)

Q14) What is equivalent to the mechanical (im)pulse density pm = pu - V in electrodynamics?

Equivalent unit equation: kg/m® - m/s = kg - m/s? - s/m®> = Ns/m? = Ws/m? - s/m = As/m3 -Vs/m (A14.1
The unit Vs/m defines the magnetic vector potential A with its subset B = curl A= V x A. (A14.2
Moving like Maxwell’s hand for J = curl H we see that 2-D fields can be calculated by 1-D ! (A14.3
The result is the equivalence of pm = pi - v in mechanics and pem = p - A in electrodynamics  (A14.4

— N — —

Q15) What is the relation between (im)pulse density pm or pem and force density f?

Equivalent unit equation from (A14.1): Ns/m? - “2” = N/m2 or ‘2’ = 1/ s > time operator d/dt (A15.1)
a) The result in mechanics is Newton’s force law fy = d(oy - V) /dt=v -0 py/ ot + py-ov /ot (A15.2)
b1) Result in electrodynamics is Lorentz’ force law - fgm =d(o-A)/dt=A-dp/ot+ p- oA /ot (A15.3)
With re-formulated unit equation for last term: Vs/m - As/m®*/s=As/m*-1/m-V > p- Vo (A15.4)
b2) Result in electrodynamics is Lorentz’ force law fey = d(o- A) /dt=-p- Vo -p-0A /ot (A15.5)
Q16) What is the relation between interdisciplinary force F and (potential) energy W?

From N =‘?-Nmor‘? =1/ m - space operator V, with P = pulse, W = energy, follows: (A16.1)

d’Alembert’'s force F=-VW=-dW /dr=-d W/dt-dt/dr=dP/dt>d (P-v+ W,y /dt=0 (A16.2)
Integration yields the non-relativistic energy law in classic physics: Wieta) = Wkin + Wpe= const  (A16.3)

Q17) a) What is the relation between energy W of an electromagnetic wave and frequencyv
Equivalent unit equation: Ws = ‘?’ - 1/s or “?” = Ws - s = Planck’s constant h (or 7 ) (A17.1)

Result is Planck’s energy relation: W=h-v or W=7 -w orcomplex > W=i-h-0/ot (A17.2)
b) What is the relation between pulse P of an electromagnetic wave and its wave length A?

Equivalent unit equation: Ns = Nm s - 1/m = Ws - s - 1/m with wave vector k yields both the (A17.3)
- de Broglie’s pulse: P=h /A or P=%-korcomplexwithi=Vv(-1) > P=-i-h-V (A17.4)
- de Broglie’s wave equation: W(r, t) = Wy-exp[i- (w't -kr)]= Woexp[i/l- (Wt-Pk)] (A17.5)
c) Can we derive the relation for the uncertainty principle in quantum mechanics where neither

energy W & time t nor pulse P & place r can be exactly determined at the same time?

From (A17.2) & (A17.4) we get Planck’s constanth=W /v =P -A ,where v ~1/t&A~r. (A17.6)
and directly in “small A - view” - Heisenberg’s uncertainty relation h ~ AP - Ar = AW - At (A17.7)
d) Inserting (A17.2) & (A17.4) in (A16.3) with mass M and kinetic energy Wy, =M - v?/ 2 (A17.8)
- non-relativistic Schrédinger’s equation: 72/ (2 - M) + Wy =i - 7 - 0/ ot [applied on W(r, t)] (A17.9)

Q18) How can we easily derive a formula for arbitrarily formed current loops?

Considering the electric Gauss’ law we quickly derive dD = dQ / (4nr?) - e, , producing a (A18.1)
magnetic field dH by moved charges v - dQ inunits:m/s-As=A-m - vq - dQ =1-dI (A18.2)
With unit equation: m/s - As/m? = A/m the transformation from dD to dH is vq x dD (=A4.3) (A18.3)
The result is Biot-Savart’'s law: dH =vg xdD = vy - dQ/ (4nr®) x e, =1/4n - (dl x e;) / r? (A18.4)
Q19) What is the difference between total derivative “d / dt” and partial derivative “0 | ot” ?

ie.dB(t,r)/dt=0B/ot+0B/or-or/ot=0B/ot+0B/or-v=0B/ot+(vV)B (A19.1)
Basis for viewing point of moved systems - Einstein’s special relativity theory (ref. Q20) (A19.2)
Vector gradient (vV) B =d B/ dt-0B /6t implies additional fields in Lorentz’ transformation (A19.3)
Applying unit checks i.e. B = f (temperature T) yields = additional fields 6B / 0T - 0T / ot etc  (A19.4)
Most simple transformation from i.e. Faraday’s law: - d B (v) / dt = curl E’ = curl (E + v x B) (A19.5)

Q20) Which unit re-design leads from classic physics to Einstein’s etc most famous formulas?
Newton’s force law in mechanics fy = d(opy - v) / dt (ref. Q15a)> Fy=d(M - v) / dt (M is mass) (A20.1)
Equivalent unit equation: 1/s - kg - m/s =kgm/s2=N=Nm/m=Ws/m > Ws = kg - m?/s? (A20.2)
The result is Einstein’s equation: E =M - ¢ equivalence of energy E and mass M, where (A20.3)
the velocity unit m?/s2 means the square of the speed of light ¢ = 1 / V(o * &) = const. (A20.4)
Viewing (1) moved body (At’, v), time in rest At > Pythagoras yields: (c-At')? = (v-At')? + (c-At)®? (A20.5)
)
)
)

or Einstein’s time dilatation: At = At /[ 1 - (v/c)? ] . Extending (A20.5) by unit checks to the (A20.6
relativistic energy equation: E? = Wi,* = Wyin® + W, , With pulse P=M-v & mass in rest Mg (A20.7
(M-c?)?=(P-c)*+ (M- c?)?or Lorentz-Einstein’s mass equation: M = Mo/ \[ 1 - (v/c)?] (A20.8
Complex notation of (A20.8) using (A17.2) & (A17.4) leads to Klein-Gordon’s equation or

- relativistic Schrédinger’s equation: [1 = V2 - 1/c? - &*/6t2 = (Mo-c / h)? (“space-time operator’) (A20.9)

© 2008 Prof.Dr.W.Stanek: “Electromagnetic Field Theory and its analogies in Mechatronics” FH Koblenz/D, SGU+ATMA/Java, TU Opole/Poland etc — 9_



2.2.6 Electrodynamics compared with other physical disciplines
Central physical disciplines are compared with electrodynamics neglecting Maxwell's dD/dt — term
in eq. (14) - (16), (18a), (19a), (20a) and considering it in eq. (17) - (20).

Electrodynamics o . _ _OA _

Maxwoll efc curl (1/ g)curl Al=J—grad [y - o+ (1/ 1)-M] T 7-vxcurlA [(14)
' Hydrodynamics ' meurly - f 2 _, oV, , | (15)
E_Navier—StokesetcE curfgeurive = f - grad lp+pm v /2J Prm ot Prm VXCU”V_E(15)J:
| Thermodynamics| ; _0o_ _ o7 v-gradT |
L A R TN N
 Elastodynamics i, -Au—p_-0°ulot? = —f—(u, +4,)-graddivu-divo 1(17)
1

1
Newton-Euler, 1 - AN
| Lagrangeetc 1Au—(p, [y, )-0%uldt? =—1/y_ -f 1 (18) | Elastostatics 1 Au=—-1/g, -f {(18a)
Electrodynamics [AA —(1/c?)-0?°A/0t> =— 1,-J | (19) | Magnetostatics |AA=— 1,-J (19a)

Maxwell, Ampere,
Faraday,Gauss etc|A@ — (1/02 )- 82(”/61:2 =-1l¢g-p (20) | Electrostatics Ap=-1/¢y- p |20a)

Fig. 6 Interdisciplinary vector analytical structure identities in physics [1], [4]

Analogous expressions can be derived for diffusion equation in chemistry, Newton’s mechanics,
optics and acoustics etc. In eq. (14) the curl My-term is re-formulated as grad M; - £ term of M-
components in i = x, y. Eq. (15) is also central for applications in aerodynamics. All these field
equations (14) - (16) in Cartesian 2-dimensional coordinates will show identical structure, refer to Fig.
7. The central equation in non-linear elastodynamics is given by eq. (17), where u, and A, are Lamé
characteristics for material elasticity, o for non-linear tensions, u for mechanical displacement and f

for external forces. Assuming linearity (dive=0) and incompressible media (div u=0), elastodynamics
is based on wave equations (18) - (20) with identical structure.

2.2.7 Electrodynamics directly integrated with other physical disciplines
Magnetohydrodynamics: Hydrodynamics + Electrodynamics + Thermodynamics

T Electro |2 23 b 2) k2w, M- 2 v Mo
R Dynamics |35 vfn 2, B).

R

i1l Magneto-Hydro-Thermo-Dynamics

IFI:-PH|T--I"::IQI 1= a1y l__.-—

a8 f_av, s dek av. § > Bp - R
A SR e i RS
Hydro/Aero|-+&  —(-8-w8) i |€ & A
Dynamics [z (x2)-2 (o) a2, | %%
1 X ay | -i_ .T_ -
§ ) |
: Ll
p |a,f5T'n'uT‘ i I
Thermo  |axer) oy ay) 0t : 0O
Dynamics |-ro3 -eo(ndwiy)-o! N

Fig 7. Interdisciplinary structure identities of different and hybrid physical disciplines [1], [11],

Ferrohydrodynamic Bernoulli-Rosensweig equation based on magnetic fluids
The Bernoulli equation can be deduced from Navier-Stokes equations and extended with a magnetic
polarization M, to handle i.e. industrial separation of diamonds:

p+p V2 I2+p -g-h+p. -j(av/at)dl—jmp -dH = const (21)
Eq. (21) describes i.e. lifting of “stones” in magnetic fluids by magnetic fields [1].
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Magnetostriction and Electrostriction: Elastomechanics + Electrodynamics + Entropy

The deformation force densities fys (or fes) of ferromagnetic (or dielectric) materials with density t=1/v
caused by magnetic (or electric) fields H (or E) can be derived by means of entropy. The converse
effect applying mechanical pressure p to certain non-conducting crystals producing electric charges is
piezoelectricity. All effects may depend on temperature T, too. In Fig. 8 interdisciplinary derivations
are shown.

Maxwell = Poynting E x H = energy thermodynamics - “unavailable for work” entropy dS = dQ/T (22)
Internal system energy dW; = f [specific volume v(p ), T, H (or E)] = transported heat dQ + total work dW,, ~ (23)
entropy dSus W+ 0V = ) = o 7 (0 av) dv + (Ou V/V oT) dT] (24)
with dWi= f(v,HT) | dS,,q =dQ/T =1 (T 4 Pz Oy g, 1(L_ 1 Wi 1 T8y gT |(25)
e T ov v oT
for magnetostriction
from eq. (22) - (25) > force density f s = - grad p(v,H,T), neglectlng T : eq. (26) - (27)

Magnetostriction ¢ _ 1 rad(H2~ . 0"#] 2% Electrostriction ¢ _ 1 rad[Ez_ . ﬁ«Sj 97
force density Ms =39 T ) | force density Es =3¢ T o) @)

Fig 8. Interdisciplinary entropy equations for magnetostriction + electrostriction [6], [1]

3 Interdisciplinary industrial applications in mechatronics

Three developments in the huge field of motor car production, magnetic gripper design in robotics,
motor car anti-vibration systems and computer hard disk drives will demonstrate actual industrial
applications in mechatronics based on electrodynamics.

3.1 Motor car production based on electrodynamics

In Fig. 9 we see a graphical overview of the actual topics of this publication concerning motor car
production and influences. The field numerical optimization of the actual holding and stacking system
in world wide motor car production is the special focus in this chapter 3.1.

o measurement measurement  CENTRAL TRAMSPORTING -
The principle of i ol thickness  and STACKING MACHINERY realized
i IRON in motor car production .
mechanical motor car ey (Le. more than 100 m long) topics
prodl_Jct|on is shown | | cutting :tn-w:r:ng many stacking boxes of this
in Fig. 9a. | Cintertace "t | intetace | | | publication
T conveyance COPVEYARCE : ? ? - N
. . & |
This computer-aided ¥ u i
development was a D : | reeh
combination of designing 1,/ mator car wmbor- from iron colls RN ES - a—
the necessary ieesurements of Fafralralra]-=H OLD SYSTEM
> - bength + thickness - =lr==]-=]"=] —
electrodynamic actuator ralrajraire] s —
(shown in Fig. 9b) — I T =1"=]"=]"=]"= l-.:-.!
and optlmlzmg t_)Oth the _3_.' magnaetic raising of iron sheets by systems like B or using * MEW SYSTEM
aerodynamic flight of molor car production from storage Mhimomca 13_ .
metal plates and the

SAME IDEA
for realizing
a new
magnetic gripper

elastodynamics
respectively plastic
stacking in the stopping

SIMULATION

equipments. "'Fﬂ_“l;m‘ aripper (@ in Master Thesis
- l.'HAﬁTFF‘ 332
This holding and stacking _ _ _ _ — & & & & o e o e e e e e e e e e e e e e o
system, based on an e =g MAGNETIC <70 : = compensstion
international patent by permanent BRI HF'ELOS| § ; _ | current controlled
Thyssen in Dortmund, is magnat ELECTRG[}YHAMIGS . by slectronics
world wide used in motor slectrical conveyance B
car plants since years [9] T _ | # wacking | conveysnce bent
fr—— . e e, — ¥
CONVEYANCT «f BOTOR CAR PFLATES L ";E_i.__f'-'_ as _'-lﬂ-l_llll . ‘E‘
AERODYNAMICS —+- —

i
!

Fi

=X

IHELASTODYNAMICS > E—

STOPPING IWHHT\
Fig 9. Mechanical motor car production based on electrodynamics [1], [10], [11],
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3.2 Gripper design in robotics based on electrodynamics

Based on the idea for the controlled actuator in motor car production, the following magnetic gripper
was developed, simulated and realized in Fig. 10.

Hd¥ ol i MAGMETIC FIELD

The 4 steps in the pictures 2
PERMANENT MAGNET ‘T* LINES: A = CONST

shown on the right are necessary

for each development RON 817 ':

with respect to electrodynamic — g

actuators and sensors WAy n

in robotics " con —3 :

from idea to end product. s R, o

This new magnetic gripper was ) - IRON SHEET E

developed by a Master’s Thesis in as gap weth B o

Mechatronics in cooperation g - - : . >
. . . L S lj:_—_- el i
ook sy ang DEATANALYTICAL B rescasn oase vl ot

Swiss German University (SGU) AFF:R‘_'D.IIIHIATIQN FIELD NUMERICAL E'DHPI.ITATIEN

in Indonesia.

This development also show
the necessity for a

: ! Sca
mechatronics engineer R Conr
to be flexible in working with A Th
several physical disciplines, b w'F
automated production 1" A g :
including complex environments & : L R
and both = -

software controls and simulations. : MECHAMICAL . MAGNETICY . ; !

GRIPPER GRIFPER . afi

3-D SIMULATION in Il REALIZATION + TEST

VIRTUAL ROBOTICS in REAL ROBOTICS

Fig 10. New magnetic gripper design for handling metal sheets in 4 steps [2], [11]

3.3 Motor car anti-vibration system based on electrodynamics

The cancellation of noise inside motor cars, using software controlled actuators, is of great
importance in all motor car plants. The design of such anti-vibration systems (VCM) in Fig. 11
involves several interdisciplinary areas in physics such as acoustics, electrodynamics,
thermodynamics, hydrodynamics, mechanics, elastodynamics and sound design, too.

Softwara Ll
) ) A confrolled | TRELLEBORG
Integrated simulation VCM circull —

processes were needed for e B

mechanical design of spring and

damping in relation to
electrodynamically
and
mechanically produced forces. old
, , , VCM=
This new actuator, integrated in the Vibration 1
software controlled Cancetation Module'| | PERMANENT MAGNET_
VCM-circuit was o =¥

parametrized, optimized and

realized by a Diploma Thesis at 2 = l : N —i
Trelleborg Automotive in PN e new i‘.w“.;\..'-_.
cooperation with University of __!_—_'; . C \| fi
Applied Sciences Koblenz. - VCM II- !
In the pictures . ;
shown on the right L —— A
the focus on I 1_ f —l Z AC - |
electrodynamics is emphasized. .T___Z_, =l ==l | | ELECTRICAL CORY

| (spiitted coil )

Fig 11. Motor car anti-vibration system based on electrodynamics [3], [11]

© 2008 Prof.Dr.W.Stanek: “Electromagnetic Field Theory and its analogies in Mechatronics” FH Koblenz/D, SGU+ATMA/Java, TU Opole/Poland etc — 12 -



3.4 Computer Hard Disk Drives

Complex concepts and applications of electrodynamics are the basis for a huge variety of Hard Disk
Drives in computers (i.e. often like in Fig. 12 or other special variants). Though very different in
construction details, all hard disk drives are consisting of electrical coils, permanent magnets, iron
parts and often additional copper plates or closed coils in form of a “shorted turn” (ref. to Fig. 13 and
14, the principle of a Winchester-Hard-Disk-Drive). The main task of these drives is to perform and to
control the accelerated movements of magnetic heads for an exact and fast reading and writing of
data on the magnetic hard disk.

Combined analytic modelling and
computer aided simulation of
mechanical and electromagnetic
devices in mechatronics is necessary
to solve and to simulate the behaviour
computer hard disk drives,

i.e. Winchester drives.

For analytical calculation of
electromagnetic fields

in mechatronic systems and

interdisciplinary analogies:

Thinking in magnetics with
concentrated field elements H?rd
(R, L and often C) and Disc
solving dynamics by well known E
electrical circuit methods Drive
(i.e. with MATLAB, Simulink i
aided by FEMLAB,
MAXWELL & MagnetoCAD)
2 Tay
The analytical equations (I -1V)
are shown below considering No shorted
“Shorted turn” (index “nS”) turn
Coil

Modelling the influence of the movements

mnﬁﬁ

“Shorted turn” (index “S”) coil with erma
as a transformer with “1” turn magnet head magnets
on the secondary side we can
use the equations (V + VI) Fig 13. Principle of Winchester hard disk drive [1]

_R, i i ————
Us =Ry -ip+d(Ly i) /dt+u g @ L l\l,‘{/ —_—
/] \ HEAD
Uing =Ky @O o an ’/r t{:&%‘\, y
= - I I
d(J. . -@)/dt=T, T m  (—————
mec LIV TV (110 \ \\.\ : :ﬁf/ vy
T =Kz -y av) f}ilnu S LA

= AT
1 1 JA
cud—curlA =J -y-grad@+cul —M -y - —— Hy-VxcurlA|
M u at

Fig 14. Winchester hard disk drive with
0=Rg-ig+d(Lg-ig)/dt+d(M-i,)/dt (VD  magnetic field values for eq. (I-VI) and
eddy current equation from Maxwell

Ujg =Upg +d(M-ig)/dt V)

If inductances L4, Ls, mutual inductance M and mass moment of inertia Jnec are constant egs. (I-VI)
can easily be simplified: i.e. d(L-i)/dt = L di/dt + i dL/dt, where the last term is zero. MATLAB and
Simulink are mighty systems for simulating problems in mechatronics. But without the numerical
computation of central electromagnetic field values, primarily L and M, analytical simulations may
yield false results not usable for optimized applications in practice. Directly from equations (I-VI) we
can sketch the block diagram and the automation graph.

© 2008 Prof.Dr.W.Stanek: “Electromagnetic Field Theory and its analogies in Mechatronics” FH Koblenz/D, SGU+ATMA/Java, TU Opole/Poland etc — 13 -



4. Conclusion

The high aim of optimizing the integration of mechanical engineering, electrical engineering and
information technology in mechatronics can often be reached by prefered usage of advanced
field theory in electrodynamics. Working with extended Maxwell's equations electrodynamics in
mechatronics often leads to new developments and interdisciplinary influences are easier and
faster to approximate. Quick derivation of QUANTUM ELECTRODYNAMICS
interdisciplinary & complicated equations

in physics can be achieved by using . <‘“\‘
extremely helpful and mighty unit checks. e . % Y
Furthermore other electrodynamic 1+ o oo, & .
influences especially caused by external T- ook FIELD & QE
waves and fields with respect to electro-

magnetic compatibility problems can be
handled and corrected. The focus on four oPagiA B T | BNS
described developments such as motor ¥ o loravirarion o e r.E=_dm§j& cemopmamc s 0
car production, magnetic gripper design in g s 7 Cm ) e LA

robotics, motor car anh-wprahon systems % »
and computer hard disc drives show the p amn T
necessity for a mechatronics engineer to =]
be flexible in working with several
physical disciplines (refer to right shown
Mind Map with Memo Maps in Fig. 15),
highly automated production including

3
complex environments and both a variety f >~ |DIFFUSION Q
of different software controls and - t
simulations
Fig 15. Interdisciplinary analogies in mechatronics based on Maxwell’s equations [1], [11]
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