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Exercise E1 Equivalent linear Source
(written test, approx. 14 % of a 60-minute written test, WS2022)

The circuit in the following has to be simplified.
Result

\begin{align*} U_{\rm s} &= U_{\rm AB} &&= 4.5 ~\rm{VI\\R_{\rm i} &= R _{\rm
AB} &&= 6 ~\Omega \end{align*}

$$R_,

Calculated the internal resistance $R \rm i$ and the source voltage $U \rm s$ of an
equivalent linear voltage source on the connectors $\rm A$ and $\rm B$. \begin{align*}

R 1=5.0 ~\Omega, & U 2=6.0 ~\rm{V}, & R 3= 10 ~\Omega, \\ | 4=4.2 ~\rm{A}, &&
R 5=10 ~\Omega , & R_6=7.5 ~\Omega, \\ R_7=15 ~\Omega && && \end{align*} Use
equivalent sources in order to simplify the circuit!

Solution

The best thing is to re-think the wiring like rubber bands and adjust them:
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$$R_)

$$u_l,

The linear voltage source of $U_2$ and $R_1$ can be transformed into a current
source $1 2={{U 2}\over{R_1}}$ and $R 1$:
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Now a lot of them can be combined. The resistors $R_1$, $R 3%, $R 5% are in parallel,
like also $1_2$ and $1_4$: \begin{align*} R_{135} &= R _1||R_3||IR 5\\| {24} &=1_2 -
| 4 = {{U 2}\over{R 1}} - I 4 \end{align*} The resulting circuit can again be
transformed:

€5nss
€555
£$ IJ-L $R_”l
$BS$
SR_.. L‘i .

Here, the $U_{24}$ is calculated by $I_f(24}$ as the following: \begin{align*} U_{24}
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&= R {135} \cdot | {24} \\ &= ({{U _2}\over{R 1}} -1 4)\cdot R_1||R 3||R_5
\end{align*}

On the right side of the last circuit, there is a voltage divider given by $R _{135}$,
$R 6%, and $R _7%.

Therefore the voltage between $A$ and $B$ is given as: \begin{align*} U_{\rm AB}
&= U {24} \cdot {{R_7}\over{R 6 + R 7 + R 1||R 3|[R 5}} \\ &=

({{U 2}\over{R 1}} -1 4)\cdot {{R 7 \cdot R 1||R_3||R 5}\over{R 6 + R 7 +
R_1||R_3[|R_5}} \\\end{align*}

For the internal resistance $R i$ the ideal voltage source is substituted by its
resistance ($=0\0mega$, so a short-circuit): \begin{align*} R_{\rm AB} &=R 7 || (
R_6 + R_1||R_3||R_5) \\ \end{align*}

with $R_1||R_3||R_5 =5 ~\Omega || 10 ~\Omega || 10 ~\Omega = 5 ~\Omega || 5
~\Omega = 2.5 ~\Omega$:

\begin{align*} U_{\rm AB} &= ({{6.0 ~\rm{V}}over{5.0 ~\Omega}} - 4.2 ~\Omega)
\cdot {{15 ~\Omega \cdot 2.5 ~\Omega}\over{7.5 ~\Omega + 15 ~\Omega + 2.5
~\Omega}} \\R_{\rm AB} &= 15 ~\Omegal| ( 7.5 ~\Omega + 2.5 ~\Omega) \\
\end{align*}

Exercise E1 Temperature-dependent Resistance
(written test, approx. 6 % of a 60-minute written test, WS2022)

3. tRdgaidinag| g uesshiibtsda e e fadinas tanEsedat ermedtio gedremmnsist can Sitreditierigidgtdd has a
ReEilt & recopsiikteenon (kG Ejas ah exE3natiom @} gour answer.

Its temperature coefficients are: $\alpha=0.01 ~{{1}\over{\rm{K}}}$ and $\beta=71 \cdot
10" {-6}~{{1Nover{\rm{K}~2}1%

Rfs‘réLgémperature inside the refrigeration system can reach down to $-40 ~°\rm{C}$.

. Oeginratign o fsfem @ DrEandraesan dend {ahgithy ¢

Resipmnetrahtfierrekstoic§Pendigydnitiof thécdotuit 2md gehe o heafRTheérisfore, a

>0l uigBIbinlersietss tinertight Reat up the refrigeration system.
Therefore, with constant $U$ and increasing $R$ the power decreases. Ten times more
resistance decreases the heat flow to one-tenth.

\begin{align*} R &= R_0 \cdot (1 + \alpha \cdot \Delta T + \beta \cdot \Delta T"2) && |
\text{with } \Delta T =T_{\rm end} - T_{\rm start}\\ R &= 10 ~\rm{k}\Omega \cdot
\left(1 + 0.01 ~{{1}Hover{\rm{K}}} \cdot (-40~°\rm{C} - 25~°\rm{C} ) + 71 \cdot
10~ {-6}~{{1H\over{\rm{K}~2}} \cdot (-40~°\rm{C} - 25~°\rm{C})”"2 \right) \\
\end{align*}
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Exercise E1 Analyzing complex Impedances
(written test, approx. 14 % of a 60-minute written test, WS2022)

3. dlalvibatitttiti phabEuniiprtest hesvausEToo RS I 3 B derdet izt Gshibttive tglo the
Begtdbnents.($R$ and $\underline{X} 1$) shall be given.

Rhis rcamabysig nthehd || bw idigrfensioihe fointbedmp edan tealy isecxtirae teca b egittd g Baare}in
kg,h?itfrlkﬁ@l(cmate\ﬂhﬁié 2Movedd-a{eh j}11+5{\rm j} \right) \Omega \end{align*}
solution

.. Ciegiateatigmbh ¢sredl 0& uesrofithe evdl (e ligrdients.
solutiegin{align*} Ruedeldlidve HYPeghONa7 &=rih A - \rkad rpHi} i\&xd {2Ti@6*Nend {align*}

>olution
\begin{align*} \underline{l} &= {{\underline{U} Nover{\underline{Z}}} \\ &= {{50
FhertlYeheuad bi24ge\raeg pHaddrohik \eseed HEnty@rpasa dmid= Hle real)
resOMiNg heveadfed4 yRreanme 7§\ rihtedah 4 68 ~29mega }} \cdot {{ 0.24
Thererge, -thendh fius- Heraegm dtornlithth e \amedmsdivite ialgdasrd.68

iR A VRSP AR Oredo o8 B 50 YDIRAB D )
%%\69@2‘%\&“%2;!@%%%&%;@@@@ i | i

AT IR RT YAy & 2
I clnege i e b aves Colebb ISR + 50 )
ringhdpsaDibeegal Ve &AW ede(0i2d {1 PB 2 é\ripg katchfatedjasiribeyin{oigeda \\ &= 0.24
fideraet 1${réo H |{dot debithe {O|¢gavar&uRdedime{ 21X 1 \\ Sendi{i@ign*}
~\rm{V}}over{| 0.24 ~\Omega + {\rm j} \cdot 4.68 ~\Omega |}} \\ &= {{50

Wt TIVe TS0 XsBAtt (OPas-Tmdys)odl a(4eegbemdmayair 2 X1 dendqaiage«h \\ L
&= {{X_L}\over{2\pi \cdot f}} \\ &= {{4.68 ~\Omega}\over{2\pi \cdot 300
Fhepftdzsg}$\Xerehd {&laam*be calculated as \begin{align*} \varphi_i &= \arctan \left(
{{\Im()Nover{\Re()}} \right) \\ &= \arctan \left( {{-4.68 ~\Omega}\over{0.24
~\Omega}} \right) \\ \end{align*}

Exercise E2 Complex Impedance Circuit
(written test, approx. 15 % of a 60-minute written test, WS2022)

sava I
Ve vy

A. dadoifiates NG e fidh e shepr{iad st bt gnder {iA¢ {N$ ik faad
$ﬁéﬁlﬂpulﬁrie{;mdﬁtﬁ/ma adisoincoit $u(t) = 3.0 ~{\rm V} \cdot \sin(2\pi \cdot 15 ~{\rm
KHppsedot &ppvapitiateistatitey fasisraand ofritd Ot -d@vnegas.
%mk'q!iﬂ@ar source is connected with an inductor of $330 ~ {\rm uH}$ and a capacitor of
i@!ﬁlfﬂ{\rm WF}$, all in series.

esu

. DeRgnERHZAT B JRhsaf ERe\eRiesRa0 8 48.2 ~\Omega \\ Z &= 19.8 ~\Omega
abé@Rg{@iaRbhents, voltages, and currents.
\begin{align*} Z &= {{that{U}}over{\hat{I}}} \\hat{I} &= {{\hat{U} Nover{Z}} \\
\badifelei*} Z C &= {{1}\over{2\pi \cdot f \cdot C} }\\ &= {{1}\over{2\pi \cdot 15
Restf{\rm kHz} \cdot 0.22 ~{\rm uF}}}\ \end{align*}
Wihid! i)} wvecsarp{ 2ddatededobaty &$: 2Rsioirdaliv9*} f\&FkHz} \cdot 0.22
HamopeH\serd 2aiidnedot {{\hat{U} Nover{Z}} \\ &= {{1Hover{\sqrt{2}}}Hcdot
bl th (Y 12 \0\Re{ 1 9128 oviPaggr\chiot \erdibe Oyt &= {{1}\over{2\pi \cdot 15
~{\rm kHz} \cdot 330 ~{\rm pH}}}\\ \end{align*}
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\begin{align*} \underline{Z} &= R + \underline{Z} L + \underline{Z} C\&=R +j
\cdot {Z} L-j\cdot {Z} C\\ &=R + j\cdot ({Z} L-{Z} C)\\ |\underline{Z}| &=
\sqrt{R"2 + (\underline{Z} L - \underline{Z} C)~2 }\\ \end{align*}
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Exercise E3 Impedances at different Frequencies
(written test, approx. 18 % of a 60-minute written test, WS2022)

Bak $IR 4 whemri e adisk ot Al @BskAha \rev g B e, usird e @D Nehirgpaiment®l of 33} 2+3.0
Reswlig, /ith %2 (D=4 5ozt kHahige mEneestecarcanteit 2ES0 {BRh=rbAS~\rm A$ through
$RA3gsistor $R_1$ shall have the same absolute value of the impedance as a capacitor

$C 1=40 ~{\rm nF}$ at $f 1=4 ~{\rm MHz}$.

>0lution
>olutieqin{align*} R_

1.00 ~\Omega \\ \end{align*}
soluegin{align*} R_.

10.0 ~\Omega \\ \end{align*}

A series circuit means that the current is constant on every component.
The equivalent impedance for $R$ and $L.$ combined is given by \beain{alian*}

gxaHebﬂrﬁé%m?mjmbem@ 08 i the mae QnRrAsend \N&=R 2 +
ey W&ﬁf@% A e R D
NBQB{ W@Eﬁ%@g\?ﬁ&w g &% ?%@fﬁ@éﬁﬁh}e nemdtalign®}
$\uodegimadifuf pRéis\nacendicuipy tafynederine{R_1BC}§ (It has to, since $R_3$
supRraeindicdiar(ie $+Em Mdedot {hol3EH$ 1a0dht) ~2 &= {R 2372 + {X_{L2}}"2
Vherrforsighivg resulting current of the parallel circuit is given as: \begin{align*}
\underline{I} {3} &= \underline{l} {3R} + \underline{l} {3C} \\

Noisceatirtee| frafBdngedie geintlerge {bpoiBR3[92 ) Ruh8er\sgit \IESTH U Wover{l
1 \A QI 2= Ka{t{ £ 112 (BN &2 A4 { {BRY(| {23\ had Mgkl er{60~\rm mA} }
\right)~2 - (2\pi \cdot 450~ {\rm kHz} \cdot 4.7 ~ {\rm uH})"2 } \\ \end{align*}

Back to the first formula: \begin{align*} R 3 \cdot {I} {3R} &= {X} _{3C} \cdot
{I}_{3C} \R_3 &= {X}_{3C} \cdot {{{I}_{3C}Hover{{I}_{3R}}}\ &=
{{1}H\over{2\pi \cdot f\cdot C_3}} \cdot {{\sqrt{|{I} {3}|"2-
[{I}_{3R}|~2}Nover{{I}_{3R}}} \\ \end{align*}

Exercise E4 Resistance of a Wire by Resistivity
(written test, approx. 6 % of a 60-minute written test, WS2022)

2. fdatihgadirgnelannead ésof se il ich heake tvére weibhta actemdpenastssse ofi ¢l &0usachid GhselBatric
B@sHE power dissipation (= heat flow) of $P=40 ~\rm{W}$ is necessary.

Nalbubene ke aomembéiNinked€drontperatikoy. for heating elements.

The Nichrome wire has a resistivity of $1.10\cdot 10™{-6} ~\Omega \rm{m}$.

"he heating element is $3 ~\rm{m}$ long and has a diameter of $3.57 ~\rm{mm}$.

20lieDindativn te Rtk ARe I WnroRdslimgiiriaeit.

>olution
\begin{align*} P = U \cdot | = R \cdot 1™2 \quad \rightarrow \quad I=
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\sqrt{\frac{P}{R}} = \sqrt{\frac{40 ~\rm{W}}{0.33 ~\Omega}} \end{align*}
\begin{align*} R &= \rho \cdot \frac{l} {A} && | \text{with } A =r"2 \cdot \pi =
\frac{1}{4} d~2 \cdot \pi \\ R &= \rho \cdot \frac{4 \cdot I} {d"~2 \cdot \pi} && \\R &=
1.10\cdot 10" {-6} ~\Omega \rm{m} \cdot \frac{4 \cdot 3~\rm{m}}{(3.57\cdot

107 {-3}~\rm{m})~2 \cdot \pi} &&\\ \end{align*}

Exercise E5 Charging Capacitors
(written test, approx. 16 % of a 60-minute written test, WS2022)

Zh Bl a it G Heooiweditiaobioy) disa thsdsidoaBeRi Gidlef sl mraomlsiouse
Fiimia it 8 2 i e pen ] Ve voltage across the capacitor is again $0 ~\rm{V}$ at the
moment $t 0=0 ~\rm{s}$ when the switch $S 1$ is closed. Calculate the voltage $u_c (t 2)$
across the capacitor at $t 2=1 ~\rm{ms}$ after closina the switch.

RERIRE <olve this, first create an equivalent linear voltage source from $U$, $R_1$, and
;R _\Ragsz{align*} Deltasl) R3uidzs}weddbatoh {@aniddalign*}

>olutidgis{ atig akhnDeltn YWhi 6T hRdttadly Glta ge=s§fldadités {2y idestthd aditage of\ &=
sUERavard{\Médodépandent gifhix dedi¢ir ~\rm{V})"~2 \end{align*}
On an alternative view, one can try to create an equivalent linear voltage source
again. Then, the internal resistance is given by substituting the ideal voltage source is
again short-circuiting $812%$. R4

"he circuit contains a voltage source $U'=1. ~\rm{V}$, a switch $S 1$, a resistor of $R_1=20
-\Omega$ and a capacitor of $C=100 ~ rn {uF}$.
"he switch $S_2$ to an additional consi¢mer 5R_2$ will be considered to be open for the first
asks. At the moment $t_0=0 ~\rm{s}$ thz switch $S 1% is closed, the voltage across the
-apacitoris $u_c (t 0 )=0 ~\rm{V}$.

-
.. First do not consifer the light bul
“alculate the point §f timeXt 15

>olution () U

- it is not connected to the RC circuit.
$u_c (t_1)=0.5\cdot U$.

Ry

U
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An equivalent linear volsgge shlyrce can be given with $U$, $R 1%, and $R \rm B$ as
seen in.yellow.
Therefore, the vpltgge of the equivalgnt lingar voltage source is: $U_s = U \cdot
{{R_\rm B}\o ]Q/_-J- R\rmB}} = 12" \chot U$ The internal resistance is given by
substituting t oltage sourc h itp ¥&sistance ($=0 ~\Omega$, short-circuit).
\begin{align*} =R 1|| R \rm B}\ &=+0 ~\Omega \end{align*}

r

a|| n* C t ot(l t% i\cdot.C)}) {éi\og {{1}\over{2}}
%’bdotebe\c ol ﬁur Q&Ciﬂ?rlr\{?sr'nts % H‘e\cé’”setéa H_‘ookﬁi 15%) \end{align*}
The following formula describes the tlme course of $u_C(t)$ which has to be $u_c
(t_1)=0.5\cdot U$: \begin{align*} u_c (t) = U \cdot (1- e {t/\tau} = 0.5\cdot U
\t!ll(.11dllgll j‘ IL lldb to UE lt!dlldllgt!u o :pL:p \Ut!glllidllgll } \J. t! iL/\LdU}) 0( U.D ‘\\\

e~ {t/\tau} &= 0.5 \\ t/\tau &= In(0.5) \\ t &= \tau \cdot In(0.5) \\ t &= R_1 \cdot C \cdot
In(0.5) \end{align*}

Exercise E6 Pure Resistor Network Simplification
(written test, approx. 13 % of a 60-minute written test, WS2022)

Thetfelkwitnh sirallihovith& Rldsed 0QakiOlategdt 6GuaRrR+a08tahOentRaf andiis dweiween
Begulhgined. $\rm BS.

>olution
\begin{align*} R_{\rm eq} &= 133.8 ~\Omega \\ \end{align*}

Now a wye-delta transformation is necessary.
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Since $R_2=R_3$ and based on the equations for the transformation, the transformed
$R_Y$ is given as: \begin{align*} R _{Y} &= {{R_2\cdot R 2}\over{R 2 + R 2 +

R 2}} \\ &= {{(100 ~\Omega)~2}\over{3 \cdot 100 ~\Omega}} \\ &= {{1}\over{3}}
\cdot 100 ~\Omega = 33.33 ~\Omega \end{align*}

The equivalent resistor is given by a parallel configuration of resistors in series:
\begin{align*} R_{\rmeq} &= R_Y + (RY+R_1 + R_1)[|(RY + R_2)\R_{\rm eq} &=
33.33 ~\Omega + (33.33 ~\Omega + 400 ~\Omega)||(33.33 ~\Omega + 100
~\Omega)\\ \end{align*}

1. The switch shall now be open. Calculate the equivalent resistance $R_{\rm eq}$ between
$\rm A$ and $\rm B$.

Solution
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$$R,

$9R_.. | SSRL. $SR_..

The equivalent resistor is given by a parallel configuration of resistors in series:
\begin{align*} R {\rmeq} &= (R2+R 1+ R 1)[[(R 2+ R 2)\R {\rmeq} &= (100
~\Omega + 200 ~\Omega + 200 ~\Omega )&&||(100 ~\Omega + 100 ~\Omega ) &&\\
R_{\rm eq} &= (500 ~\Omega )&&]||(200 ~\Omega )&&\ R_{\rm eq} &= {{500
~\Omega \cdot 200 ~\Omega }\over{500 ~\Omega + 200 ~\Omega} } &&\\
\end{align*}
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