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I1 + I2 = 0 � ���
−I2 + I3 = 0 ��� �

−U1 + U2 + U3 = 0 ��� �
U1 = Uin ��� �

R1 =
U2

I2
� ¥ �

I3 = C
dU3

dt
� J �
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dU3
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(Uin − U3)
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dx

dt
(t) = λx(t) + g(t) ��� �
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x′(t) = λx(t) + g(t)
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[t0, tend]
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g<l@K
h → 0

f\IJ?[Q
x1 → x(t1)
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x1
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x(0) = x0
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t1, t2, t3, ..., tend

�

x′(0) = λx(0) + g(0)

= λx0 + g(0)

x′(t1) = λx(t1) + g(t1)

≈ λx1 + g(t1)

¡ IJK]W*G9KLG9MUN@D@G9D� ��@�@KLBpc�IJ}�;
QTIJB\D@G9D
xn
w�l@K

x(tn)
}�I[Q]FHIJ?[w�G�ZqB\D

xn − xn−1

h
= λxn−1 + g(tn−1) ��� �

W�G9I
x0

YRQ4;>KRQTG9D@v)�

⇔ xn = xn−1 + h(λxn−1 + g(tn−1))

xn−xn−1

h

IJYRQjv@G9KH~�I[�2G9KLG9D@S9G9D���=@B>QTIJG9DqQ�=@D@vuv';>N@G9Kjf\IJ?[Q � xn−xn−1

h
≈ x′(tn−1)
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[t0, tend]
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x′(t) = λx(t) + g(t) ∀tε[t0, tend]
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x(t0) = x0

{�Z\B\KLKT;>=@YLf\G9YLG.QTS.Q�{ v';>YTY
g(t)

YRQTG.QTIJf|IJYRQ�� k B>}�I[Q
f\IJ?[Q_w�l@Kjv@IJG£A��\YL=@D@f@{

x(t)
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~�G9K k ;
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[t0, tend]
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h
N@IJD@KLG9IJM4N@G9D@v�E�?JG9IJD)��~X;>D@D

f\IJ?[Q£w�l@K�v@IJG6G9IJD@v@G9=�QTIJf\G�A��\YL=@D@f
x(t)

Z\B\D ��� �£}�I[Q x(t0) = x0

=@D@v�v@IJG6D�=@}�G9KLIJYLMUN@G
A��\YL=@D@fbZ\B\D ��� � ���YjGUc�IJYRQTIJG9KRQjG9IJD@G�@HB\D@YRQ4;>DqQTG

c > 0
�

max
n=1,...,N

| x(tn)− xn |≤ ch

�_B\W�G9I
c
=@D';>W@N'z>D@f\IJf�ZqB\D

N
I[YLQ��

N
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xn − xn−1

h
= λxn−1 + g(tn−1) � ��� �

(9) ⇒
t=tn−1

x′(tn−1 = λx(tn−1) + g(tn−1) � ��� �
4!5 a�;>DuW@IJ?Jv@G.Qjv@IJG�~�I[�2G9KLG9D@S�;>=@YHv@G9K]¤%G9KRw�;>N@KLG9D@YLf\?JG9IJM4N&=@D@f � ��� �_=@D@vuv@G9K�~�I[�2G9KLG9DqQTI�O;>?Jf\?JG9I[M4N&=@D@f IJ}�:�=@D@EqQ

tn−1 � �����U�~X;>D@Duf\IJ?[Q_w�l@Kjv@G9Duf\?JB\W';>?JG9D#g'G9N@?JG9K
en := xn − x(tn)

en = (1 + λh)en−1 + hrn

rn
IJYRQjv@G9Kj?JB\E
;>?JGe~�IJYLE�KLG.QTIJYLIJG9KL=@D@f\YRw�G9N@?JG9K9�

EH5 ~�=@KLM4N�KLG9E�=@KLYLI[Z\G9YH �=3D'�\YLG9D�G9KLN'z>?[Qj}6;
D

en = (1 + λh)ne0 +
n−1
∑

i=0

(1 + λh)ihrn−i

e0 = x0 − x(t0) = 0 ⇒ en =
n−1
∑

i=0

|1 + λh|ihrn−i

�H5 ~�KLG9IJG9M4E�YL=@D@f\?JG9IJM4N�=@D@f6=@D@vut<;��&?JB\KLG9DqQP�jIJM4E�?J=@D@f
��YjGUc�IJYRQTIJG9KRQjG9IJD@G�@HB\D@YRQ4;>DqQTG

c > 0
{'YLB�v';>YLY

max
n
|rn| < ch

�

=⇒
Dreiecksungleichung

| en |≤ ch2

n−1
∑

i=0

(1 + λh)i = ch2

{

n
w�l@K

| 1 + λh |= 0
|1+λh|n−1

|1+λh|−1

YLB\D@YRQ

max
N

| eN |≤ ch2

{

N
w�l@K

| 1 + λh |= 0
|1+λh|N−1

|1+λh|−1

YLB\D@YRQ

� 5 ¡ IJK�D&=�QTS9G9D
Nh = tn − t0

max
n
| en |≤ �

M9N#w�;>?J?JY
| 1 + λh |> 0

v)� N)�
h <

−1

λ

w�l@K
λ < 0
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¡ IJK]W*G.QTKT;>MUNqQTG9D�v@G9D�:�=@D@EqQ
tn

x′(tn) = λx(tn) + g(tn)

≈
x(tn)− x(tn−1)

h
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xn − xn−1

h
= λxn + g(tn)

?s}��@?JIJS9I�QTG9Yj��=@?[G9KRZqG9KRw�;>N@KLG9DH�

xn =
g(tn)h+ xn−1

1− hλ
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h
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deKT;>�@N G9IJD@G9K#�<c���B\D@G9DqQTI`;>?[w�=@D@EqQTIJB\D ?JIJG.w�G9KRQ�{_v@G9K|v@G9D k �';>D@D�=@D@f\YT;>W�w�;>?J?Xl@W*G9K#G9IJD@G9}
@HB\D@v@G9D@YT;
QTB\K�v';>KLYRQ4G.?J?[Q�����YyIJYRQ�IJ} S.�_G9I[QTG9D ~�I`;>f\KT;>}�} G9IJD@GbS.�jIJYLMUN@G9D O ¥ =@D@v ¥ B\YPO
S9IJ?J?JI[G9KLG9D@v@G#g'=@D@EqQTIJB\D)� ?s} v@KLI[QLQTG9D ~�I`;>f\KT;>}�} B\YLS9IJ?[?JI[G9KRQbv@G9K�deKT;>�@N�=@D@v v@I[Z\G9KLf\IJG9KRQ
;>=@¢\G9KLv@G9}u��~X;>YyIJ}��@?[I[S9I[QTGb��=@?JG9KRZ\G9KRw�;>N@KLG9D ?JIJG.w�G9KRQ�v';>f\G9f>G9D v@G9D deKT;>�@N G9IJD@G9Ky�<c���B
O
D@G9DqQTI`;>?[w�=@D@EqQTIJB\D)�&~X;yD&=@K_v@G9K]:<;>KT;>}�G.QTG9K

h
ZqG9KTz>D@v@G9KRQ��j=@KLv@G>{�E
;>D@D|}6;>D�;>D@D@G9N@}�G9D){
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v';>YLY v@IJGHdeKL�\¢\G�ZqB\D
h
v@G9D�¤�G9KL?`;>=�w)v@G9Y_deKT;>�@N@G9D�v@G9Y GUc��@?JIJS9I[QTG9D���=@?JG9KLY G9DqQTYLM4N@G9IJv@G9D@v

W�G9G9IJD3D'=@YLYRQ��

x′ = λx
}�I[Q

λ < 0
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g<l@Kjv@IJG£A��\YL=@D@f
x(t) = x(0)eλt

f\IJ?[Q �
|x(t)|

IJYRQj}�B\D@B>QTB\D|w�;>?J?[G9D@v)�

�<c��@?JIJS9I[QTG9K]��=@?JG9K��

xn − xn−1

h
= λxn−1 ⇒ xn = (1 + λh)xn−1

��Yjf\IJ?[Q
|xn| < |xn−1|

D�=@K]w�l@K
|1 + λh| < 1

�

N�;>?JY k M4N@KLI[QLQs�_G9I[QTG£IJYRQjIJ}�}bG9K���B\YLI[QTI[Z�{
λ
D@G9fq;
QTI[Z��

|1 + λh| < 1 ⇔ 1 + λh < 1 ∧ 1 + λh > −1

⇔ λh < 0 ∧ h < −
2

λ
,
v)� N)�*D�=@K]w�l@K

h < − 2

λ
.

?s}��@?JIJS9I�QTG9K]��=@?JG9K��

xn − xn−1

h
= λxn ⇒ xn =

1

1− λh
xn−1

��Yjf\IJ?[Q
|xn| < |xn−1|

w�l@Kj;>?J?JG
h > 0

{'v@G9D@D

1

1− λh
=

1

1 + ε
< 1

}�I[Q
ε := −λh > 0
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−

+

4

U   = 0

1I 2I

C1 R 11 2 3
C2 R 2

in
U +

−
+

−

0

B�;>M4Nuv@G9}C@eIJKLMUN@N@B>��� YLM4N@G9D k QTKLB\}�f\G9YLG.QTS£f\IJ?[Q �

−IC1
+ IR1

= 0

−I1 + IC2
− IR1

= 0

−IC2
+ IR2

= 0

−IR2
− IR2

− I2 = 0

IC1
+ IV = 0

k �';>D@D�=@D@f\G9DH�

VR1
= U1 − U2

VR2
= U3 − U4

VC1
= U5 − U1

VC2
= U2 − U3

��?JG9}�G9DqQTW�G9S9B\f\G9D@Gyde?JG9IJMUN�=@D@f\G9D

IC1
= C1

dVC1

dt
= C1(

dU5

dt
−
dU1

dt
)

IC2
= C2

dVC2

dt
= C2(

dU2

dt
−
dU3

dt
)

IR1
=

VR1

R1

=
U1 − U2

R1

IR2
=

VR2

R2

=
U3 − U4

R2

U2 = −AU1

U4 = −AU3

U5 = Uin
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v@G9D�xHD�W�G9E
;>D@DqQTG9D

U1

=@D@v
U3

�

−C1(
dUin

dt
−
dU1

dt
) +

1

R1

(U1(A+ 1)) = 0

−C2(
d(AU1)

dt
−
dU3

dt
) +

1

R2

(U3(A+ 1)) = 0

⇐⇒

{

dU1

dt
= − 1+a

R1C1

U1 + dUin

dt

AdU1

dt
+ dU3

dt
= − 1+A

R2C2

U3

⇐⇒

{

U ′1 = − 1+A
R1C1

+ U ′in

U ′3 = 1+A
R2C2

U3 + A 1+A
R1C1

U1 − AU ′in

⇐⇒

(

U ′1
U ′3

)

=

(

b1 b2
b3 b4

)(

U1

U3

)

+

(

g1(t)
g2(t)

)

−→x ′ = B−→x +−→g (t)
}�I[Q

b1 = −
1 + A

R1C1

{
b2 = 0

{
g1(t) = U ′in(t)

b3 = A
1 + A

R1C1

{
b4 =

1 + A

R2C2

{
g2(t) = −AU ′in(t)

�<c��@?JIJS9I[QTG9Yj��=@?JG9KRZ\G9KRw�;>N@KLG9D#w�l@K k �&YRQTG9}�GK�

−→xn −
−→x n−1

h
= B−→x n−1 +−→g (tn−1)

−→x n = −→x n−1 + hB + h−→g (tn−1)

?s}��@?JIJS9I�QTG9Yj��=@?[G9KRZqG9KRw�;>N@KLG9D#w�l@K k �&YRQTG9}�GK�
−→x n −

−→x n−1

h
= B−→x n +−→g (tn)

−→x n − hB−→x n = −→x n−1 + h−→g (tn)

LGS → (I − hB)−→x n = −→x n−1 + h−→g (tn)
−→x n = (I − hB)−1(−→x n−1 + h−→g (tn))
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Uout = U4
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