
����� �� ��	
 ���


������� �� �� ��� ������� !�"#�$! $$ �
%���&'��� ( # )��
��**���� '+�*,���-*��� &./$0�!# $1�$��1#.�
2,,&�%������� 3���4� �% 5 2,,&�%�� ,4 ( ��-��
������-��� 6.�)��7�/�����# �� 8�1 " /� 9 #:.:) " /� �:
� /� � "$1� ��7���"  !! ".) �! /�� 17 .;;�17�!:
-��.;;�17�!� <1� � $ 7�$#:
�2�����,���2�� �.�)./ -��!�"# �= �>(5?1= #�8: @9�AB?5C59D�?AA99??:

EFFGHIJ K

LM N	O
P

 P	 QP
R	PSPT SPU T	�M
VP	VWMR
XOMPM
y(s)

u(s)
= h(s) =

(s − 4)

s2 + 3s + 3

Y�Z

�Z [\MM PT WTT	]RR VO	 N	O
P

PM
 V	PRSPM
	P
NOM
^ US
� ��N_\TWUPVO	
TP	RM\M` |h(jω)| O`V�
PVO	
R]SM\M`
∠h(jω)

�
QZ aP
TP� NO_PMP T\_ 
]
TP�PT O` QPM]TT UPTTP T\_ b QP
TP��P 
T�Q\_\TPT
P`PM
R�NPMP T\_


]
TP�PT Y��	`\M�_T 
T�Q\_T^ W
T�Q\_T^ �
]�NTOT\
R 
T�Q\_TZ� aP
TP� O`
b ω0
O` ζ

� L	
UPTTP PT WMUP	UP�NPT^ OSP	UP�NPT P__P	 R	\T\
R UP�NPT 
]
TP�c dW
R �T MPSMP	PM \
T	�M
VP	VWMR
XOMPM h(s) `PMP	P_T R�M 
R	\SP
 
O�

h(s) =
K

( s
ω0

)2 + 2s ζ
ω0

+ 1

Y�Z

eZ fR\

P	 �
]�NTOT\
RP ��N_\TWUPgV�
PgV	PRSPM
 R�	�RTP	\
T\RRP	 Y�
]�NTOT\
R aOUPgU\�`	��Z
VO	 h(s)

�
UZ h� NbU	�`PT Si	P PM jklmj u(t) = sin(2t)

VO	 t > 0
� [\MM ��N_\TWUPM T\_ UPT 
T�
XOMi	PWT`�M`

\`M�_PT�

PZ [O	R_�	 nS� UW VO	
Tb	 �PU �MT\go\MUWN \ PM 	P`W_�TO	� pb	 P	 UPT QPnOS VO	 PM 
_\RVWMR
XOM^ O` nS� R�M ��M ONNMbc
V Z dS� �PMP
 �PU QP`	PM
PT UP	\S�TS\	RM\M` \ PM 	P`W_�TO	c

�



EFFGHIJ �

[\`W	 � S\
P	 PT M\Sb	P`W_P	\M`

]
TP� VO	 PM bNPM T�MR nSO	 y = h
�

[\`W	 �� fRXP��T\
R �`W	 �S T�MRN	O
P

 �PU 	P`W_�TO	 O` �b_PP_P�PMT

�	�M
VP	VWMR
XOMPM T\_ �b_P\M
T	W�PMTPT Yh�Z P	

hm(s) =
1

10s + 1

Y�Z

�PM `PMP	P__P _\`M\M`PM VO	 SO_W�
T���PM �S Si
RP `XPMMO� PM 	P`W_P	\M`
SPMT\_ R�M 
R	\g
SP
 
O��

q = Cv

√

∆p · u Y�Z
nSO	 ∆p P	 T	]RRV�__PT OSP	 SPMT\_PM^ O` u P	 NbU	�`PT� �PMT\_ � S\_ �__T\U Si	P VW__T bNPM^
UPT S\_ 
\ �T

u = 1
�

�



LM ONN
W��P	\M` �S MOT�
XOMP	 
O� Q	WRP
 nP	 P	 `\TT WMUP	�

qinn

quth�
h�
r

h

u

ρ

p1

p2

p3

p4

Cv1

Cv2

A

� SO_W�P
T	�� \MM ��3�
�� SO_W�P
T	�� WT ��3�
�� hPSP_ �	�M
�\TTP	 Y�b_PT	�M
�\TTP	Z� hPSP_ �OMT	O__P	 Y	P`W_�TO	Z� 	PVP	�M
Pn�]UP ���
� n�]UP \ T�MR ���
� NbU	�` T\_ SPMT\_ �g�� TPTTnPT �S Si
RPM �R`��3

�
� T	]RR ONN
T	��
 SPMT\_ � ����
� T	]RR MPU
T	��
 SPMT\_ � 
O� P	 �T�O
Vi	PT	]RRPT ����
� T	]RR \ QWMM �S T�MR ����
� T	]RR MPU
T	��
 SPMT\_ � 
O� P	 �T�O
Vi	PT	]RRPT ����
� SPMT\_R�N�
\TPT T\_ SPMT\_ � ��3�Y
√Pa

Z�
� SPMT\_R�N�
\TPT T\_ SPMT\_ � ��3�Y
√Pa

Z�
� �	P�_ \ QWMM �S T�MR ��2

�

�Z fR	\S MPU nS\_RP �MT�`P_
P	 
O� �b `X�	P
 O` S\
 �T U\�P	PM
\�__\RM\M`PM 
O� QP
R	\SP	
n�]UPM \ T�MRPM P	 `\TT SPU Y� �T�O
Vi	P ≈ ������ ��Z�

A
dh

dt
= Cv1

√

p1 − 100000 · u − Cv2

√

ρgh
Y
Z

QZ �P`M PT ��TP��T\
R Q_ORRU\�`	�� �S Y
Z� h�
p1

Si	P PM VO	
T]		P_
P� �MR_WUP	 UP	PTTP	
	P`W_�TO	Q_ORRPM 
��T T\_Q�RPRON_\M` �PU �b_PgP_P�PMT YTP`M UPTTP 
O�

hm(s)
Z 
_\R �T

S\ Vb	 PT RO�N_PTT Q_ORR
RXP�� �S 	P`W_P	\M`

]
TP�PT� h� WT`�M`PM V	� Q_ORR
RXP��PT
Si	P y = h

�
eZ h\MP�	\
P	 �OUP__PM \ Y
Z O�R	\M` �	QP\U
NWMRTPT hA = 4

�^ uA = 0.4
YT\_
S�	P	 ���

bNM\M`Z O` p1,A = 140000 O` 
PTT \MM V�_`PMUP SP	U\P	�

• ρ = 1000
R`��3

• A = 5
�2

• g = 10
��
2

• Cv1 = 40
�3�Y
√Pa

Z
• Cv2 = 60

�3�Y
√Pa
Z

fPTT UP	PTTP	 ∆h = ∆y O` ∆p1 = ∆v O` S\
 �T T	�M
VP	VWMR
XOMPM hp(s)
V	� ∆u

T\_ ∆yP	
hp(s) =

∆y

∆u
=

8000

s + 1500

Y�Z

UZ [\MM T	�M
VP	VWMR
XOMPMP h0(s)
^ M(s) O` N(s)

�
PZ h� 	P`W_�TO	PM Si	P PM ��g	P`W_�TO	PM� �\
 �T T	�M
VP	VWMR
XOMPM VO	 UPMMP P	�

hr(s) =
Kp(1 + Tis)

Tis

Y	Z

�



V Z � �`W	 � P	 aOUPN_OTTPT VO	 h0(jω)
�PU Kp = 10000 O` Ti = 50 S\
T� aP
TP� nS�

KpVO	
TP	RP
�	PUW
P	P
 T\_ VO	 �T S\ 
R�_ Vb PM V�
P��	`\M Nb �
◦ � f\UPM V�
PM �_U	\ R	]

P	���◦ S\_ S\ VO	 UPTTP 
]
TP�PT n� WPMUP_\` VO	
TP	RM\M`
��	`\M�
[O	 nS\_RP V	PRSPM
O�	bUP	 P	 	P`W_P	\M` P�PRT\S Ỳ OU ]TP_
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