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A Study on Measurement of Hydraulic Pump's Flow Ripple

Characteristics and Evaluation of the Test Results

Ji—Woong, Kim

Intelligent Mechanical Engineering Division,

School of Mechanical Engineering, Graduate School,

Pukyong National University

Abstract

Pressure ripple in hydraulic systems is a major source of vibration, which
can lead to fatigue failure of components and cause air-borne noise.
Therefore, in order to reduce vibration|levels and produce quieter and more
reliable systems, it is important to understand and guantify the fluid—borne
noise characteristics of positive displacement pumps.

The fluid—borne noises of hydraulic pumps are characterized by the source
impedance and the source flow ripple of pump. And these produced by a
pump are influenced by the pumping mechanism and the fluid properties, and
are, in general, independent of the dynamic characteristics of the circuit to
which the pump is connected. These two characteristic values cannot be
measured directly, but can be measured by some indirect methods from
pressure ripple in pipe line.

Methods for measuring the source impedance and the source flow ripple of
pump were proposed by some researchers. One representative method of the
proposed methods is the “secondary source” method which has been
accepted as an ISO standard(ISO 10767 Part 1).

The ISO 10767 Part 1 consists of the measurement system and test method

based on the “secondary source” method. But the basic theory of the



“secondary source” method is not described distinctly in the ISO document.
So it is very difficult for the industry side engineers to understand the ISO
10767. So this study analyzes theoretically on the source impedance, the
source flow ripple of the pump, and pressure ripple of the pipe components.
And explains the test process based on the ISO 10767 Part 1.

Firstly, in this study, the characteristics of the hydraulic system were
analyzed in frequency domain. And the equations for pressure and flow ripple
in the pipe line were rearranged with the transfer matrix method. And then, a
mathematical model for measuring the pump’s properties from the pressure
ripple in the standard pipe line was proposed by using the hydraulic transfer
matrix method. And the theory of the “secondary source” method for
measuring the pump’s properties from the mathematical model was explained
concretely. As well, the author fabricated a test system based on the
"secondary source" method, and conducted pilot tests. The test of the ISO
10767 Part 1 is divided into two steps. At the first step, the equation
approximating the source impedance was obtained. And, at the second step,
from the pressure ripple obtained by experiments, internal flow ripple and
outlet flow ripple of the hydraulic pump were evaluated in frequency domain
by numerical calculations. At the same time, a program for computing the flow
ripple and internal impedance of hydraulic pumps was developed by using
MATLAB.

To confirm the reliability of the calculated results from the dynamic
characteristics of the hydraulic pump and pipe line system, the pressure ripple
calculated from the pump’s properties was compared with the pressure ripple
measured through the ISO 10767 Part 1. In the comparison, comparatively
good agreements were obtained by showing the error rates 11.4 %.

As the results of this study, measuring the source impedance and the
source flow ripple was enabled based on the ISO 10767 Part 1. And it is
expected that the results of this study will be utilized by the engineers in the
fluid power field in applying the ISO 10767 Part 1 to pump performance tests

on flow/pressure ripple characteristics.
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at7] 918 A/D¥3] 2= NIAFe DAQCard—6062EE AHE-3F3ih.

54 AA o AR #AE= Aol Ze A 0.01 m)olH, 7E #E

13



a% 3.4 4 AR T ead A

=
(4 W 3=, 23 BEd 2 571, dely HAS5S S1% PO)

14



3.2 27 HFegd 7x% 54 Y

23k WEE o8 24 e Bt ol A F W
— AL S U BEEE D)9 2 BELEE )¢ BE FEAR
=]

— Alz9A ;53 o BERs FEAR A g WE P P,E 57

Tank

o 101U

o §0)
sl

3.2.1 AlgA =3

AZ DY WF dIARA(Z) = A (2.64) 2HEH Faixitt o w2 (2.16)

AN #=E AFZH E(point “B” )elA e w5 W}%(RS)% 2 (2.15) ¢ St
T FAelA e BE A e WE dlolEl(P,, P,)EFE Tk o714 2
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3

m°*><-1>
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3.2.32a AEAH =H £A9 Q9

® 3.227 HEd

||\

A wAel Qok[19 3.5 x|

DEES

(1) 5706l F49L 7l Aol Wn A BE @3 Awelm Wy Ck
s 723t

) AE7o] FA9E A7tahr] dol AEY] DEES wro s HE A4

A7b 0 el7 el

(3) A%7)9 F49 7k F =4 4 B (test pump) @] A%V AEES vt

29 Ads At

A

4) 274 o Bz HA HEok AP HEA [e) 1200 rpm] 74 HES B
g wao ARAYRRE AN HAANTHH, L JASE S
v A

(5) B AE AA3] Hzste] S Ae]lA (Ps@, Bourdon tube pressure
!

1~5 bar E& FAES Gk o= WA AYRE F
=]

A7y 35 W MAYs= 78] o] A (eavitations) = A 73t7] 9] ¢roltt.
(6) My BE &35 AHT § 54 dd HZ oy 4y 24 e

g xAst 4gES A (G 80 bar)E AR st [IUE WE7] (Ps@,
Static pressure transducer) 0.8 V].

(7) ®WE BE MA3] 7hsto} ¢8-S 20 ~ 30 bar= wth

(8) 22+ M& ¢ (secondary source) 8] 757 HEZ o AdS At

(©) 27 Mg HAKES AF BEANA W

(10) 54 i #29 3Jd 25 oF 30 rpm (A9 3JHsHA = o) o




1800 rpm, secondary source : 1700 rpm]i
(14) My BE AA3] #fste] gty wE7]9]
bar)o] HE% At}
¥ (13), (149 AH= 3 vbEshdA hgat sd&5E=7r A

=5 AR

m{N ﬂJ_L,

(15) B AE vA x4kl hgA0lA o] 1 bar A=7F HE5 AxA

sttt

A1A SH]

(16) =94 WHa7| (PO ~ @, Dynamic pressure transducer) Z2%E =74
dolH & FH 53ttt

(17) ¥H CE ¢4 HAg Ao 23 Wsdl] FJAEEE 007 Hof
=3 FAESYAVIAE Tt

(A 2dA &7

]
(18) g W&r]e] 280 54 Sl 70 bar) d& FAT 5, T4
A7) 258 54 HolE (P(1), Py, P,(t))E 353

138




A4 ¢ BZ 1/5x S A9 U @
4.1 Z;, 53 AFA1DA 53 23
4.1.1 718 28 Hy#Y FY € QA 22T SAE
N B2 Aol S48 g W% dolEH (P,(r), P,())EHE 54 i
BEO U A9AA(ZO) 9 AR AFS oM 35 WS (RS X
Axrst7] ekl MlEH (MATLAB) Z2I1#S AMEEITh o714 AFR-S o
Edf 27 73 £M%(flow chart)+= 19 4.1 3} Zt}
o] W £ AAitel] AFREEE 7]EAQl w8 Hra> 30413 2o
B 41 FHEAREET0) S s o) £ <), 7§ o)
=TS H =2k
7 AEJA0] " [ 0.109
NE Bz o] x, [m] 0.436
71E #= 4o] [ [m] EA52
HE AE D [ml] 0.01
2 W &% ¢ [m/s] 1360
FA9 B84 AF [m%/s] 60 x 10°°
FA4¢ W% [Kg/m’] 869
tolel HE AEW T3 [Hzl 10,000
FFT A& dlolg 74 100,000
FFT F3k+ the] [Hzl 10,000
19 ¢kg #Er] A [(N/m?)/V] (1/0.1377) x 10°
2wl gted Wg7) A9l [(N/m?)/V] (1/0.1580) x 10°
A7|A e WET] AJIS AE AT AEZNE gRlskith
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/HIDIH EE/

|
FFT HE2E
!
HI @09
ESEDS 4= S

!
/ write FFT results /
]

P, M) =)
(o) e
Ay e, -l
2 A s

I

zsz—zc-[RS“]
7 |

L]

K [s+2¢a0 s+a]
ZSa: , v
s @

n

No

% from data file P, (¢), P, (1)

3% fast Fourier transformation

% datafile( P, P,)
generation

% compute R using eq. (2.15)

% compute Z using eq. (2.16)

% compute Zg  using eq. (4.1)

% compute IR, using eq. (2.16)

# data file generation

a9 4.1 AldANA Zg9k Ry E Tsb] 9% TR sAE

20



4.1.2 g HF AH3HE EA4
ATRA 574 Asbeld 24 A7 ¢, ke WE P (), P,(0) ol B tlolE
2 Atk oA P(r), P,() 24 Ask= 33 o Bxe) £m7h 1900

rpmo| 1, 22} MEYol £%x 7k 1100 rpm wl, 18 4.2¢} 7}

x10°

P,® [N/m?]
& A N o N » o

0 0.02 0.04 0.06 0.08 0.1
time [s]

b B

:thnﬂnnﬂ’*n AN
3 1P LR PR
W | W«\UW 1)

O™ 4.2 AldACNA ST e WE (AR 9

21



4.1.3 F3 9009 g =5 HolH B4

P,(1), P,(t) & F3¢ AEoz wskslr] slato] WlEH S Cfit’ & A}
e °47W FFT87] 98 Abet P.(r), P,(1) ®l°l8 100,0007]0] .
Fpg ofololAel ory W% P P_o A7) 19 4.3% L),

o 2R MFHe| ZotTFI=

e
tn

__________________________________________________________

N

P, lo)| [NIm’]
i

_______________________________________________________________________

-

I W

0 500 1000 ~ 1500
frequency [Hz]

(7}_) I)xl

=
o tn

o2&t “—.“o-.-j—l Bl S o

________________________________________________________________________

N

P} [NIm’]
i

__________________________________________________________

-

o
(=] [+,]
E g
E :
——e
b ?

MRER

0 500 1 000 1500
frequency [Hz]

) P,
0% 43 AlRANA S Y WE Gy go)
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4.1.4 2% #F 4 x5 dgste Zg T3

221 MY (1100 rpm, 165 Hz) o Z3}Fubso) dldste
Ui AU A(Z)E T AdiAe B2 AFS E
FaloF gttt o] Wl R & A (2.15) ZH-E Tl Ath wEkx
2 MEdl] z3pFage st dwvks 7Hxl P,

Jev 29 4.39049 el P, P, FI5 A
(1900 rpm, 285 Hz) ol o& A E & ‘%“%01 35
uebd S8 P, P,° dHolEZYE 4 it gz o 44E s
Hj A Al Ak St :13171 A E A 1O7H4 27 MEd x3FarE g
& % P,, P,ZHE X3Fa5e) st 27ws k1 P, P, &
(¥ 4.4 FF).

22 MEAe 3 A4EE7F 1100 rpmo]al HEE] FAE 77 97fo|Br 23}
HEde z3ForE 165 Hzo A5zt Hojok sttt 91714 P, P, A
712 ¥ 4.5°0A4¢F o] FRls BW 2% ®mFdo WA zIFusE
165.2 Hz o|t}. ol £k exb= tldE sld S7 o oa 2gs Ao=w
FEnh wEka 23 WAl 23T ukes A& gl davt

TS O9 4.6 23 WFEAol 9 A s 9 (148513 Hz) WHA X ¢

, P,9 3715 vEbdl Aoltt o] IRl o2 HElE At zeFar RS
Tﬂon offth. whehA] olel st RS I3 4.49] rﬂlO]Ei NA A LA 7] 7] =
Fig=

AQelA s P, P, (22 WEd Z3FaeA ] dole)E A (2.15) 9
hdgtozn R E T8k, v 4 (2.16)° tdstezd Z 5 72 F 9
(1Y 4.7 ).

o]t o] 2z WMEAe £EF 1500 ~ 2700 rpm O E WA & ZoE
Tate] 1 Av)eF YA EASHE 1™ 4.8 ~ 4133 2

23



5
x10

3
25
o 2
E
Z
= 15
L
*
e
0.5
0 ] | f
0 500 1000 1500
frequency [Hz]
Fh 3 SRR,
10°
X
3
25
& 2
E
Z
= 15
L
P
e
0.5
. L1
0 500 1000 1500
frequency [Hz]
Wb 3 T P,
O% 4.4 27 NEd xstgae A8 Py, P, A7

24



4
x10

IP_ (@) IN/m?]
N
/

N
L~ ——

0
165 165.05 165.1 165.15 165.2 16525 165.3 165.35
frequency [Hz]

P e
4
x10

3 A

\ |
5 A 3

IP ()| IN/m?]
/

i \
/ \\

165 165.05 1651 165.15 165.2 16525 165.3 165.35
frequency [Hz]

) P,
% 4523 WEd ANA g AR P, P, A7

25



300

IP ()] [N/m?]

x1
—
o
S
S
//
—

50 A.A . 1)

AT AR YL

0
1482 1483 1484 1485 1486 1487 1488
frequency [Hz]

P e

300

250
“‘E 200
*%& 150
o’ 100 /'\\ r\\

50 A\l N A

WY W S

1483 1484 1485 1486 1487 1488 1489
frequency [Hz]

b P,
99 4624 WA oA 23FTE BelAe P, P, A7)
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10°

*
.*.
+ *
* *
*
4 10°
.*.
4
10 " .
10’ 10° 10°
frequency [Hz]
oh Z, .
150
100
50
=)
(V]
S o0
]
N *
50 * - *
N + % o ¥
-100
-150
10° 10° 10
frequency [Hz]
b Zg A%
7} 1100 rpm

% 4.7 Zgo A719 9174, 23 MEe] 3

27
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10°

*
*
.*.
*
* *
g 10°
.*.
4
10 : s
10” 10° 10*
frequency [Hz]
Ch Z, S
150
100
50
=)
@
S, 0
(2]
N *
-50 %
N * *
*
-100
-150
10° 10° 10"

frequency [Hz]

W Z, 9%

¥ 4.8 Zgo A7k 17 ( 23k Wee] A&7 1500 rpm A 9)
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10°

.*.
k *
.*.
*
4 10° +
4
10 : :
10” 10° 10
frequency [Hz]
Ch Z, S
150
100
50
g *
S 0 *
(2]
N
N 50 P
.*.
-100
-150
10° 10° 10
frequency [Hz]
b Z, %
a9 4.9 Z 9o A9 (s 23 MEde 3% 57 1700 rpm
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10°

*
*  H
g 10° =
4
10 = S
10° 10° 10°
frequency [Hz]
b Z, S
150
100 *
50 *
o) *
)
S, 0
)
N
-50 —
+
N N *
-100
-150
10° 10° 10*

frequency [Hz]

b Zg A%
9 410 Zgo] Aok 93 (= 22 MEde] 35 %7 2100 rpm 4 B
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10°

|Zs|
-
o

10

10” 10° 10
frequency [Hz]

b Z, S

150

100

50

£ Zs [deg]

-100

-150

10° 10° 10
frequency [Hz]

b Zg s
I 411 Zg el A7)8 S (s 23k Wisee) &7 2300 rpm A AE-F)
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10°

*
* *
* o
—_ +
g 10°
4
10 — e
10° 10° 10*
frequency [Hz]
b Z, S
150 +
B3
100 i
50 +
=)
Q
S 0
(2]
N
N -50 " TF
100
150
10° 10° 10*

frequency [Hz]

b Zg s
¥ 412 Zg© A7)8 S (s 23 Wisee) A&7 2500 rpm A AB-F)
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10°

* %

|Zs|
-
o

10

10” 10° 10
frequency [Hz]

b Z, S

150

100 *

50

£ Zs [deg]

-100

-150

10° 10° 10
frequency [Hz]

b Zg 9%
2% 413 Zg9 2719 92 (=, 22 B S AEEsk 2700 rpm 2 )
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4.1.5 Z, TAH T3]

2% 4140 s ol el 2 mMEel ZspFukael] dldshe Zg o A7
g 91742 A¥EE, 0 ~ 2000 Hz Atelol s AR719] 54& woli §li, 1
oldel Tyt Felol e we 2aAle) A9k SAS 7 AL gk a9 414
A FAF Zg o) SHCENE 54 o g2 Zg = okl A el A

8 & % 9lvh

(4.1)

2
) (4)

n

K 242 c-m. - 2
ZS:—O.[SJF G-, s+a)nj

A7IA K,, ¢ ¥ o, BT dF=olt

2 WDHERYE Z, 5 788 K, ¢, o, FoE 2 18 4.14
of #Hss ZgE 17 4.15¢ ol ABHeFow Tt B 4 LDE
RE e Zoo A (2.16) 0 R PE RS FEh
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10°

-4
10
B *
£ e ™ ***" * +
] *ﬁ_ W*_ﬁ *
z Aok & ¥ Flew
2 107 ki i +
e *
w *
N -6
10"
102 103
frequency [Hz]
oh Z, .
150 -
*
100 {*
#
50 ke
3 3
)
S o0 -
N R
¥
-50 *
* ks ¥ *E*"’
\l * * % #—
oo % Y,
-100
-150
- L
10 10

frequency [Hz]

Wz 9%
I 414 Zg9 A7) 93 A NEd IAEE

35
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1Zs| [10™ Ns/m®]
=

* : experimental

19, o - approximate eq. BT
T :
10 .
10° 10"
frequency [Hz]
O Z e
150 =4 o 0 WL N . | e o
: +
100 F----o--- * emenilicn e L V) éﬂf ......
- : approximate eq.
50 """"" i, W o
Q
E u .......................................... T gl RCT R e e P e
]
N * +
d | ey Fa, e L S
N B *H**
H **_
[ |
T | e
i
10° 10"
frequency [Hz]

w zZ, A%

2% 415 SAR O RRE P Z 9 A7)9 Y
(& K,=4x10%, ¢=02, @, =27x2300)
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12 O, 3 AR(2RA =3 AW

421 71 BT H5#Y HY W JA T2 FAE

o

% B2 g SR 4E WE dolE (P,(), P,(1) = H ¥ 35
S BolAY BE WAE(ROT 53 B BE R FF WE(Q) S A

AArral7] ¢ste] WE (MATLAB) ZR2I13S A&ttt o714 ARE3SE )

START

Clole 2=
!

FFT AEZE 3% fast Fourier transformation

2 data fil
/ write FFT results / atafile( P, F)
generation

P Lo min

Vo B

az) [P, = iH(2i-x)
(5.}

]
/E||0|E| EE/ ¥ from data file Rs= Zs
|

_ X Rl .
0. :Px.ZZs+;c { _LZst}:T e_jm[_x)] # compute Qs using eq. (2.19)
¢ Zo e +R €

|
/ write O, / ¥ data file generation

9% 417 AN R, S Z 5 T 9% Tz wAn

# from data file P (), P, (Z)

R, = ﬂ»[( # compute R using eq. (2.17)
e
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4.2.2 49 959 AteH 54

A2eA 57 AatelM 54 A ¢, 4 NE P(f), P,(1) ol tig dlojE

2 deth o714 P(1), P,(1) =4
o]

rpme] 1z, 22} MFE Y] £527F 0 rpm

x10°

2
P, [Nm?]
Moo
| —
e

0 0.02 0.04 0.06 0.08 0.1
time [s]

b B

x10°

2
P, [N/m]
o

M1 MR

31
-40 0.02 0.04 0.06 0.08 0.1
time [s]

h P,(?)

TIH 418 A2GA M ST by #WE(AE de)

38



42.3 735 994 43 BF 44

%
G ol e gEos WA gd mE P, P,d #7)= 19
e},
x10
15
10
o
E
Z
n_-><
5
0 Jl ALI_“ ald Py I 11
0 500 1000 1500
frequency [Hz]
b
x10
15
10
o
E
Z
e
o
5
0 Jl.. TSP PR 1 | 1 I
0 500 1000 1500
frequency [Hz]
b P,

a9 4.19 A2AA S oY WE

39
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4.1

9olld 270 HzR.t} & 30 Hz HZollA Adst 2719 <&
shelek o Stk ol s AFuk g AES Arsy] SlEA Py, P,
AFu G (71 160 Hz) ©l8ke] RS BF 002
© P, 3 ol5 9FFTE P (1) A3 19 4.209 2t

x10
15
£
Z 10
=
o
o
2
=
T 5
<)
£
0 11144 i " v S —td ]
0 500 1000 1500
frequency [Hz]
& e
x10°
4
3
— 2 { l
o~
£
Z 1
ﬂ.‘;< 0
o
2 1M ALERLOLRER
°
g
2
|
3
-4
0 0.02 0.04 0.06 0.08 0.1
time [s]
b P(2)

I% 4.20 7%

e WE el Fapsel/Acie] A

40
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W §2F WE5(0)S T8l A% A (2.19) 904 Ry 9}
= AleA 54 AFRRFE sk e R = A2dAlA ST P,
3 P,, 281 2 (217N 2FE Tt gt 4 219 2RE Q5 T+
T Ak o] wf FA ARtow e Qg9 AVIe S Id 4.219 2t
O™ 4.210DM Qg ol AVle 54 W gxo WA x39k4 (270
Hup vk Fabg ool M il 2 A7]9 Aol ot ol AFa A
B AedAd S48 Pt P,o AFs AR dFor Az Aotk w
2 Ogel 23 Sl doe AFa F(714= 160 Hz ©lsh 9 4%
& BF 0= A%
T3 =4 o B zaFaa= (270 Hze Ze ol sidsls 0,9 94
a9 4.21(PolA FRls7|7F ol H, ofell 54 diid HZ Y XTIt
AFate 0,9 RS A yHA AES 0°0F F4 5}
ol2] gk wlolH ﬂﬂﬂ@—% A7 F 0,9 et A%S 148 4.22¢) dehd
Ak EE 7 A5 OiF AFFT A F A ddelMe o1 Ax5 o
© 4.23¢] v]aste] UrEMJ%E}

S
=

of
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1.6

14

1.2

—

|Qs| 10 m3/s]
o o
[}] (o]

1N
F

paanad o il L l .l | ad
500 1000 1500 2000 2500 3000

frequency [Hz]

e
o N
O E———

b 0,

G TR me R

150

100

50

-50

Z Qs [ded]
o

-100

-150

0 500 1000 1500 2000 2500 3000
frequency [Hz]

wh Oy %
O 4.21 Qg A9 91

4 2



1.6

14

1.2

—

|Qs| 10 m3/s]
o o
[}] (o]

1N
»

o
¥

] ] | ] ] )
0 500 1000 1500 2000 2500 3000
frequency [Hz]

o

b 54 Q 7]

150

100

[2)]
o

Z Qs [ded]
3 o

-100

-150

0 500 1000 1500 2000 2500 3000
frequency [Hz]

b #3849 0, A
a9 4.22 AR O 79 A



Qs & modified Qs [10 ¥ mA1s]

Qs{t) [10F m3s]

medified Qs{f) [10€ m3s]
ob B © N & o &8 & £ 8
Py B
e e
2 H
&
L

: /modiﬁed Qs

025
time [s]

VR

Qs(t) [10°® m3/s]

oh M o M

Qs(t) [10°® m3/s]

oh M o M »

¥y /""W\VN\VW\/" i V/*W\ \M i

0.325
time [s]

a9 4.23 54 .2/%2 0,()

A A LA A
TR AT e
VS Y Sl S o

4 0105 0.11 0.115tin(‘):2[s]0.125 0.13 0.135 0.14
APV PGANE AN
WASRYASAVABLY

v \ vV Vv

A 0.105 ime [s] 0.11 0.115

% 4.24 4 59 Q)"

4 4




4.3 0,9 A AF

431 O, F °1&% Q,, P9 A

42804 78 Q.9 AFFE A9 A x oM AZH P (1) O 7
H Axkd P,() & vugozx AFs ¢ vk P(r) & 19 4.259] YEr
d 325 s ntgog §3 #2 o dY vEYAE o]g3le] #+3 4 Qi

I I I
Test Pump VR S S M S

! : s] ) O
! Qs 5
i 1 Xg X, X, X,
& ]
: iPo £ P £
2 ]
! ZS IQO Q1 Qz QB
1 .
i -
= ]
[ S [ .....

274 4,25 2129, S8 S =7 2| ST

¥ 4.25°0M Q, v HE UWHFY #% () RNEH WY T 7%

(Ry/Z)& mejgt zlojnt whepbA] 2 (4.2) 2 Yebd 5 Sleh

_o. b (4.2)
O =0 Z.
2 (4.2)01]*1 e wg Pol:— 2 (A23) 02 RE T} o] Pejdrt.

\:o

(Qlj cos(AL)+ j-Z. -sin(A1)

{ j cos(Al)+j-Z. sm(ﬂ.l)} (4.3)

@ P, o Fue ARowA 7170l

21 (4.3)4 P2 A2GA AN FH
A A (A2DEFH & 5 9tk

o, Qlt— U]x]o]rﬂr' o] 714 Qloﬂ o3t

45



cos(le)+j-[%j-Zc -sin(le)

2

L sinZny+| 2 | cos(T
J (Z j sm(ﬂ,lz)+[Pj cos(Aly)

C 2

P .{j.(zlj.sin(le)+(%J-cos(le)}

cos(ﬂ_.lz)+j-(%j-Zc -sin(A1,)

Q|

(4.4)

0 =

2

A @A P e A2 ARelN SAF P, o Fus ARowA F|Ao]
W, 0,& vtk o7|4 Q= 2] (A22)=HE T3 4 Uk,

L_ !
P e i
! cos(ilz)+j-[Q2j-ZC -sin(A4,)
B,
0, = (B - Py -cos(b)} - {—— e — (4.5
J-Z5esin(ak )

2 (4.5)ZFE 7K Q, 5 A 4D ggste]l 0,5 T3t oAl A (4.3)
of WS P, b pelAth ww P2 A 4Dl delsd 0,2 7 %
.

% 4.24004 A x, % x, AbelelA e fA AE WESAE g5 ok
P cos(Al) —j-Z.sin(Al) P,
{ } - {

- — (< I=1+1L+1)
0, lZ jsm(ﬂ.l) cos(A/) 0,
C

(4.6)
A (4.7 3 2ol yekd = glow, wek By, O, &

P, =cos(Al)-P,— j-Z.sin(Al)-Q, 4.7
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ol e A A BAeRFE T Q). Q). O A 1
# 4.269 Z}
”f ) n N V) N Jal 1
I EVANFVANNVANNVA BFVANEYANEN
W A/ ALY A SV A 2V ARGV AR
g 82 0.205 0.21 0.215 0.22 0.225
_ time [s]
”ﬁ 2 /\ a N A 4\ A
< AN FYANY.VAWNVA RY.YAN YN
= M/ [ W[N] M W W
£ \Yj J \Vj \Y Vj v WY/
i 2 0.205 0.21 ime [s] 0.215 0.22 0.225
”ﬁ 2 /AN I\ N Ja\ Ja) n
1 AN A A-A A AN,
= N e—ITayy o Dlls > ]
g7 V V AV, \V \Y
O 0.2 0.205 0.21 0.215 0.22 0.225
time [s]

1w 426 0,0, G, 0,(0)

o714 Qo9 gA x o el AA AZTE B() % 43 AR P() o A
= a9 4.273 Ao

(\lE 9|
2
n
2 /\ N ﬂ\ /
= 0
A IAVAER VeV Ve
o
I
0 5
E 33 0.105 0.1 0.115
time [s]
E
2
n
=
=
o
w
8 =
0.1 0.105 0.11 0.115
time [s]
I 4.27 574 2 X AxE P(r)
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43.2 0.9 A AZ

27 ME Mo olg Ao R §2 WE(Q)S B Ao g WE 7
22 (P,(1), P,(1)2%E BiAow %w Avlolr}. wepa Tal Q9
1B Aol BT Q0 A

SEICCIEEE RSO R @%s& e Mg mugozA BT 4 9

22

NFY A2 5tel 24 U4 Bro $ETRRE B2 wel 0.84 m W
Wol 7l §)A oA AA = 3(1‘)01 oH O, ZHE Adg P o3
Qe ofesh 2.

e =
i
f-

< 100(%) (4.8)
j |P g (t)| dt

2 (4.8)AM B ()& AA S4s gola B (1) v AAE grolth
o714 & T7l of sk 3_m(t)sz} P.(®) = vlustd 23 4.28% 2o},

f T T T T '. ' '
: : : : mea. P, (t)

o caIP{t} I

,_/// ;""jfij::__

mea. & cal. P,{t) [10° Nim?]

a4 428 P (0)eF P (1) °] Bl

ol Wl P (t)°l thE P_(r) & o4& 11.4%=4 +3 7

H] . 4] Xé%‘obﬂ SAENEE S0 Uk
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