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STRUCTURAL DESIGN OF ELECTRO-HYDRAULIC
SERVO SYSTEM TEST BENCH AND ITS CONTROL
SYSTEM RESEARCH

ABSTRACT

Electro-hydraulic servo system has the advantages of small size,
simple and compact structure, fast response speed, high control accuracy,
good dynamic function, high power-to-weight ratio, and so on. So it
always is researched by a large number of scholars and research
institutions as the focus of research at home and abroad. Today the
technology of the high-end hydraulic components in the world has mostly

been monopolized by foreign countries. However, the overall control

function of the domestic use of hydraulic servo test bench was poor,
which has become a bottleneck restricting the development of China's
hydraulic technology. For the exwasting electro-hydraulic servo system
test bench overall function was poor this reason, which was dissertation
to the hydraulic servo test bench control system for the research object.

Based on this, the dissertation put forward the hydraulic control system

design and hydraulic components calculation selection. The dissertation
put forward the method of the hydraulic system global optimal working
pressure optimization method. To improve the precision of the system
model, it was proposed to take the system response overshooting amount
as the evaluation criterion design orthogonal test to analyze the flow gain
coefficient and stiffness damping ratio as the important parameters to

v



U3 W NE 2 o VAT-S'S
identify to affect the accuracy of the model, and then identify the

parameters based on MATLAB using the method of least squares to
obtain the mathematical model of the system. For the unsatisfactory
effect of PID control, the concept of BP was proposed to control the
parameters of PID. To solve the serious oscillation of the output response
curve when the electro-hydraulic servo system test bench adopts BP-PID
control and the neural network easily falls into the local minima in the
process of learning, it was proposed to optimize the learning rate of the
neural network and inertia coefficient by using the PSO particle swarm.
Finally, the electro-hydraulic servo system test bench was built to
complete the test.

The main research contents are as follows:

(1) Design the overall program of the electro-hydraulic servo
system test bench, complete the design of the hydraulic control system
and hydraulic components calculation and selection, complete the test
bench hydraulic system pressure loss, efficiency, and system heat and
temperature rise calculation. Complete the optimization of the system
pressure of the hydraulic system of the electro-hydraulic servo system test
bench. Considering that the load pressure of the hydraulic drive system
exceeds the maximum pressure of the system leading to system loss of
control, and at the same time, making the servo valve work in the linear
range, proposed to minimize the output force error of the system as the
optimization goal, design simulation test, with the input signal as the
independent variable, the pressure of the relief valve pressure working
pressure output force error as the dependent variable, using Polynomial
curve fitting. The optimal working pressure of the hydraulic system is
5.58MPa.

(2) Establwash the control system model of the electro-hydraulic

servo system test bench, and optimize the relevant parameters of the
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model. Considering that the theoretical analysis of the hydraulic control

system was relatively perfect and mature, modular modeling was adopted
after mechanism analyses. Aiming at the difficulty of the identification
process caused by too many unknown parameters of the model, it was
proposed to take the overshoot of system response as the evaluation index,
and the flow gain coefficient and stiffness damping ratio are the important
parameters to be identified to affect the accuracy of the model through the
analysis of the orthogonal test. Based on MATLAB, the least squares
method was used to identify the parameters to obtain the accurate model
of the hydraulic servo control system.

(3) Research the control method of the electro-hydraulic servo
system test bench. The BP neural network was proposed to optimize the
PID control parameters, and a four-input and three-output network
structure was established with the input force signal u;, deviation signal ug,
feedback signal uyr, and servo amplifier output signal u as the input layer,
and K,, Ki, and Ky as the output layer, with the activation function of the
output layer as a Sigmoid function, and the implicit layer as a Tanh
function, and the weights of output and implicit layers of the BP neural
network are selected by using the Hebb learning rule and the gradient
descent method, and the BP-PID control method was implemented based
on MATLAB programming. Hebb learning rule and gradient descent
method were used to select the weights of the output layer and hidden
layer of the BP neural network, based on MATLAB programming to
realize BP-PID simulation control of the electro-hydraulic servo system
test bench force control system, the simulation results show that when the
K;,=0.53, Ki=0.49, K4=0.39, the unit step response time of the system was
0.02s, which was 96% higher than the traditional PID control. For the
BP-PID control response curve oscillation was obvious, and the BP

neural network in the learning process was easy to fall into the local
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minima, proposed to use PSO particle swarm optimization BP neural

network optimal learning rate and inertia coefficients, based on the
MATLAB programming simulation shows that when the learning rate
n=0.264, inertia coefficient 0=2, K,=0.13, K;=0.07, K4=0.162, the system
unit step response time was 0.02s, compared with the traditional PID
control, the unit step response time was 96%. When the learning rate
n=0.264, the inertia coefficient a=2, K,=0.13, K;=0.07, K4=0.162, the
unit step response time of the system was 0.03s, the response time was
increased, the output response of the system does not oscillate, and the
amount of overshooting decreases significantly.

(4) Build the electro-hydraulic servo system test bench to complete
the relevant tests. Verify whether the design of the hydraulic control
system of the test bench in Chapter 2 of this dissertation was reasonable
and whether the research on the force control method in Chapter 5
achieves the expected effect.

KEYWORDS: test bench -electro-hydraulic servo control system,
mathematical modeling, optimal working pressure, parameter

identification, control method
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_Q _ 66755 ¢ a9 (2-24)

KA 20x1.26
L, KR (w/m?-°C) -
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P ox, x K (4-4)

v c

A, p,—EET) (MPa) , p,=p —p,;

x, AR SRS (m)
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E\

K. —JE -2 R 5.
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VR G2 44 7 R 2 F I U G N R EE S MR T R, T R E S E
ERAESE F M S R, MR (4-5) iR
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xp—i‘ﬂﬁz (m) s
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G R R Co, — BB STET A 28
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B—E AR (Pa)

(3 J1P RN (4-6) B,
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V
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2
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C
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4-7
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2
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T L R R A I R 0 38 B 5t AR ] U820 R S ] I R 0 2 328 B 5 5 AT LA
[E G AT WK A LA =R

24 ] R R 278 KT VRS B AT AT LA [T A7 AR N, P L R A R R ) 42 328 b
BRELHIIAT, RE (4-8) ol

G,(s)=K (4-8)

44 fr) R R 405 R R BT WS [T A A w, (1) 3~5 IS, )4 e 98 £ R 1 £

3 BRECE R— IR, B (4-9) FroRi,

KSV

GSV (S) =

a)SV
o, K, — ] i R e 1 i
o, — AR IAEEHZ Crad/s)

&, —fl IR BHJE LE .
24 fr R AR 5 Y s AT B 1 A A R wn BRI, ) FL Y] e R ) 4%
BRI R G, RiEA N (4-10) R,

KSV

G, (s)=
(Sfﬂﬁaﬂl (4-10)

DR Dy L V£ A i 2 S 2R, 85 5 s VYRS A AR AR 2R 48, WA D 1 R g F 350
LR T WIEPAT TR, WH X5 B RS TERE, P DUR A R i BB B
(ZEZNRELAR
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SO R B AR KA . 1R85 2 TR U IR T B, RS AR I
IR SHECN: B 0~1000kg, HJE 0~10V. {EHEMEIfERER RS+,

ORI A% RS A LA ST i A S (R0 e AR A R TS e
10V

K, = =107V /N
10000N

(3) HAh
fAIRTBOR 28 I B R IR R 2R B O¢, 7E58 2 TR ok 2T 5,
fERBCR B A S0 K 247 5DC . THHFE25W |« s K B 810mA o %
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2
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24y
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F10000N
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S R AT R L

1 4B K
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“20, V[1+(K/K,)]

Sh

R EIREE RN AR BRI

B 30.729s” +861.62
5.87x107s> +5.75x107s* +3.50s +1
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4.4 BRNFERARZIAE SEF R R RS HEPHR

VBRI AR ZR ek BEAEAR KR JEE b 32 BV 4 1) 22 G Th 42l I . s YU
L R ARIEERSF TR I LT R BE 2 ZZ AR R 8 R R B, X2
EAE FLIB D AR TR A2 ) R AR S I AR i A — S B B AR A 5 BPR REAE AR
FErp R AL et S o S T M AR AN O S B BB R R iZ B H
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AR AT DLER B AR o B, X Jm SR ] SR G REAT 7T A (e i A A S PRk
HR 1A IR RS S EH R BN R G RE . A e P AURS FE I OB R 2R 10,

4.4.1 KB SIEHI RGRBE S KT

AL 4.3 1, GBI AR B ) A IR R G 6 VR ] R G
b4, B EER LB R T, IR 2 28U R A X 2500
. HiRE-E ) R/E FTIF H DU R ) R . 22 DY v R IR
IS WIFERHJE LE o WS L[ A P 45 AN S 800 F i ] g 1) R G ks
FERCMAECR, TERMBIINER AR, DS E RS

AR S HHRR RSB BRI S HUE, PRI R Gk 8 s Hon =X
(4-12) FoR.

2
S

K
K. K, K—qu A,K (w—i +1)
G(s)= "oz (4-12)
(S+1j(sz+”s+1)
a , ,

r

MEEX (4-12) KL, RS Z, i RAE R R S 2k A
N T BEACHHR S, 1R HRAHIEASRE, R ZE D &S HoN KRGk
RUSMR R/INIRE L, A Y A7 e EEBEAT HHR I S 4.
® 4-1 BRI R KR
K& A (Ksv) B (Kq) C (Keed D (Wr) E (Wh)

K1 8 7 6.4 0.168 214
K- 2 11.11 10 9.4 0.268 244
KF3 14 13 12.4 0.368 274
IKF 4 17 16 15.4 0.468 30

ARIOEBEMINE . MBI REL WME-E R NWIERLJELL. WUEELH
AIFRNERARRIEZ R AR, 23 A By Cv Dy EREIR. AR
THAYIERZ 502 YA KPR, B BR 3R DU K 1 TE RS 3R o S BOPF AR TR AR 2 R 48
FERYLEB RAZ S0 FH T R B AT R ) o MR AR PR 2. AP RE e, AT AN ARt
Kb 5 HE 4 KPR, FTUCRA L@ aiE. 1IEZRE R R KPR WE 4-1
Fi7s .
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# 42 BRI E
%5 A (Ksv) B (Kq) C (Keced D (Wr) E (Wh) HHiiE

1 8 7 6.4 0.186 214 0.503
2 8 10 94 0.286 244 0.609
3 8 13 12.4 0.386 274 0.666
4 8 16 15.4 0.486 304 0.704
5 11.11 7 94 0.386 304 0.658
6 11.11 10 6.4 0.486 274 0.820
7 11.11 13 15.4 0.186 244 0.515
8 11.11 16 12.4 0.286 214 0.703
9 14 7 12.4 0.486 244 0.710
10 14 10 15.4 0.386 214 0.700
11 14 13 6.4 0.286 304 0.811
12 14 16 9.4 0.186 274 0.734
13 17 7 15.4 0.286 274 0.575
14 17 10 12.4 0.186 304 0.604
15 17 13 94 0.486 214 0.866
16 17 16 6.4 0.386 244 0.889

MR EAT IR K 4-2 Fral i 16 HAEZ %, KA MATLAB Zife3KH 16
SRR B AY, 38 F Simulink P53 % 16 204 1 B3 A5 Y 04T 07 F0
3o IR FLAE J5 R AR ZE o Wik AT B0E i, b i R an T

(1) @ IER IR, 1% RSB AS BB 5 34T 07 BAse, 153
RIS HL

(2) 53 A% & R 38 % /KPR ARG 285 S AT SR, 7R IR /KT 0K % R
FiZACF PRI S T, sl (4-13) Fir.

Kmn = Zan
kmn =Kmn /4

(4-13)
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(3) KBEF RN R ZE, i (4-14) Pror.
Rm = kmax _kmin (4'14)

e Ui B ARG R RN 16 HikREdE, KHWZE S ITZR TR %
SR OO E RIS, AR AR 4-3.
* 43 EME
A (Ksv) B (Kg) C (Kce) D (Wr) E (Wh)

K1 2.482 2.446 3 2.356 2.772
K2 2.696 2.733 2.867 2.698 2.723
K3 2.955 2.858 2.683 2913 2.795
K4 2.934 3.03 2.494 3.1 2.777
k1 0.6205 0.6115 0.75 0.589 0.693
k2 0.674 0.68325 0.71675 0.6745 0.68075
k3 0.73875 0.7145 0.67075 0.72825 0.69875
k4 0.7335 0.7575 0.6235 0.775 0.69425
R 0.11825 0.146 0.1265 0.186 0.018

R R R/ S et % DR 30 BB A R A RS MR S, 7 R L O AR D01 AR A
A3 AL, RN RS RA NI RS LR A R RO R G BORG T SR R OK
i BT AR

442 M AITHI RFEER S KPR

WS R 0 ) IR, & WU A ) RA R HHRZHUE , 456 el Bt il .
SHRSS B ATV D R AL HE, S8 5 FFH MATLAB #EAT B S BRI 5,
T b0 B H 4R B Re 8 15 52 BR RGP RESE I IR AL 2544 9 1E Y . RGHHRIR
FEEE 4-5 B

45



S W N T R VAT

HER H A TSRS A

| s A pHn 3%

1
i
b
i

BH

K 4-5 B SHHHRTR K

AR B 2R S & e/ IR B U ) el A2 ) R Ge it AT HER
FrRL i R A RSB P R AT
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PR, 5 B0 T 1% 3% e B BARE B, B4 70 7 A B2 TR 8. AR 3 |
SCHIBETE, FEHRRI R GRS BN (4-15) P
K,(107.74s* +8.62x10%)

S|l 1.64x107 s+ 1) (4-15)
® 59536

r

G(s)=

(2) WitFHLR

AT BATHRR, TEE— R ARSI R G0 N R . e
BB, WEFZEMNGESWRBFNEH, BIMERES . B35 5 B E
2, IS B R RGN TRV, R ORG NS 5 AR A P AN A0 e i Bl 2 8
Ko
(3) HdfaFRHL

AR A AMESim #5285 6 B A IR R GiA R, #%$% Random 1F 9 &
G IS SR, @ E, 7E 10s NBEAL 4 1001 HFrERE 5, HHUE L
£ 0~10000N Z [], ERLA7 FHIR R G HATH S5 5o 7 B AN E 4-6 fir
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Input and output signals
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S ESHH G, B A WK 4-12 s, YRR EEEE A S
N 78.4%, A T WIRREE . B RS BOR B a5 R A K 3.78x107,
I FERE JE L Wi 29 0.277. 1331 B el ik 2 G50 & 481 28 40 00 A% s ek 45 dn =X
(4-16) Fizmo

5.90x10 252 +326 (4-16)

G(s)=
6.02x107°53 +5.92x10 252 +3.61s+1

4.5 BRNDEARRSIAL SEH R G ERE DT

g MEAE — DA R GLRE T 1L H AT I B ZEAAF4 . i LR £ A 1)k
BEMAERHRGRARERE, R4 RIEHR T/E. A5 KA Bode k.
Nyquwast EIVEXS HL B ik 2 gl & 792 R Gt AT fe g tE b . iR ¥ £
73 2R BRI R Gk B8 & 1% ) 2 S % 34 e8 B0 RS 2 1l sl (4-17)

N
%, 0 1 0 x| [0
X, |= 0 0 1 X, |+ 0|u
X, | |-6.02x10° -5.99x10* —9.83x10° || x, | |1

xl
y=[326 0 592x107] {xzi

X3

(4-17)

4.5.1 1551 2% Bode ElfaE M9

K HI Bode BEIE 73 M B 7] Ak A gl & I 709 R G ke e v, Al A
A EERIE AR P O Il £ 7742 1] R iR e VE A £ Z S
AL p, W UARIRIEBI VIR o, b, B AR ARSI & 186 &

iR AEIRAN AR IS & . p, A (0, ) BR RN (4-18) FivR.
p,=¢(@,)+180° (4-18)
X, Hp, <ORF, HBEFIRRSGRLE & 1 36 KRG ARGE;
Y op, > 08, HEEIARAGRR G T RGRE .
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P, BV, B RGeS & 7 E ] R SR E T, 8 R O

P, =30°~60° s B p, K, MU IR R GG IR 5 0 P R R A 2
I
WAL G, AT AR o, b, ERBIARRLERR & I RER
ASRBIIIN 2R, IR R (419) .
On \G(ng)IHUwg)\
At (o, )=-180°

¥ 4-18 F4r MR, AlfR
G,(dB)=201gG, = -L(w,)=-201g|G(jo,)H (jo,)|(dB)

(4-19)

7£ Bode &, ‘é’:\G(ng)H(ng)\d, H G,(dB)>18, HEIIfKR
GuAi & IERRGRE;: kR, BRAIARZRGRARE S 1B REARE. N
TR G JiiEh ek B R AEIRES, WHELG, (dB) < 6dB -

MR IR A i R Ge ke & /1 H] R G RPIRE 2 B RIE K, 2T MATLAB
G A SRAT FLBU A R R G & (1 77456 2R 4t Bode K, WK 4-13 R

Bode Diagram
Gm =76.9 dB (at 26.3 rad/s), Pm = 18.1 deg (at 0.31 rad/s)
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8

-180 ; L I i
107 102 107! 10° 10
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K 4-13 BRI AR R Geik 56 & 1 71428 R 48 Bode &
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2 Gw>1 Pin>0, MBI R GRS G 0] RGARE . AL SR TN H
B, P IIEHI RGVEREM LB AR, EHE p, =30°~60°, X TIREHE,

W /NT 6dB - HHIE 1R IR R G5 & 10 7145 R4 Bode KR A1, Gm=76.9dB,
Pm=18.1deg, FTLLZHEIRSIFEIIR RS G 1 11 H KRG fae A& 20k, Hak
5% 6 YERE I

4.52 I BITHI RS Nyquwast BIREM DT

RE BB AR R G5 & 6 RAERPIRS T AR, KA MATLAB
Y FEIRARRIE & W 136 R G Nyquwast B, 11 4-14 AR

Nyquist Diagram
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] 4-14 HLH AL IR R G0k 6 5 #2504 Nyquwast
FLV A I R R 65 J0 35 1 R 48 Nyquwast B BL4E R B fis. B4
AT A% 23 P=0; TS £ 7 VR (-1, jO) 8 £ N=0, U A[45 2] P=N, Z=P-2N=0,
B2 B (A AR R G054 R 58 Nyquwast B T2 45 AN F7E AR RRIEAR
W& N1 R gk

4.6 BiRNFERARZIAE SEFIRGHE

AR VB3 A i 28 Gk 90 65 YR 428 1) 2R A% 328 b 94 22 Simulink 47 FLA Y,
XF R GAL R BCR U L, 13 2% R G0 LB R . i 2R U1 4-15 B
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FIRD, 2R GAE AL RAE S AF T i NI (R RG, RIS ] t 0 4.5s, FRaSiR
ZRT 2%, Ptz ARGk R AR, FFZiTiiie.

1 Step Response
08r
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E
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0.2
0 1 1 1 L 1 I
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X: Time [s]

K 4-15 IR Al 28 Gl & 22 ) AR G0 B B A i 1o T 2 ]

4.7 REINGE

N T RIREE G i RGO, AR EDA TR IR R G AR
BRI ARG 5 BT B AR A R ST e & WU 32 1 R 4t
M. N RS B, SR DR ST B A AR N PR SR bR, R AT
Ko R o R A WIEERE e LE O S ma AR ARG 2 1) AT IR S 8. BT
MATLAB K HIfie/)y 35t 2 Bdt 47 R A5 H U0 AR A 1) AR S A A o 3ok
& IR R GRAT T RETED YT, SERAGEATIERIMERET B, BEIRS
i LN [B) 9 4.5s0 9 T el B/ Rl i R gt il & 03z R s ek Re, £)est
W70 5 T3 A3 B3 ) D7 iR A A

AT 58 R BAR AR -

(1) i€ 1B AR R el 6 AfEm U5 5, Xk & Bl Ak 22
AGUE T AU . A T BV USRSV, SRS R IR
frl B2 R G die H R TR B S Ao

(2) BRI S Hd 2 S BOR RIS RE R A, 32 DA AR Gemi Nk i B4R
NVFUT RS, L AR 0 A5 AR o AR IR RELJE LR S AR A
M EZLRFHHRSH. 2T MATLAB R H e/ 3 e 5 f2 R G ACA A S
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HOEATHER, 152 BB IR Ge ke & 42 ) 2 Goks i 1 B A
(3) KM Bode %, Nyquwast EI7%S IR e R 40l & 1120 R4t
BEAT T b, FIRE: SR R G R AR E M. MRS R G AL e HdE i Simulink
PrEB, Zad i BAR BB (8] ¢ 08 4.5s, BB IRERT 2%, FIHZRGE
HIVEREIRANERAR, 7R EHATIA .
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%58 BANARRRRE SIEH REIEE S EMR

N T B BRI R G5 S VRUE R RARIPERE . AR B AL & 4%
W RGHAT R TE, FHERAEREEIEN KRG k. DLZ L PID #%i
MR, $RH BP M AN PID 454, 07 5 om0 Rt B4 5
o EUXF BP SR MILE AR AL 2 S I A2 2 5 IR N R i de /D s[RI
VEIIWTAEAUAE ) BEA LG AF 27 > T8 2R (1 126 BB, 5 5% i SRV R W SO 2, 3 30T vk
SEE At PID GBI oy = AN S8, BRI R PSO KL TR SEE— D1
£, BP-PID #5537

5.1 BRHNFERFRZXIE & PID #2H R HE

PID Hdz il B B W B 5-1 Fin o ZEAR B R LR . B Aoy =42
BORA A2 X B 1% ),
HL 5K,

Kl 5-1 PID 4% £ 4t 7 22 A
PID [Fy8y N\ 5 58 (A B 1 22, B e(t), BT BA PID 1R IA X an=(5-1)
FioR.
e(t) =r(t)—y(t) (5-1)
VSO VS IPN -
y(t) % H &
e(t) AHINE -
&l 5-1 i PID #51 R4 5 B, u(t)F s PID # il #8 i e, 4t
Pl RS PID #l % R TRUR 0 (5-2) Bk

u@)zerO}%%ldiWr+ﬂ)%§)

(5-2)

X, Ky B R %
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SR T AR A 24 A 185
T A3 B 1) 5
To A5 BT 8] 5 4L
NTHRE RGNS, EIARE GG, 8% 4 307X PID #5517
RS B RS UGS 28 PID 5 H1 500%, JRFR A E PID, HARE i (5-3)
PR o

u(t) = Kple(k) + ;zem + T1<e<k) —e(k-1))]

. (5-3)
=K e(k)+ K, e(j)+ K, (e(k)—e(k—1))

XL, Ko 28, K=KeT/Ti:
Ka N5 24, KK To/T;
T NRGERFEI ]
FESERRERAE, 5 KGR LW PID % 7k, 5 [ R4 H
DK IR 22, Hag AT 2 v ReE 22, DRI mT DU i 3 &2 5K PID 451 107,
AL E R PID REAXLE AR (5-4) .
u(k—1)=K e(k—1)+K, Se(i) +K Je(k—1)—e(k—2)] (5-4)

¥ 5-3 530 5-4 T 33 R X PID #ifil 7vkRia (=l (5-5) s
Au(k) = K [e(k) —e(k—1)]+ Ke(k) + K [e(k) - 2e(k —1) — e(k - 2)] (5-5)
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