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A Comparative Study of Three TVC Actuators for a Launch Vehicle Block

ZENG Si"?, CHEN Keqin"’, ZHAO Shoujun"’, HUANGFU Yushi"?, LAN Tian"?
(1. Beijing Institute of Precision Mechatronics and Controls, Beijing, 100076;
2. Innovation Center for Control Actuators, Beijing, 100076)

Abstract: For higher reliability, higher efficiency and easier maintenance, three TVC actuators for a hydrolox launch vehicle
block are studied comparatively, in aspects of designs, models and testing performances, namely, a Servo-Valve Controlled Electro-
Hydraulic Actuator (SHA), an Electro-Mechanical Actuator (EMA) and an Electro-Hydrostatic Actuator (EHA), each outputting a
peak power of 3 kW. A fully packaged duplex EHA design is proposed, lightweight and compact by means of innovating indepth
integrations in the actuator, Electro-Hydrostatic Module (EHM), Servo Motor Pumps (SMPs) and Electronic Control Units (ECUs).
The weight of a TVC system with four EHAs is 85 kg, reduced by 37%, compared to the SHA counterpart of 135 kg. The dynamic
capability of three TVC actuators is almost on a par, with the first-order frequency bandwidth of greater than 30 rad/s. As to the overall
efficiency of energy conversion, it is one order of magnitude higher for an EMA or an EHA than a SHA. In an operation profile on
ground with a duration of 1 200 s, the efficiency is lowest for an SHA, less than 1%, and heated quickly, with the temperature reaching
over 100 °C at the hydraulic pump. In contrast, as to the EMA and EHA, the efficiency is remarkably upgraded to over 20%, with the
temperature only slightly increasing by 5 °C at the pump or the electric motor. It demonstrates that an EHA embodies both the heavy
loading, high reliability of a SHA, and the high efficiency, good maintenance of an EMA, at the same time overcoming the weak
points in dynamics, power density, oil sealing, etc., providing an intriguing option for highly reliable and secure launch vehicles. The
EHA has finished its maiden flight as the first one for launch vehicles.

Keywords: launch vehicle; thrust vector control; servomechanism; servo actuator; electro-mechanical actuator; electro-hydraulic

actuator;electro-hydrostatic actuator
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Tab.l The main design parameters of three actuators
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5 YKL AFRE AR /mm — 15 —
6 241 572 /mm — 4 —
7 WE R HEE/(mLr") 1.26 — 0.54
8 IR ZR LAEE J1/MPa 21 — 21

G (€3]
10 %g;&gﬁ(ﬁl) 12 000 5200 | 20000
11 VAR NN S AY r;igo% DC160 | DC270
12 LR /v 28 28 28
13 fAINRALAE T 2 (VY &) /kg 115.6 36(607) 76
14 | fAlRFE G CIREND 235 & /kg 9.5 915" —
15 Bl ) HL i kg — 9 9
16 ARE IR kg 10 —
17 fAl i R G ja )5 = /kg 135.1 54(84") 85
s BEVEXU/ s BEVE/

I8 A ;gé i é%;

T = AL AR IRATUA SR OO P BE T 6 T R 7™ i T P o
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3.1 1EFIRE

R R BRALA S5 L B A R G, A B Rl B
(1 42 AR B 0L, v AR IR B R e ] 11
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AR FETE S
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+ ggﬁ ackl i N el A X B
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Fig.11 A normalized control block diagram
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Fig.12 The control algorithm for speed and current loop
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Fig.13 The combined control algorithm for the position loop
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Fig.14 A normalized no-load control block diagram
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Fig.15 The power bond graph models for three actuators
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Fig.16 The no-load frequency response curves

WA (15 ~ QD X =l gtk sh %5
SHGHAT R, AR SEIE 2 H A 2k an 18] 17 B
N, ESFHES R 2 R, AR AR LR
i) J AL 2R (/) — By 9 43 70l 4 115 rad/s (18.4 Hz) .

FOL/C)




5 4 401 SR A A2 KRR = AR AR LR EL B 11

390 rad/s (62 Hz). 360 rad/s (57 Hz), {7 & [0l
— B 55 30 rad/s (4.78 Hz) M35 LA E, 20544
- - O R 1 s K D S e Y R s S e i)
B ) e i 1R 3 7y ) B

05 =
200 AR = e
T a0 |—rRIEHIA ‘
] ] IR AL
= 601 |— fARHALILS :
o fRHALE K :
801 | IR :
-100 ” :
107 10! 10?

SR /(rad-s™)
E17 = MEHIER RS AR 2
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Tab.2 The identified parameters of three control components

e 4R L e}
PR A AR LAS) L rad/s 115
WL A AR ATLAS fi] il FELATL rad/s 390

H AR IR DL Al R FELEE rad/s 360

SKH 32 W IR RGNS, X =R IR 347 5 4
BAREFVEINA, X A SRR A A K H 5 Rl R LA
HIRE AR E ST HRA 1, SRR 3 PR,

R3 HHFMSEIHASR
Tab.3 The identified parameters of load model

kA B 5 | AL e
.. [ A R A o, | rad/s 90
L E VI ¢ — 0.04
e WM E R SRR | o, | radls | 82.9.86.77.4"
S JE L ¢ — 10.25.0.14.0.24
TFHI 28 FHIY 2 K, | — 32

T "3 N H WL AT HL T A IR AL PR B

42 1EFIMEREELES
R E & b, X =R IR 5 5k 1T =
Bro PEE . EARARR N, 8 b5 5 b g 3
RAFTR, BIHETEVRESR . TR{E4°, #%0.02 Hz IE
ZAGE S TR E A 2R 18 BT, iR 22 il 20
LeanE 19 B, BrkeRs 14 th 4 an ¥ 20 s o
F4  SHMERRHLISTITHI M BEFRARRTEE

Tab.4 The performance specification of three actuators

TiH fabrEisk HL BLHL AN
K IEFEA/(°) >4 424 4.03 4.15
R FFRS/(°) <-4 -4.21 -4.03 -4.15
[ 34 55 B /(°) <0.12 0.056 0.036 0.033
LRPEE /% -2~2 0.82 0.57 0.16
A7 B W ZE % -2~2 0.30 0.20 0.01

#ik4
i H FebrZRk | MW | HLE | EEE
I B HREE % <2 0.16 0.03 0.01
e RIEAEIE/((°)s™) >40 4534 | 40.96 48.69
T KRS N S /(rad -s7%) >10 32.57 | 30.74 37.91
4 —
[ R AL
ML AR IRAILFS
2| |— ME AR IR AL
s 1
& 0
B
3
-3
-4
4 3 2 -1 0 1 2 3 4
154/(°)

E18 Z=M{ERRIIGNA E B IFrh Lk

Fig.18 The position loop curves of three actuators
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Fig.19 The position error of three actuators
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Fig.20 The step response curves
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Fig.21 The frequency response curves of three actuators
4.3 BEIRF AR

Wk TOLHE W S Fraw, 78 1200 s B AR B [A]
W, A 150 s FIFFRABE, H025~20 (°) /s
IESZ Y% . WOl H A ORI 40 (°) /s BT I BL &
1~200 rad/s SZ M0 T00, BEARGRIL T “ S e
P B TR s o FEBRI AR LA SR A A
MUTAEREE, AL HL AT i AR IR ALY R FH B F R it
L, AR Bl do o 6 8 T AR F R R iy SR A B 2R LA
SEMREREMNR 6 FToR, RERZEAFIHBCER “ P
R SRERAE, B REE SRR .

RS

peE | m WA/ %ﬁﬁf:/1 %jﬁiﬁfg/ - I‘/iﬂ

) (rad-s™) (®)s) i’

6 | 1EsZd: | 3.2 125 / 10 @
7 e — 0 15 @
8 | B 0.062 8 0.25 200 ®
9 A — 0 15 @®
10 | EZ | 32 6.28 20 20 ©
11 e 0 — 0 15 @®
12 | H 32 0.628 40 30 @
13 | Zfi 0 — 0 15 @
14 | IEZ¥ | 02 1~200 $145 0.2~12 200
15 | &1 0 — 0 15 @®
16 | IE3Z¥ | 04 | 1~20049% | 0.4~24 200 @
17 | & 0 — — 15 @®

Bt LAER ] — 1200
6 =MEARMAGMH L EEEMMNEFENER
Tab.6 The input and output power consumption list
X s N RER/KT

JF5 | L | Al | % e /KD o b |
1 | @ 30 0.006 5 3532 1.12 1.10
2 | @ 90 0.9114 105.99 3.55 3.72
3 @ 15 0.003 3 17.66 0.56 0.55
4 | @ | 300 0.734 4 353.30 10.49 10.89
5 @ 15 0.003 33 17.66 0.56 0.55
6 | @ 10 2.786 6 19.29 7.08 7.16
71O 15 0.003 3 17.66 0.56 0.55
8 | ® | 200 0.261 4 235.53 7.18 727
9 | © 15 0.003 3 17.66 0.56 0.55
10 | © 20 1.994 8 26.31 6.28 6.60
1n| o 15 0.003 3 17.66 0.56 0.5
2| ® 30 1.402 5 5.43 3.19 4.13
13 | @ 15 0.003 3 17.66 0.56 0.55
14 | @ | 200 1.5487 333.04 9.02 9.35
15 | @ 15 0.003 3 17.66 0.56 0.55
16 | @ | 200 5.0428 407.95 19.82 18.5
17 | @ 15 0.003 3 17.66 0.56 0.55
&1t 1200 14.72 1663.41 72.21 73.12

RESLIES — — 0.89% 20.5% | 20.1%

=5 Z=MERNMAIERE
Tab.5 The operation profile of three actuators
AR/ i/ o I/ X Ty
| m%? «be fﬁ?? s | ot

1 R IiA 0 — 0 30 @
2| IEBLME 1 25 2.5 90 @
3 L 0 — 0 15 )
4 | Ezp| 4 0.125 1 300 ®
5 EAr 0 — 0 15 @

FiAb, N T EAE > 0.4 0.8, A

N 15 rad/s
%48 A 15

6 (°) /s,

5 kAT IR

A

+HeosH —

RAF —

(H:3.36 ). 55rad/s (K 1.37s) HIIE
48] AR ML A4 1B

12 (°) /sv 22 (°) /s\ 44 (°) [s4/Nig
I N RIThR ., feRE. WEZCRAFIRNCE, STt
GERINEF T R. 6 (°) [sv 44 (°) /s T FE I 1 %
A~ DR e 22 B 23 Fis.
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Tab.7 The input and output power consumption list

T | PykW [ W Ad [ femin ) [P W | W, K] /% [ /%
RV A IR LA

6C)s | 217 | 4083 — 0.095 | 0.098 | 438] 240

12¢)s | 271 | 5104 — 0.199 | 0222 | 7.34| 435

2(C)s| 334 | 3.060 — 1226 | 0.598 | 36.71 | 19.54

44(ys | 451 | 4131 — 2891 | 1.359 | 64.12 | 32.90
HLH AR IR LA

6()s | 036 ] 0174 820 | 0095 | 0.098]2639] 5632

12(°)/s| 1.02 | 0.653 1590 0.199 | 0.222 | 19.51 | 34.00

22 (°)/s| 435 | 1.715 2 405 1.226 | 0.598 | 28.18 | 34.87

44 (°)/s | 8.08 | 4.154 4960 2.891 | 1.359 | 35.78 | 32.72

FEL T A e LR

6 (°)/s 0.54 | 0.192 2630 0.095 | 0.098 | 17.59 | 51.04

12(°)/s | 1.29 | 0.713 5190 0.199 | 0.222 | 15.43 | 31.14

22 (°)/s| 6.80 | 2.017 10 090 1.226 | 0.598 | 18.03 | 29.65

44 (°)/s | 13.35 | 5.481 18 420 2.891 | 1.359 | 21.66 | 24.79

)P, P, S AN NV T2 i R W E Th e W, W, 53 S
AN RiFReE T BT REE 0 AR AR LR R FATL A 11 it v e T
My Mo ST IR AR AP35 . )6 (9)/s+12 (°)/522 (°)/s-44 (°)/s
T3 %6} R 0.4°-15 rad/s < 0.8°-15 rad/s0.4°-55 rad/s+0.8°-55 rad/s (&
fE-$02) IE 5248 2% AT 1 L
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Fig.22 The input and output power curves (15 rad/s sinuous

gimballing)

0 0.2 0.4 0.6 0.8 1.0
)/

a) HLBARIIRAILAL
23 ZFREARMADIIN I T AR #H25(0.8°-55 rad/s IE32K
1E5))
Fig.23 The input and output power curves (50rad/s sinuous

gimballing)
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