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Abstract: [ Objective ] To address the issues of low
trajectory tracking accuracy, slow dynamic response, and
difficult parameter tuning inherent in traditional position-
speed-current triple-loop control system for high-speed, high-
precision galvanometer motors, this paper proposes a position-
current dual-loop servo control strategy based on lead
correction under time-delay conditions. [Methods] Firstly,
the limitations of the traditional triple-loop architecture and
the operating mechanism of the dual-loop scheme were
analyzed, and the stabilizing effect of the proportional-
integral-lead ( PI-Lead) controller on the dual-loop system

was demonstrated. Secondly, the impact of phase loss caused
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by time-delay on trajectory tracking accuracy and transient
response speed was investigated. A time-delay-compensated
Pl-Lead ( PI-Lead-TDC ) controller was proposed to
compensate for the phase loss induced by delay. Finally, a
closed-loop frequency-domain parameter tuning strategy was
proposed, wherein frequency-domain  parameters were
designed based on theoretical paradigms to enhance parameter
tuning speed. [Results] Experimental results showed that,
compared to the traditional triple-loop control system, the
proposed dual-loop control system exhibited a significantly
reduced root mean square error in sinusoidal trajectory
tracking. Furthermore, for a 1% stroke step command, the
response speed was improved by 20%. [ Conclusion ]
Compared to traditional triple-loop control system, the
proposed dual-loop control system based on PI-Lead-TDC
achieves higher trajectory tracking accuracy, faster dynamic
response speed, and a more efficient and simplified parameter
tuning process.

Key words: galvanometer motor; dual-loop servo control;

dynamic response speed; trajectory tracking accuracy; time-
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Fig.1 Simplified diagram of the internal structure of

the galvanometer motor
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Fig.4 Open-loop Bode diagram of the dual-loop

system based on lead correction
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PI-Lead 0.12599 0.041 51  0.244 77 0.011 48
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Tab.3 Comparison of amplitude and phase for 50 Hz

sinusoidal signal trajectory tracking

PS54 ARBLATE/ () W 05 %
P-PI-PI 6.5 0.9
P-PI(NSL) 8.9 -14.1
PI-Lead 3.7 1.8
PI-Lead-TDC 1.1 1.3

&4 500 Hz IE3Z1E SHIBERERAIRE AR LT LE
Tab.4 Comparison of amplitude and phase for 500 Hz

sinusoidal signal trajectory tracking

Eeni e | HADLHT S/ (°) Wi (2 0/ %
P-PI-PI 14.38 -10.7
P-PI(NSL) 28.98 -25.7
PT-Lead 11.80 -9.4
PI-Lead-TDC 6.00 -53

VA I RIS P Dt B S0 B R 2R A
HBE 5, Pl-Lead-TDC F B EE 1R 22 E— B BRI, 75
50 Hz 1 500 Hz T, 4% T Pl-Lead 435l B AIX
13.0% F1 41.7% , A% T P-PI-P1 43 ] F& A% 45.0%
F150.8% ; [AlAS7E 50 Hz #1500 Hz T BYFA G |
R A 1.1° 1.3% F1 6° .5.3% , A UL, A LE
P-PI-PI #1 PI-Lead, PI-Lead-TDC 7£ i M2 R 55
JE R I BB A% 3 4 PR B F LA AR 2R G ) L R
BERS R JTAE 50 Hz #1500 Hz 1E 3415 S HREE R 1y
FEI B A R AR AR
3.2 WIREHE ZIREH 1%1712 B BRAE Mz iK 36
X XUER 2R 405 = B0 22 Gt B iR g %) R A 2
AT, 150 R 7 5 BR AR i B Ry 0.22° (F
BERLAL 1% 172 ) , Birikma i th £k an &l 16 Fios .
& 16 A %1, PI-Lead-TDC f¥) b FF i} 8] Ky
410 ps, WATHHE] A 660 ws, N 8% ; P-PI-PI
B TR A 520 s, JE TSR] 900 ps, AT L,
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& 16
Fig. 16

1% 472 B 2R i Bz fh 2%
1% step response curves of the

galvanometer motor

AT P-PI-P1, Pl-Lead-TDC 7E 1% 472 Ky B i
P b T 9 B TE) 43 3 46 R 20% . 26.7%
H BRI 2E T /N, ZEAH R PR R AT
R, Pl-Lead-TDC SZ8L T AR A sh S ERE

4 4hiE

B el v R R R B R LA G = I T R G
FELE 00 SR K I 3 25 e b7 348 322 e 228
HEEME ) [0) 8, A SCER Y T —Ff PL-Lead-TDC X
WA, AP BREE E  m, Wl E R R 4
SIS HEAESE XM R AL PI-Lead-TDC #243E B in
AEASE DT B s 5 >F 0 A 67 488 2, B8 A 467 4
SR AR 0 —F0PE IR B R 1 22 s 7RSI 25
M) 7 35K 8 7 T, E PR R AR E B B T 4R T 4R 52
SO T B v PR PR AT B 4 e b 5 R
(B, TESHUCEE 7, iR LS80S
WP SE A, - S T PR IS b Y 2 T
RGNS BEEHE

F = 2= A= R
Fr A VEE 75 BAAFEAE R 35 v
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