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Control of Electromagnetic Accelerometer
with Digital PWM Technique

Jung-Han Kim,* Jun-Ho Oh,* Woo-Seong Che*

ABSTRACT

Among the various type of accelerometer, the servo rebalancing type accelerometer can be suitable for
Inertial Navigation System, because of its high sensitivity and good response in low frequency. In this
paper, we proposed a new technology to control inductive type accelerometer utilizing digital PWM method.
The new developed digital PWM control has special design scheme for transmitting measurement value to
outer device in its servo loop. So it has no quantized error of transforming outputs of sensors to digital
domain. The quantized error may make serious problem in INS system, because outputs of sensor are inte-
grated once or twice by digital computer and it happens every sensor reading times. Therefore, in order to
get the accurate information such as displacement, it is necessary to measure accurately the input cur-
rent. In addition, Digital Signal Processing needs digital data transmission, digital PWM methed is adap-
tive for this purpose. We realized a practical circuit for digital PWM control, analyzed the stability of the
circuit, and designed the controller etc. In this study, we solved many practical problem for this applica-
tion, and got out good results.

Key Words :Accelerometer (7}4=A), PWM Control (B2AZA|91), INS System (384 74X)

1. ME 3 A E7| £ o] 43t A (Pendulum) € FAANZ AN A

Fo2 tZYdA gY(Deflection Type) F& @ 4F

T EAE YFoA Alamld Jlete 7SR E 236 Aol F1, Wit W2 Fos v MEz 23 &
T AMZA BE & ZoplM ALEHR o} Be 3 & bestt. 2@ S EAY U7E(Sensitivity) &
79 FIEEAZ, MolR B899 JEEAE fy 2 doj=gA Gk 7HEEA &3 WS sde Ao
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7bedtth. B2 /9 /IEEAS E TN Aot
22 ste MERAE 7Y AAEE o ddtn, A
Aol YA AL Fx AFE o] &3te A7 ¥ (Elec-
tro Magnetic type) 7I&EA0lH, @A FYPY FA
of &350 Sle REY FIEEAE o)y 12E
AY R gk, 18 S MEEAE 71-AF A A 28 (Micro
Electro Mechanical System)71&% ZA@slo] o & &
Azt Jed, o8 MEMS 7142 7A-AR 849
FAZIFO] 7@ Heu Azt Ee] O 2E olF 2
Atk Fdste] disiad, o8 MEMS 71€9] @A
2 7ARARN 28] £33}, ZBF}E o|FUL, EY
oA g 7|&e AHHLR, INIEEL g 78e B
A zed 4" £ 9tk 1979 ¥ Lynn Michelle
Roylance ¢ James B Angell & MEMS 7]1€& o]&
3 2 mm ( 3 mm 27|19 AE HEEAE BE
WA, o] 7FE &A= Glass - Silicon - Glass %
2 o]RjA glon si&ES wom Ui AR} §
oz 1 o]& 2EHQ AAE HEdt= Feo &Y
¥ (Deflection Type)9] 7H&EA oA}, o] Foll&, Al

FEE o] &3 Mo BEN)(Servo Type), A} #Hof
29 7139 AHAEA (Capacitance) S o] &3 Az
o A AAF A7 G & =AsL AEEAT
olo]A 90 Suzuki & 2 FREEL AJANE2E
(Capacitor type) & AAA A4 & o] &3ln, 758
o2& HA718 (Electro-static Force)& ©| 4%
PWM 48] 7t&zAE Adstget?. Ao} Wad g
2ZA9] (Pulse Width Modulation Control) & £¢
gto 24, AlF A8 (Signal Processing) 9] §o]4 gt
ojlg}, B33 A¥sl 32y BAZ 2] Figlo] v
A8 JPAQ 282 douigiel. & AoA dFe
AEE AEEAE PEH L APY S o) fatn, AA
o AA WYL ZY9 K7 AYE o] &7 Axy] F
(Blectro Magnetic type) ¢ A2l &(Silicon) 7FHE %A
oltt. olgl & A FH /& EAe ARAGA
(Capacitance) 89 71&5A 9 w8 327} 23t 23
gk, nAG MR W M9 JiEx, aga ¥
o MEZg 73 QofA, dA BIFEFA(NS)
£ B8 B RoldA o151 git.

£ dFdMe A7) (Electro magnetic Type)
o) 7H&EA o PAg H2ZA o (Digital PWM Con-
troDE =9t AAZ pdsiglen, £ 2A9E o
Uittt txg H2ZA o (Digital PWM)e}t 3 ¥

2H8(Duty) & ¥A3H(Quantization) sl 379
FA3E HF Ao2N a1 49 o)fE 2.3 AN
AA 3] Aetgch =3 48 A AA e vl
W3 £4& P 1 AHE o] &3 =& P
AFA st Al AUEE dojd & AT o|F )
€2 JtE =AY YA gR 9 H2ZA o (Digital
PWM Control) 2] thgh W&o F3& F3Fo] 7]a
A,

2. 7|2¥g|

2.1 MOI2Y 7155 A2 ZHE-32|

Aiy JiEede R &R Aty Ui
Az} olgd#FE A5l o] & BHAletw, B
BaF 3L /e Hoz iste F2E HAU
AAE 4 94 9A8A Aojgdeen Az AA
ok FEF(Actuator) B €S she 2YHFY vjAEA
S AAsD BELH (Transient Response) F7HolA
TYse s 29 ¢ Ak b9 Fig. 2.1.1 & ¢
HHEQl MR JI&EA e AEdeE B EY.

Fig. 2.1.1 Schematic Diagram of servo-accelerometer

ARE 4 Ao AAsted Bag Yo iz gy
AR 7 T2 HAS ol 20l FHIR AR
A4 AHEE, oo Bad AJYYE SR vz
e ¥ 238 5 Aok

2.2 MO 2 JI&TH o] HAZ(PWM) Mo
FYo] W= sl REU AFofelei (Actuator)



ARG - 2835 - A A

9 7%, 92F Ao|(PWM Control) & AH&3t9, 4
39 Agd fejsla E&dol ALF, Be B4l 9
7] WEd B2 Ao B2EAos} o] 4R} oy F
HaZAole 2ol WAE Molnd siEeAe 3¢
dz= $4& H<S Zeth Fig. 2.2.1 & 7H¥EAS
ot BaZAol] A58 3] TAF Roln

el s Bridge Circuit

S T .

Constant Current
Circuit

Fig. 2.2.1 Nulling of the Moving Pendulum by PWM Control

Fig. 2.2.1 & 714EA9] ¥ 75519 725 7
gstAl AR Aot aje AR ©AF FAF2
ZojlA #A G AFE, B (Bridge) H2ZAA A4
Hoz TAR A7 Aoz zAF 4E Uz 524
"o, ole AR RAdolde EAZY(Torquer
Coilell PWM H28 & A3z, o8 BA2ELE E
ALl A7 F(Magnetic Flow)E §2XA 714 %
A EAd 1A = AN} bl T2 Ao 7
288 4o7A 9ot

Fig. 2.2.2 £ EARYY 52& AF & &4
g Aoltt, EARY 52& AFY WIS v F=
ol w2 Bre}FA Ho) whal, Fig. 2.2.19) a, b
FEo nadg F40] a2 vl A go}old BIlA)
29 293 ARME FAANFLZA AR AT,
e WAA W RHEE @A £ 9ok Rig.
2.2.2 o IAH[(Duty) 7t 50 %% B$E 2 A RE
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Current

Duty 50 %

Current

Duty 75%

Duty 25%

Fig.2.2.2 Various Duties in PWM Control

3} B B89 HAo] onz AR A BF 2e
E7t glovk HAv(Duty) 7F75 % V25 % 9 AS-
de 47 + W, - Wdoz WA ol Hste
Fo 2 RREJ} A AS & F YT ©, BAEA
oA E¥F 5<% (Carrier Frequency) & 339 243
FTEY FE3] Folof i},

2.3 Moy 71T AS) ClXEY HAE Mo
(Digital PWM Control)

MolRY 7ldAe F2 AYYUFNFAA HY &
&or F2 AGEY. EtA ARy JE ey
H U Ase g0 A8 38 7o) AlExeE
AR 37} Az, JHYAZ Ao sz Y& 7}
SZARNE 9ot Y2 S Jog & dxy
ghe Aol AA dE Al2H9 Ao} 9o Bk opg
29 A9 AL wi=A] AD E87)E 54 ¢
Aggez Adste A4S AIY. g2 2 FUE9)
AD R A3 S ET v4g e 93Eo]
SAEA drt, ofwf WAt LAt wS wAG Go]
0 AT, FAle A 354 Wt exEo] FAd

£ Aol JT}, Wk oldz e siExd £ 1
kHz 2 AEd A #E& goAEAHH, 1 2 1000
Holuk a7t FAHA Ha ZAL B2 Rdo] 52
A& & FA A REUE & gol "}, o9} whi )
A g HAER) 0] (Digital PWM Control) adx =
&7 7Bl FE 489379 ¢E FA3H(Quantized)
A pFn Azt ME YMESFE SHFo BN AL
AR ¥ HgeA 23T 5 Yo
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Current

Fig.2.3.1 Digital PWM Signal

YAg H2Z o (Digital PWM Control) W44
& PWM o "xu(Duty) 7t 5% F442 FAs
(Quantization) ¥o} 9lo1A, o] nFae] F4=ulof u)
AP HFo=2W €S Y £ ot B K& RS
o] ARl stsfFolol st AF Fol 1.25 mA oz
dAg PWM Aol B, & 1 mA % 2mAZ ¥
€ 29¢& WA Rt & o, Alof7le 1 # 28
Wol WA Y|, 1 E4 v &L U 2L 4L
ghEghe},

1mA x x +2mA x y =1.25mA x f x sec
x+y=fxsec

(2.3.1)

A71A f & 2ZA 0l EWFH¢(Carrier Fre-
quency) ©| i sect HO[H & e AJZHS A FT), o
£E9, 1 kHz 2 HoJHE Ao 1027} &84
10000 W19 57 TRHASH= 1 mA 7F 75004,
2mA 7} 2500 ¥ 2AEA B0}, gty e He
g EHE AEY ZFHRE 4E £ U o) By

& A3 AEAE A & of of - LG £X
2 338 & Jdvt AN JEE a2 A5 A7t
GE FHAE AR W7t S E AR BT e
vepdth, ojdd EAL /1S A5E T AR A
A Az FEEE AA P3N T, AFH5olA &4
T SS 27ste HASH L SATEAA BolA o
T+ &ttt =@ A e %S H-3 2FPes
W, oA d9g AL hds whgoe 23T 4
it uEd gAg PWM %242 PWM A9 HAZ
(Duty) o digt Fugt AEsH, AD M7 & AL}
A e vl 1Yz SR E A& ¢ U R o
Ag PWM Aol oA A3 uig} Zo], Eoj7t A
ol 4€ FEeA ¢ 4 v A A AaAg
7} 2HEEtE A, £3 PWM HAn]9) 7hdE9te] Ay
Y 5 48714 FHel k. Fig. 2.3.2 € 7HE5A
o OAg PWM Ao B Hxoln},
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to Fiold Col
o i oo
e —

PWM Pulse
Genesator

L—{ Reference Clod<l

Fig. 2.3.2 Block Diagram of Digital PWM Control

g Circuit

{to Torquer Coll)

Generator

2.4 AR (Pendulum) X&!Aje| 22

A7IM g Az 2P A2 §e Ao} RE AT 71
EAA A E 2Rt A 2PA e 649 29T He
AR, delTINT B FEo o|RojA u &
A S wa oM EX4oz vd g FussL
A&, 12 HA Alxdlo] AlBgoldT Ao/
AL dalde A4 2YA9 o] Bl Bas),
2 d7drae BHE Aozg s EEA
204Y & Jlete] BT oz WA YA E 2d3Y
3ttt Mo si& Al AA7L 2Fole Wee o
F 0.1 =(degree) = Yo <H7] o, AFEL
(Open Loop)2A Al2de] 298 F&37]d+e %

7 Y. wex B dRdAe slEEAe rdge
93 Fig 2.4.1 o Ukl ule} 2o Ewgl glaxg 7
AR},

Step Input
0 Ke Km I v
01V

Ke: position to voltage gain :230 V/rad
Kec: controller gain(V to I):15
Km: current to torque gain :4.2E-3Nm/A

Fig.2.4.1 Block Diagram of Accelerometer System for
Modeling

719 A18-€ K, Km, Ke g2 tli Al2slo] A2
Z(Open Loop)el 54 Bt} 714 3171 Yale, 4
A2l AJA(Gain) Bt} wi$ @A 2 HAD. Fig.
2.4.2x= A A28 HFZ(Closed Loop) Al&de
2898 ggo|t},
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Step response of closed ioop system
0.12,
04 f
\o\-vMJ\..NMW
008
0.08)
3
>
0.04
0.02,
0
A 4 Ty
00z 0 200 300 40 500
time

Fig.2.4.2 Step Response-of Closed Loop System

IEEAE 2 og A 8 £ Jerg, AYd
A g 2olA el (Rising time)d 298 FE
(Overshoot) § 23X 28le] HevElE o] &3ld, A
A AGFrE 78 £U02, AYFA 9 HFZA U
A HEY AUL ¢ FULLE o] & o] &3 AAZY
Ao AGF-E 7Y + Uvk AL 5o 78 A
ZYA 9 2y & g 2ot

934.2
'P(S) -
s +129.6s5 + 864
*w, =30 (24.1)
£ =216

3. Controller & MA % Simulation

H5EAY Aoz AAe ditE AANES A
&A1 F gloy, o)atAlof (Digital Control) oA S&
gi Aoz A7t AAIZE FHHeR A A
o719 A& AAZ 22 2413} sl Fggol "asl
olo] @& o 7tx] ZAPEY (Approximation Method)
o] ZA3, uj$ ik Fel2 7AL 5 ik, ol S
7194 Fig. 3.1 & 2% zidstA 249 el 24
o718 =8

Fig. 3.1 & PWME2 9] zjoje] AH-E A|oj7]9] 3
2%0]t}. Fig. 3.1 o} £AIE 329 o5 $HEANL
Fig. 3.2 o =AHI. #433H AXFAA #dE
e o4 GEe 22 0 - 300 Hz FES) AF3ho]
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Fig.3.1 Controller of Digital PWM Accelerometer

o, o|Bt} nFHe] 49L& FFUU vlArde A
Bl 3ol Kol o)z} Vg AFolnz HEHYsl AY
Folof gt} Fig 3.2 & AW EH AFHo|A 9] Bode
Plot 71&717} -20 dB2, 2 99A Integration
Action °] &€ & F At T FHEZA Y Aol BA
o] 32 HlFAe}r|% AHLFITH, BALE LA} E
AJ}EE dots FLre 7HEEASE dojd F fiT.
wetd 3 FExe 7HEEAY Aojrle AFoe B4
g9 Integrate Action o} ¥E=A] ¥35 o] glof
of &}, Fig 3.19 Aloj71e] AAE AA Al2de F5
& 2o EAL B2 AASNA. o] Aoy Ag
e okdiel 4 3.1 3 22 Fig. 3.2 € 9 A9
9] B A% (Bode Plot)olt}.

R,Cys+1

H(s) =
) RZC,Cis* + 2R,C,s

(3.1)

Frequency (rad/sec)

Fig. 3.2 Bode Plot of the PWM Controller
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AR QAR EASE 9 gol W nffstn, £ W
< H99 7IExE s E FdAeE g2 Ad
(Gain)gtel Hasdtth, wabA A o JXAE AA S
AA sk Aol A2de] e ARA m§ f2 g, o
= Zgdze dREH o (Demodulator)s 4A<
A7} Dt Fig. 3.3 & AAHA PWM o9 £84
Lot}

Acceleration

Torque

Fig.3.3 Block diagram of digital PWM Control

)= 934.2
P =57 129,65 + 864
Kp=114 V/rad (3.2)
6.624 x 107552 +2.676s +10°
C(s) = )
5.76 x107°s* +0.27612s
Kv=2.026 duty(%)/V

Kp € PWM 4337]( Signal Amplitude), =] 4
=, J2Eg )8 (Demodulator) 522 AAHE A3}
AA - A (Position to Voltage)Alsolth. Cls)e &
Aol AAG Aof7leln, Kv £ Aol7loA & A
o] H2H (Duty) W& Algeeleh. Kt & Had 3
dE ELA(Torque) 2 % W Agolch, glolr] AA
g Ao71E o] &3l A AJ2HE Ao HF
58S #F37|9st] o4 ¥ (Simulation)$ kA
o} 29 Fig. 3.4 € A48 A8 AAZEN 4 3.2
o AFES ol 838ld 99 BYMHT A9 A ¥+E
Tl RAHEE Aijolt} Fu $HIHE BHE DC
AeioiA BE 100 Hz 744 #as 548 fA89e
B, ol 7HEe 33 HAE +4g FEolUt

Tho Boda plot of the closed loop

|
|
L.
i
!
A
|
|
10 10’ 10

froquency(Hz)
Fig.3.4 Simulation of digital PWM controller

4. MY Y &}

4.1 3%

FAE 7MEEA H2ZA(PWM Control) Al&H
o A% AL 98k Fig. 4.1.1 3} Zo] g £
ol RYAI| A HLEE $Y5ATt ALEE £
g HolEe E&l%E 045 (oln 48 45 (4 A
A sl FH/EE dE $HS 2T

GA3 GAZA o (Digital PWM) Ao & HA9)
H 24| (Duty) 7} 423 (Quantization) o] gleez
°|5 2Mhz ¢ TLFe} AND A4+ st} Gad A
& AR, A B2H (Duty) & 0 oA 4096 AF
ole} #AE F@dE o] /H%dt. Fig. 4.1.2 & A
ARy 7t&zAe Ixt3 AZA A (Digital PWM

Fig. 4.1.1 Picture of Rotary table with Digital PWM
Accelerometer and Control Circuit

Output Signal (Pulso count)

SN

D
4

\

PWM duty (2048 is 50 % duty)

»

AN

(59 100 150 200 250 300 350
Degreo of the rotating table

Fig. 4.1.2 Response of the Accelerometer for Gravity
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Control)el] 9@ 33 4% ZFolr},

Fig. 4.1.2 € 71424 E 34 v o|&(Rotating
Table) © Fx3te] 3AAFIAA, 80 78] ZFH A
Zvz} 100007H) b2 #3te HEE AT % AT
Ao},

4.2 Sensor Calibration

A9 2832 FFslstn vAPYS S8 4
o &3 dolg9 ]2 o]F(Phase Shift) # Z7]
(Amplitude), ¥4 (Offset) & ZAI3} AlAokIc}h a4
U 7S zd A &9 S84 FYIg &3]
g e 0g FHE AAsteE 17t Huleh, HE
o 71718 g82 g BAAME AA9 oA
Bejolire 2E4AEE 7o A4S F3tn UFd
2 A (Least Square) & o] &3t A9 Hol=
©]§(Phase Shift) & 2¥9(Swing)9 ¥, $AFE
o] AN EYEAS AT o2 AF AXE
+23 Q. Fig. 4.2.1 & 254 E ol &3ld 7
TS 0|83l x FEFES g FoE MBS AP
A7l Aojo},

Qutput Signat (Pulse count)

:j /’/

3
2
g vd
]
2

d

08 08 -04 -02 0 02 04 06 08
tnput Acceleration (G)

Fig.4.2.1 Response of the Accelerometer for Gravity(2)
37 A3l ol F9 449 2ATYL THe 2

o,

*0 g o149 g (Null Position) :

2056.13948(pulse)
< +1g Y EE% 2557.67593(pulse)
« 1 g Aelol Agee pulsed] A5 1 501.53645(pulse)
« 23 714X range : t4g
I L Bl B 0.015 %
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5.8 &

EAFANE Mol 7t& Ao %S BAEA o
(Digital PWM Control) ¥4 & =43z, 71524
o AEIZYAE zdYsta, 185 AR HH-FE
A ©}7] (PI Controller)¢ AA H2& AA, 7d}H
o, =3 AAM9 :A(Calibration) & H2A$Y
(Least Square)< ©| &3t X9 &8 E4< F%sh
oz 4% A3 Tagstn, 7R AN 2Y5
Aozvy 48 exg AT £ AN 7d%
AN 3R 54 g 2,

» B17b% (Sensitivity) : 10% g

« AAe BlAEA 0.015 %
+ A3} 3914 (Pulse Quantized resolution): 2Mhz

e Y2 ZA0] g1t 254 (PWM Carrier Frequency ): 500 Hz
= v L t4g

Aoliq 7HEEAE AA HE8 AAZ F2 AH
22 0 ARES AR go] 25 71 38T 4
o e ARg dXHA g tdot. weky o)
g dAkEl WAZA o] (Digital PWM Control) ¥4 9]
Aoe AXHEE AX ol A daolzgtn & F 1o
o, A|7ke] At i =2 ZEE H43E § ok =
g EAZA o] WA JIETAE 7|29 ch}za Wy
o vlgte] AMe) dgAel Hoju, o|F9 A3 Az
Aol wf ¢ 2k f&of opl2a I 2 UAT
(Bensitivity) & Zettz & Atz 2 Y A-D H$
o =& H4g 1Fstd R fsid, JlEEAE A
28 ZAA7 4 A48 GEE] M2 UHSA AZ
(Coupled)=o] 1o1M, BAZA|o] w29 Fjof A2
o AAZE 4A god, A FA g A sz
o] 78] A FH 22 A5 E 4
123
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