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15 Abstract: Incorporating linear-scanning MEMS micromirrors into Fourier transform spectral
16 acquisition systems can greatly reduce the size of the spectrometer equipment, making portable
17 Fourier transform spectrometers (FTS) possible. How to minimize the tilting of the MEMS mirror
18 plate during its large linear scan is a major problem in this application. In this work, an FTS system
19 has been constructed based on a biaxial MEMS micromirror with a large piston displacement of 180
20 pum, and a biaxial Hee robust controller is designed. Compared with open-loop control and PID
21 closed-loop control, He robust control has good stability and robustness. The experimental results
22 show that the stable scanning displacement reaches 110.9 um under the Hee robust control, and the
23 tilting angle of the MEMS mirror plate in that full scanning range falls within +0.0014°. Without
24 control, the FTS system cannot generate meaningful spectra. In contrast, the FTS yields a clean
25 spectrum with an FWHM spectral linewidth of 96 cm-1 under the Heo robust control. Moreover, the
26 FTS system can maintain good stability and robustness under various driving conditions.

27 Keywords: electrothermal micromirror; robust control; bimorph actuator modeling; active tilting
28 rejection; Fourier transform spectrometer

29

30  1.Introduction

31 Fourier transform infrared spectroscopy (FTIR)[1] is a technique that is used to obtain absorption
32 oremission IR spectra of various matters and determine materials’ compositions and concentrations
33 in both laboratory and field environments. A Fourier transform spectrometer (FTS) is based on a
34 Michelson interferometer consisting of a beam splitter, a photodetector (PD), and one movable mirror
35  and one fixed mirror respectively in its two optical path arms. Conventional FTS systems are only for
36  lab use as they are expensive and bulky largely due to the complex scanning mirror system [11].

37 Recently, FTS systems based on MEMS micromirrors begin to emerge, and such miniature FTS
38  systems can enable real-time, in-field analysis in many environments such as national border
39  checkpoints and in natural or manmade hazardous conditions[2-3]. For miniature FTS systems, the
40  scanning characteristics of the moving MEMS micromirror are critical. Electrothermal micromirrors
41  are more widely used in FTS than other types, such as piezoelectric, electromagnetic, and electrostatic
42 micromirrors, because they can provide much larger linear scan range at low drive voltage [4-10].
43 In principle[11], for a FTS, the Fourier Transform of the interferogram yields a spectrum whose
44 resolvable spectral linewidth is inversely proportional to the movable mirror’s scan range, i.e., the
45  larger the linear scan range of the movable mirror, the higher the achievable spectral resolution is.

© 2017 by the author(s). Distributed under a Creative Commons CC BY license.


http://dx.doi.org/10.20944/preprints201711.0070.v1
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.3390/s18020508

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 10 November 2017 d0i:10.20944/preprints201711.0070.v1

46  However, limited by the fabrication process variations, the piston motion of MEMS micromirrors
47  always comes with tilting. The tilting during the mirror’s piston deteriorates the interferogram,
48  resulting in low spectral resolution or even no recoverable spectrum. Thus, controlling the mirror’s
49  tilting has become the biggest challenge in practical MEMS based FTS systems.

50 Several tilt control methods have been developed to reduce the tilting of the movable
51  micromirror of FTS system during scanning motion. Wu et al. [12]developed a FTS based on dual-
52 reflective MEMS mirror. When the driving signal was not compensated or controlled, the tilting angle
53 was 0.7° during the scan. By using a pre-shaped drive signal, the mirror tilting was reduced to 0.06°.
54 S.R. Samuelson et al. [13]proposed a piston motion micromirror with a laddered inverted-series-
55  connected (ISC) electrothermal actuator array and demonstrated a uncompensated tilt of 0.25° over
56  its full displacement range. By designing a pair of ratio optimized drive signals, the tilting angle was
57  reduced to 0.004°[14]. Wang et al. [11] reported a large-stroke electrothermal MEMS mirror with an
58  original tilting angle 0.3°. In order to reduce the tilting angle, the micromirror was driven by an open-
59  loop control using a pair of corrected ramp drive signals, and the final tilting angle was reduced to
60  +0.002°.

61 In view of the high sensitivity of open loop control to the environmental variations and
62  disturbances, there have been numerous studies on designing of closed-loop controllers for
63  improving the repeatability and stability of micromirrors [15-17], most of which are focused on
64  electrostatic micromirrors. A study on closed-loop tilt control for a single-axis electrothermal
65  micromirror has just recently been reported[28], where the tilt angle was controlled within +0.0015°.
66  Although the closed-loop control algorithm developed in this study improved the robustness of the
67  electrothermal micromirror scanning, there are still some practical problems that have not been
68  considered and solved. First of all, the uniaxial electrothermal micromirror previously studied has
69  no actuators in the orthogonal axis, and thus the jitter in the orthogonal axis is in an uncontrolled
70  state. Secondly, the change of the characteristics of the electrothermal micromirror due to aging and
71 any changes in the operating environment may cause the originally stable system to lose its stability.
72 To solve these problems, we firstly propose to use a dual-axis electrothermal micromirror
73 instead of a uniaxial micromirror in the MEMS FTS system. Thus both directions of the micromirror
74  can be controlled to avoid the instability caused by no control in one axis. Secondly, as the
75  electrothermal micromirror scanning exhibits strong non-linearity and resonance characteristics, the
76 device model was obtained through experiments rather than theoretical modeling. Thirdly, in order
77 to ensure the robustness of the MEMS FTS system, a He robust control method is proposed and the
78  Heo controller is designed for the perturbation of the system parameters. As a comparison, a PID
79  controller and a look-up table control are also implemented. The experimental results show that with
80  the Hee control, not only the titling angle is greatly reduced, but also it has the advantages of good
81  anti-interference ability.

82 This paper is organized as follows. Section 2 introduces the electrothermal MEMS mirror and its
83  experimental model. In Section 3, the design of a Hee robust controller is introduced in detail, and a
84  PID controller and a look-up table driving curve are also presented. In Section 4, the experimental
85  results with the Heo robust controller, PID controller and look-up table driving curve on the MEMS
86  mirror and their application in the MEMS FTS system are analyzed and compared.

87 2. THE ELECTROTHERMAL MICROMIRROR

88  21. Device Description

89 A bimorph is composed of two layers of different materials that have different coefficients of
90  thermal expansion (CTEs), as shown in Figure 1(a). Al and SiO2 are chosen as the two bimorph layers
91  for their large CTE difference which can lead to large actuation. A Pt resistor is also integrated as a
92 heater. When a current is injected into the Pt resistor, Joule heating will be produced, which increases
93 the bimorph temperature and consequently causes the bimorph to bend due to the different CTEs of
94 the two bimorph layers. The simple bimorph shown in Figure 1(a) also generates undesired large
95 lateral shift upon actuation. Thus, a bimorph actuator design consisting of two segments of silicon-
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96  backed rigid beams and three segments of Al/SiO2 bimorphs has been proposed, as shown in Figure
97  1(b). This design can generate a lateral shift free (LSF) large vertical displacement[10,18].
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(b)
98 Figure 1. (a) Bimorph structure. (b) Large displacement electrothermal bimorph actuator design.
99 Figure 2(a) shows an SEM of a fabricated LSF MEMS mirror, where the initial elevation of the

100 pop-up mirror plate is about 180 pum. This elevation is caused by the thin film intrinsic stress and
101 thermal residual stress generated during fabrication. There are two LSF bimorph actuators attached
102 on each side of the mirror plate. When a drive voltage is applied on all four bimorph actuators, the
103 measured static piston response is shown in Figure 2(b), where the vertical displacement reaches up
104  to 180 um. The allowable drive voltage range to generate stable vertical motion is from 0 to 6.6 V.
105  Increasing the voltage further would eventually burn out the bimorphs due to overheating. Although
106  the optimized drive signal ratio [14] or open-loop compensation method [11] can reduce the tilting
107  during the piston scanning, the residual tilt angle is relatively large due to time-varying
108  characteristics of thermal bimorph actuation.

Displacement(um)

3.0kV  X37 23/JANM7 Voltage(v)
(b)
109 Figure 2. (a) SEM of an electrothermal MEMS mirror. (b) Measured vertical displacement versus
110 applied voltage on bimorph actuators.
111 2.2 Dynamic Model of the Micromirror
112 The micromirror system studied in this paper has a complex structure and multi-input and

113 multi-output characteristics. The analytical model is difficult to obtain. Therefore, in this work, a
114  frequency domain experimental method is used to obtain the system model for the control system
115  design. The frequency response of the mirror tilting motion was measured in an experimental setup
116  asillustrated in Figure 3.
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118 Figure 3. Setup to measure open-loop frequency response of micromirror tilting.
119 The mirror is first biased in the linear region of the scan displacement-voltage characteristics. In

120 both directions x and y, the AC voltages vex and vey are superimposed on the DC bias Vb via a unit-
121 gain driver. The driver generates two pairs of the voltage outputs, Vs + Vex and Vb — Ve, Vb + Vg and
122 Vb - Vi, which are applied to the four bimorph actuators in a differential fashion. Vb is used to bias
123 the mirror plate at a certain displacement and Ve/ Ve excites the mirror to tilt at the vertical position
124 set by Vb. To test the frequency response, the frequency of Ve« and V¢ are swept and the actual tilt
125  angles in both directions of x and y are measured by tracking the light beam reflected from the mirror
126  plate using a position sensing detector (PSD). The PSD output voltages, Vex and Vey, are proportional
127 to the mirror tilt angles in both directions of x and y.

128 The system has two outputs, so it needs to analyze and judge the coupling relationship. If the
129 coupling is strong, decoupling is needed. There are a variety of methods to evaluate the degree of
130 coupling of multivariable systems [19-26], among which the most widely used one is the static and
131  dynamic Relative Gain Array (RGA) theory[24] proposed by Bristol.

132 For a multivariable control system, Bristol defines a first amplification factor @) and a second
133 amplification factor Py. The first amplification coefficient @ means that, in the system of the mutual
134 coupling, the channel gain between a driving signal of X/Y direction Drv_j(j=x,y) and a PSD signal of
135 X/Y direction PSD_i(i=x,y) under the conditions of Drv_j observed with a change of ADrv_j and other
136 manipulated variables Drv_r(r # j,r=x,y) unchanged, the ®, of x and y direction is: @, =
137 APSD_x/ADrv_X|pry y=const , Py = APSD_y/ADTV_y|pry x=const - The second amplification factor P
138  refers to the change of the PSD_i(i=x,y) obtained by fixing the other PSD_r(r # i, r=x,y) and changing
139 only Drv_j(j=x,y), and the two change coefficient is the second amplification factor P, in the static
140 state. That is: P, = APSD_x/ADTv_x|psp y=const, Py = APSD_y/ADTv_y|psp y=conse- When 0.8 < Ay =
141 @, /P < 1.2, the influence of other channels on the channel (Drv_j — PSD_i) is small and can be used
142 as the main channel [24].
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143 Figure 4. (a) Signals for calculating Bristolx factors ® of X/Y direction (b) Signals for calculating

144 Bristolx factors P of X/Y direction.
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145 As shown in Figure 4(a), X/Y direction uses 2V~6V sine waves to drive, and Y/X direction uses
146 4V constant value to drive, get the ®: ®_x=1.495/1.586, ®_y=9.164/3.022. As shown in Figure 4(b), X/Y
147 direction uses 2V ~ 6V sine to drive, Y/X direction uses 2.5V ~ 6.5V sine to drive, get the P:
148  P_x=1.778/2.041, P_y=1.347/0.462. And finally get the following results: (1) 1, = ®,/P, = 1.082 €
149 (08,1.2); (2) 4y = ®y/P, =1.04 € (0.8,1.2). A_x and A_y indicating that the control of the x, y
150  direction can be used as the main control channel, which can independently be controlled.

151 As illustrated in Figure 3, the frequency responses of the x-scan and y-scan can be expressed as:
_ Vox(® _Vey®

152 Gne($) = 153, Gy () = 7223 M

153 A sinusoidal voltage driving signal with an amplitude of 0.1 V and a dc bias of 4.0 V was used

154 to obtain frequency response. The measured frequency responses are shown in Figure 5 (a) and (b),
155  where the resonant frequencies in x and y direction are 335.6 Hz and 341.3 Hz, respectively.
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156 Figure 5. Experimental frequency response and fitted micromirror model (a) The micromirror model
157 of X direction. (b) The micromirror model of Y direction.
158 Based on the experimental data shown in Figure 5, we used the system identification toolbox in

159  Matlab to identify the system, and selected the best-fit results as the system model for the feedback
160  controller design, i.e.,

4915 5% + 1.68x107 s + 9.46x10%0
161 = 2
6 G (5) 53 4104252 + 4.54%106 5 + 4.36x10° )
1.92x107 s + 6.16x10°
162 Gy (s) =
6 my () $3 + 614.452 + 4.66X10° s + 2.61x10° ©)
163
164 This transfer function model was tested under room temperature and one atmospheric pressure.

165  For different micromirrors or operating conditions, the model parameters can be measured and fitted
166 by using the above identification method.

167 3. Design of Robust Controller

168 When the MEMS micromirror based FTS system is placed in different environments and
169  operating conditions, the system parameters will change and thus the system model will need to be
170 changed accordingly. So it is a great challenge to design a controller that can ensure the stability and
171  response characteristics of the system even when there exist external disturbances or internal
172 structure deterioration. PID control and look-up table control methods are simple and easy to
173 implement, but these control methods cannot adapt well to changes in system parameters, causing
174  large errors or even system instability. Therefore, in this work, a controller design with an Hee hybrid
175  sensitivity control algorithm is proposed, so that the FTS system can not only be applied to working
176  environments other than the laboratory, but also be adapt to the measurement errors or the
177  parameters’ drift caused by the aging of the system. In order to evaluate the performance of the Heo
178  control method, a PID controller and a look-up controller are also implemented for the FTS system
179  asa comparison.
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180 A block diagram of the micromirror tilting control loop is shown in Figure 6, where Gex(s) and
181  Gcey(s) denote the feedback controllers to be designed, the error AVx and AVy are the measures of the
182  residual tilting of the MEMS mirror plate, and Vd is the equivalent disturbance input voltage
183  intended to evaluate the robustness of the closed-loop system. The system models Gmx(s) and
184  Gmy(s) have been experimentally obtained as given in Egs. (2) and (3).
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MEMS Mirror
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186 Figure 6. Block diagram of the closed-loop micromirror tilt control system.

187  3.1. Design of Heo robust Controller

188 Heo robust control theory [25] is a control theory in Heo space (Hardy space) that can yield robust
189  controllers by optimizing the infinite norm of certain performance index, solving the problems of a
190  robust control model that has a certain range of uncertainties and external interference signals
191  existing in a system.

192 To control a system with both interference and uncertainty, the He mixed sensitivity design
193 method can be employed [26]. The control system structure diagram of the weighted Hee mixed
194 sensitivity method is shown in Figure 7(a), and the same form of the FTS system control structure is
195 shown in Figure 7(b), where r is the PSD reference input V., e is the PSD error AV, or AV, uis
196  the He controller output, V., or V,y, ¥, = [y1,¥2, ¥3] is the output of the MEMS mirror in the FTS
197 system, Voxo = [Vox1, Voxz, Voxal o Vayo = [Voy1,Vaya, Vays]l . and  Weses,(s) , Weyrayry(S)
198 and Wrr 7y (s)are three weight functions added in order to respectively suppress the interference
199  and limit controlled quantity and thus improve the system performance.
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200 Figure 7. (a) Structure diagram of the Hee mixed sensitivity control system. (b) The block diagram of the
201 FTS system Hee controller.
202 The closed-loop transfer function S(s) from the input r to the error e is
203 S(s)=[I+G(s)K(s)]? 4)
204 Where S(s) is called the sensitivity function, which is the most important indicator to determine

205  the size of the PSD signal tracking error. The lower the sensitivity S(s) is, the smaller tilting of the
206  FTS system is. The closed-loop transfer function T(s) from input r to output y, is

207 T(s)=1-S(s) (5)
208  We can use the P-K structure of the Hee standard problem. The generalized object P(s) is given by
AR
Py P W,
209 P(s) = |f11 12] _10 R 6
(s) Py Py 0o WG ©)
I -G

210 The closed-loop transfer function matrix from input r to output y, is
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Ty, () = LFT(P(S),K(S)) = Py 4 P K(1 = PypK) 1Py = WS, WiR, Wi T]" )

To obtain the Hee mixed sensitivity controller is to optimize the ”Tryo(s)”oo by finding a
controller K(s) so that the closed-loop transfer function of the FTS is internally stable and satisfies:

irlgf”Tryo (S)”oo = Vmin =>||Tryo (5)”00 < Y(y > Vmin) (8)

From the frequency domain point of view, the classical Heo control algorithm is essentially a

system loop forming method. The Hee mixed sensitivity control strategy directly performs closed-

loop gain shaping on the closed-loop function such as the sensitivity function S(s) or the

complementary sensitivity function T(s), thus eliminating the large peaks that may occur in open-

loop gain shaping. The ideal S/T curve is given in Figure 8.
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Figure 8. Ideal S /T curve.

As show in Figure 9, in order to make the FTS system meet the shape of the ideal S/T curve,
according to the FTS system characteristics, through multiple iterative tests, we set the weight
functions Ws,(s) = (0.001s + 200)/(s + 1), W5, (s) = (0.001s + 265)/(s + 4.1), Wr,(s) = (0.66s +
1)/(0.0025s + 100) and Wr,(s) = (0.86s + 3.6)/(0.0025s + 100) to guarantee the desired low-pass
characteristics, and set the weight function Wg,(s) = W, (s) =1 x 10™* to adjust the output of the
controller to ensure that the PSD output changes at the millivolt level. The robust controllers Gex(s)

and Gcy(s) in the x and y directions are obtained as follows,
1.15 x 108s* + 4.71 x 10253 + 5.30 X 10%°s? + 2.13 x 10%%s + 1.99 x 10?2

d0i:10.20944/preprints201711.0070.v1
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Figure 9. S/T curve. (a) S/T curve of X direction. (b) S/T curve of Y direction.

3.2. Design of the PID Controller

Figure 10 shows the PID controller designed respectively in two directions: x and y. The two
control loops can be independently controlled and adjusted for optimal conditions of the final
controller to be determined is that the x and y direction achieve the best.

A PID controller is a kind of linear controller that tries to minimize the error between the
reference value and the actual output value. The errors in x and y directions are given by

AVy = Vier = Vox, AVy = Vier — Vg, )

Its control law is
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241 ch(S) = E = pr[l + @ + KDxS]/ ch(S) = ﬁ = pr[l + Fys + KDyS] (10)
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Integral i V. v Gmy(S) v
242 Looo_ted - 2o Derivative)
243 Figure 10. The block diagram of our PID controller.
244 In the above formula, KP is the proportional coefficient, KI is the integral time constant, and KD

245 s the differential time constant. In the PID controller of the correction link, KP adjusts the system
246  error. Once the error occurs, the controller produces control effect to reduce the error. KI is used to
247  eliminate the static difference and improve the system's no difference. KD adjusts the rate of change
248  of the error, accelerates the speed of movement of the system and reduces the adjustment time.

249 Even without the system model, KP, KI and KD can be experimentally determined by multiple
250  trials. In this work, the PID controller is obtained without using the above FTS system model.

251 3.3. Design of Look up Table Controller

252 The look-up table is actually generated from the FTS system with the PID controller described
253 above. The output voltage signals for the four actuators X1, X2, Y1 and Y2 are acquired and the data
254 are plotted in Figure 11, where Drivingl, Driving2, Driving3 and Driving4 are the driving voltages
255  of the four actuators respectively.Taking the Drivingl as the reference, the other three signals are
256  fitted to obtain the following results:

257 drvl =drvl; drv2 = 1.00045*drv1+0.6799; drv3 = 0.9887*drv1+0.6837; drv4 = 0.9842*drv1+0.0038.

Driving Signals(V)

258 [ 0‘.5 l‘ Times) 1‘5 2‘ 25
259 Figure 11. The block diagram of our PID controller.

260 4. Experimental Results and Discussion

261 4.1 Experimental Setup

262 An experimental setup, as illustrated schematically in Figure 12, is used to evaluate the tilting
263  performance of the closed-loop controlled electrothermal micromirror with the proposed control
264  schemes. This setup is actually a Michelson interferometer based Fourier transform spectrometer
265 (FTS), which is composed of an MEMS mirror to be controlled, a red He-Ne laser (632.8 nm) source
266  (LS-R), a green laser (532 nm) source (LS-G), three beam splitters (BS), two dichroic mirrors, a position
267  sensitive detector (PSD), two photodiodes (PD1 and PD2), a high speed data collector, an MEMS
268  driver to drive the four bimorph actuators in both x and y directions, and a digital controller realized
269  with a 32-bit digital signal processor (DSP) and high speed A/D, D/A converters. Here, the controller
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270  sampling frequency is set at 10 kHz benefiting from the high-speed DSP (TMS320F28335) with a
271  powerful floating-point unit. As the frequency of the PD signals may reach 9~10 kHz, the data
272 collector sampling rate is set to 200 kHz. A computer is used to reconstruct the spectrum via Fast
273 Fourier Transform (FFT) from the raw interferogram signals from PD1 and PD2.
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275 Figure 12. The Schematic Diagram of FTS Experiment System.
276 The schematic diagram of the optical path is shown in the upper part of Figure 12. The laser

277  beams from LS-R and LS-G are combined by the first beam splitter (BS1) and directed into the second
278  beam splitter (BS2), where the combined light beam is then split into two beams which are reflected
279  back respectively from a fixed mirror (FM) and the MEMS mirror (MM) through the third beam
280  splitter (BS3) and then re-combined as a single beam by the BS2. Under the combined action of the
281  BS3 and the first dichroic mirror (DM1), the red laser light is received by the PSD. After that, the
282  second dichroic mirror (DM2) only allows the red laser to pass through to the first photodiode (PD1)
283  and the reflector directs the combined light to the second photodiode (PD2) and through an
284  attenuation slice to reduce the excessive light intensity. The red laser here is introduced as the
285  reference light for spectrum calibration to overcome the variable velocity of the mirror [14]. The green
286  laser (532 nm) combined with the red laser is used as the testing light to be measured. As the
287  employed MEMS micromirror has a low thermal cut-off frequency of less than 5 Hz [11,27], we use
288  0.2,0.5, 1.0 and 2.0 Hz drive signals to carry out the experiments, and mainly use the results of the
289 1.0 Hz drive signal to perform the comparison analysis. When the drive frequency is increased, the
290  micromirror has lower response to the high frequency drive, so that the amplitude decreases and the
291  optical path difference (OPD) of the FTS system becomes smaller, but this is not discussed in this
292 paper.

293 4.2 Tilting Control

294 The PID control, look-up table control and Hee control described above were respectively
295  applied to the MEMS FTS system to control the tilting of the MEMS mirror under the drive signal
296  with an amplitude of 4V and a frequency of 1Hz. The results are described one by one.
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298 Figure 13. Measured tilt angle responses for PID FTS system. (a)Driving Signal. (b) PSD signals of X and
299 Y two directions.
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300 Using the PID controller design shown in Figure 10 and tuning KP, KI and KD, we used the
301  driving signal shown in Figure 13(a) and obtained the PSD output signals of the x and y two
302  directions as shown in Figure 13(b), where the tilt angle in x direction is reduced to +0.0026° from
303 0.453° when no control was used, and the tilt angle in y direction is reduced to +0.003° from 1.786°
304  when no control was used, both close to the optimal tilt angle range.

305 When changing the drive signal frequency, the tilt angles in both x and y directions vary slightly,
306  asshownin Table 1. As the PID parameters are optimized for the 1Hz, 2V ~ 6V sine wave drive signal,
307  the tilting increases due to the limited robustness of the PID controller when using other drive
308  frequencies.

309 Table 1. Tilt angle variations when the drive signal frequency changes..

Drive signal frequency (Hz)

Tilting Angle

0.2 0.5 1 2
X direction +0.0028° +0.0029° +0.0026° +0.0029°
Y direction +0.0031° +0.0033° +0.003° +0.0035°
310
311 2) Look-up table control
312 The first drive signal is set as a 1Hz, 2V~6V sinusoidal signal, as shown in Figure 13(a), and the

313 other three drive signals are generated according to the method described in section 3.3. The
314  corresponding output signals of the PSD in x and y directions are shown in Figure 14(a), where the
315  tilt angles in x and y directions both are +0.008°, which are greatly reduced compared to the no-
316  control case. However, the robustness of the look-up table control method is poor. As shown in Figure
317  14(b), when the drive voltage is changed to a 1Hz, 2.5V ~ 4.5V sine wave, the tilt angles in x and y
318  directions are increased to +0.12° and +0.255°, respectively.
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319 Figure 14. (a) Measured tilt angle responses for Look-up Table FTS system using the same driving as PID
320 control. (b) Measured tilt angle responses for Look-up Table FTS system using different driving.
321 3) Heo robust Control
322 The Hee controller design given in section 3.1 is applied to control the MEMS mirror in the FTS

323 system with a 1Hz, 2V ~ 6V sine drive signal, as shown in Figure 13(a). The tilt angles of the x and y
324 direction are reduced down to +0.0014° and +0.0015°, respectively, as shown in Figure 15, which are
325  within the optimal tilt angle range. When the frequency of the drive signal is changed to 0.2Hz, 0.5Hz
326  or 2Hz, the maximum tilt angles are all smaller than 0.0018°. This result indicates the robustness of
327  the Heo controller.
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Figure 15. Measured tilt angle responses for FTS system with Hee control.

4.3. FTS Application

The FTS system as illustrated in Figure 12 has been built with the MEMS mirror. Figure 16 shows
a picture of the implemented system. The interferograms of the reference light and the unknown light
are picked up concomitantly by two photodetectors, PD1 and PD2, and then digitized by a data
acquisition module. The usable OPD scan range is only a fraction of the total MEMS mirror scan
range. Here, under the sinusoidal drive of 1Hz and 2V~6V, the OPD of the micromirror is 221.8um.
Theoretically, the spectral resolution is inversely proportional to the usable OPD scan range in which
the amplitude of the interferogram fringes does not have significant loss [1]. Then the Piecewise Cubic
Hermite Interpolating Polynomial (PCHIP) interpolation is employed to convert the testing light
interferogram data into an evenly sampled interferogram data of the testing light in the spatial
domain. After that, the spatial domain interferogram is transformed into a spectrogram via FFT and
Mertz phase correction [28]. The corresponding spectrum of the testing light source can be recovered
finally.

MEMS FTS |8

DSP Co%
|2

Figure 16. Experimental setup for MEMS FTS control system.

In the following, the experimental results of the FTS system with the MEMS under respective
look-up table control, PID control, and Hee control are compared and analyzed. In all four cases, the
MEMS was driven by a 1Hz and 2V~6V sinusoidal voltage signal.

1) Look-up table control

Figure 17 shows the interferograms of the reference light and the testing light when a look-up
table control was applied to the MEMS mirror. As the look-up table control is not robust, the quality
of the interferogram signals under the look-up table control is slightly worse than the PID control,
there are some burr noise.
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Figure 17. The interferogram signals acquired in time domain with Look-up table control using the same
driving as PID control (a) Reference light. (b) Testing light.

Figure 18(a) shows the reconstructed interferogram of the testing light in spatial domain with
look-up table control and the corresponding spectrum. Figure 18(b) shows the spectrum recovered
of the testing light in the system with Look-up table control. The measured FWHM resolution is 210
cm~—1, corresponding to 5.94 nm, Error is slightly larger.
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Figure 18. Under Look-up table control using the same driving as PID control (a) The reconstructed
interferogram of the testing light in spatial domain testing light. (b) Spectrum recovered of the testing
light.

When the drive signal is 1Hz, 2.5V ~ 4.5V sinusoidal drive, as shown in Figure 19, tilting is
increased a lot, and the noise is also greatly increased. The resulting spectral quality is very poor, and
the spectrum of the test laser is mixed in the noise and is difficult to distinguish.
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Figure 19. Under Look-up table control using different driving (a) The interferogram signals of testing
light acquired in time domain. (b) Spectrum recovered of the testing light.

2) PID control

Figure 20 shows the interferograms of the reference light and the testing light, acquired when
the MEMS mirror was under PID control. The quality of the interferogram signals under PID control
is improved significantly. The distortion of the interferograms and the loss of the fringe contrasts are
much reduced. The envelope of the reference interferogram signal has only small variations,
indicating that there is only a small residual titling of the MEMS mirror left in its full scan.
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Figure 20. The interferogram signals acquired in time domain with PID control (a) Reference light. (b)
Testing light.

Figure 21 shows the reconstructed interferogram in spatial domain of the testing light and its
corresponding spectrum after FFT. It is obvious that under PID control the quality of the spectrum is
greatly improved. The spectral peaks of the testing light, which is a combination of the He-Ne laser
and the green laser, are detected accurately at 15800 cm! and 18790 cm!, or 632.9 nm and 532.2 nm
in wavelength, respectively. As shown in Figure 25(b), the measured FWHM resolution is 150 cm,
corresponding to 4.24 nm at 532 nm wavelength. Since the Gaussian window is employed for
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381  apodization, the theoretical value of the full-width at half-maximum (FWHM) resolution is given by
382  2.0/OPD [1], or 90.17 cm™! for this FTS, corresponding to 2.55 nm at 532 nm as the OPD is 221.8um.
383  This deviation is believed to be caused mainly by the residual tilting of the MEMS mirror.
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384 Figure 21. Under PID control (a) The reconstructed interferogram of the testing light in spatial domain
385 testing light. (b) Spectrum recovered of the testing light.
386 3) Heo robust control
387 Figure 22 shows the interferograms of the reference light and the testing light when the Heeo

388  control was applied to the MEMS mirror. Figure 23 shows the reconstructed interferogram of the
389  testing light in spatial domain with Hee control and the corresponding spectrum. Under the H e
390  control, the measured FWHM resolution is 96 cm-1, corresponding to a spectral resolution 2.71 nm
391  at532.2 nm, which is in good agreement with the theoretical calculation. By changing the frequency
392 of the drive signal to 0.2, 0.5 and 2.0 Hz, the reconstructed spectra and measured FWHM’s are
393 basically the same as those driven at 1.0 Hz, which further proves that the designed Heo robust
394 controller is robust.
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395 Figure 22. The interferogram signals acquired in time domain with Hee control (a) Reference light. (b)
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397 Figure 23. Under Heo control (a) The reconstructed interferogram of the testing light in spatial domain
398 testing light. (b) Spectrum recovered of the testing light.
399 5. Conclusions
400 In this paper, the methods of controlling the tilting of the MEMS mirror in an MEMS based

401  Fourier transform spectrometer are studied and experimentally verified. Based on the study of the
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402  MEMS mirror’s biaxial coupling relationship, a Hee mixed sensitivity controller is designed to
403  suppress the tilting of the mirror plate in both x and y directions for the purpose of maintaining pure
404  piston motion. Compared with the PID control and look-up table control, the Hee control has better
405  robustness. Experimental results demonstrate that the residual tilting is as small as 0.0014 ° under the
406  Hee control. In the built MEMS FTS system, the OPD generated by the MEMS mirror reaches 221.8
407  um and a spectral resolution of 96 cm-, or 2.71 nm at 532 nm, has been achieved. Compared with the
408  previous work, the mirror tilting is reduced dramatically by the Hee control, the robustness and anti-
409  interference capability of the FTS system are also improved.

410 Furthermore, considering that the LSF bimorph-based MEMS mirror employed in this study has
411  large thermal response time (~100 ms) which will limit the scan speed, our future work will focus on
412 design, fabrication and control of a large-stroke electrothermal micromirror with faster thermal
413 response [29].
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