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Abstract— The reaction times of environmental sensor units
are potentially improved by the use of micropumps. Those
micropumps require miniaturized driver electronics which
generate dual-polarity high voltage pulses optimized to drive
light, capacitive load piezoelectric micropumps. This paper
presents a novel micropump driver consisting of a DC/DC
converter circuit that is based on a combination of a boost
converter and a charge pump. This combination generates
asymmetric high voltages on two individual synchronous output
nodes from a 5-V supply. Through reduction in the number of
coils this method supports the overall system shrinking and
allows a high level of chip integration. Compared to state-of-the-
art miniaturized drivers, the presented topology allows single-
ended and differential micropump driving at higher voltage
levels (-100 V/+150 V). By connecting the micropump
differential to the converter output, the maximum voltage can
be increased to 250 V for capacitive micropump loads of up to
200 nF. The converter topology was validated by measurement.
The presented novel, miniaturized micropump driver topology
allows micropump integration into mobile devices for new fields
of sensor applications with rapid reaction times.

Keywords— DC/DC Converter, Micropump Driver, Low-
Power Loads, Piezoelectric Driver

I. INTRODUCTION

Current state of the art micropump designs are
manufactured on silicon and based on microelectromechanical
systems (MEMS) which are controlled by a piezoelectric
actuator. They are typically 5 mm x 5 mm, allowing a stroke
rate for liquid of 50 nl at a max. back pressure air of 30 kPa,
and are supporting a flow rate of 300 ul/min [1]. These
micropumps are aimed for applications in the mobile
environmental gas detection domain where high sensitivity,
fast detection speed and system size play a major role. In
applications where environmental sensors are built-in mobile
devices, the ambient air has to overcome a certain diffusion
path that strongly limits the sensor reaction time up to a few
minutes [2]. As shown in Fig.1, independent from the
diffusion path, the sensor reaction time can further be
decreased, by magnitudes of up to 40 through generating an
air stream for transporting the environmental change faster to
the sensor. Sensor tests with a typical integrated
environmental unit like Bosch BME280, in a climate chamber
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Fig.1. BME280 humidity sensing built-in smartphone measured reaction
time with and without micropump

at room temperature conditions and a diffusion path, between
smartphone housing and sensing layer of 10 mm showed
improved humidity sensor reaction times of 13 seconds
(A1=63%) by the use of a micropump compared to 8 minutes
sensor reaction time (At=63%) without additional
improvement techniques (eg. software, micropump).
Miniaturized micropump designs for mobile applications
(pump smaller than 7mm x 7 mm) with piezo-electric
actuator layer thicknesses below 100 um require miniaturized
driver electronics that are able to generate high voltage
waveforms of dual polarity with maxima of -70 V/+140 V in
a quasi-sinusoidal waveform [1]. The quasi-sinusoidal shape
of the voltage waveforms ensures reliable displacement of the
piezoelectric actuator avoiding oscillation effects and
therefore good pumping accuracy and reliability. To be able
to use micropumps also for safety critical applications, where
undefined voltage potentials lead to certain risks, the driver
requires synchronous high voltage generation (positive and
negative) to be able to connect the micropump single-ended as
well as differential. Single-ended connection allows safe
operation because of the always grounded micropump.
Differential connection allows higher voltage levels due to the
micropump connection between positive and negative high
voltage node.

In this paper a novel DC-DC converter topology for dual
polarity high-voltage generation integrated into a micropump



driver is proposed, which fulfills the required characteristics
for driving piezoelectric actuators. The proposed converter
contains only one external inductor and generates the positive
and negative polarity high-voltages synchronous.

II.  DUAL-POLARITY-BOOST-PUMP

A. Proposed Circuit

The proposed DC/DC converter is depicted in Fig.2 [3]
and integrated in the micropump driver system from Fig.3.
The elements L, D; and M, form a Boost Converter that drives
a Dickson Charge Pump with a positive high voltage signal V;
constituted by elements C, D, and Ds. The two converter
output nodes (Vou and Vou.) are connected to the micropump
either alternately with connection to ground (when the
switches 1 & 3 or 2 & 3 are closed) or differential (when the
switches 1 & 2 are closed), as displayed in Fig.4 and
represented as high voltage multiplexer (HV MUX) in Fig.3.
The output voltages (Vou+ and Vou.) are sensed individually
through a resistor divider network that is connected to the non-
zero Vs voltage node. This sensing technique forces the
sensing nodes Vi and Vi to an always positive voltage level
even when negative voltage appears at the micropump. The
PWM CTRL Block generates a modulated CLK signal (=V,),
taking both sensed control signals, a input clk signal with fixed
frequency and an externally applied startup signal into account
to limit the output voltages to a minimum/maximum of -
70 V/+140 V. The circuit is studied on a 0.35-um High-
Voltage (HV) Bulk CMOS process from XFAB.
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Fig. 3. Micropump Driver System consisting of the proposed
DC/DC converter (HV Core), a High Voltage Multiplexer (HV
MUX), Comparators and the Pulse Frequency Modulation Control
(PWM CTRL) Block with Startup Input Signal
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Fig. 4. Output waveform for different switch combinations of switches 1,
2and 3

B. Operating Principle

The proposed DC/DC converter in Fig.2 is dominated in
its operating principle by the traditional Boost Converter [4].
For the sake of explanation simplicity, the voltages across the
switch and diodes are neglected. The power flow and high-
voltage pulse generation for the transistor M1, ON-state
(Vg=high) and transistor OFF-state (V,=low), are explained
for discontinuous conduction mode (DCM).

During the transistor M; ON-state (to <t <t;) displayed in
Fig.5, the diodes D; and D, are reverse biased while Ds is
forward biased. A path between inductor L and negative
voltage output (Vou) is formed that leads to negative high
voltage pulse generation on node V, across the coupling
capacitor C. During the transistor M; OFF-state (t; <t <t,) the
diodes D; and D, are forward biased and Dj is reverse biased.
A path between inductor and positive voltage output (Voucr)is
formed that leads to positive high voltage pulse generation on
node V; while V, is going to ground potential. For differential
connection to the micropump (switches 1&2 closed, switch 3
open), the overall output voltage reaches a maximum value of

Vout ~ Vout++ |Vou1-|a (1)
where Vo represents the positive high voltage node that

behaves equivalent to the traditional Boost Converter [4]. The
signal Vo represents the negative high voltage node that acts
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Fig.5. Key waveforms of proposed converter from Fig.2 in Continuous
Conduction Mode (a) and Discontinuous Conduction Mode (b)



like a Dickson charge pump driven by a high voltage source
[5]. The converter operating mode is determined by the load
conditions [4]. Micropumps are considered as capacitive
load. Drivers supporting micropumps need to drive voltages
up to 140V at load currents in the range of 10 pA- to 1 mA.
Due to concomitant needs for high gain and low output power
(high output voltage but low load current), micropump drivers
based on Boost Converter principles are always operated in
DCM. The key waveforms of the proposed converter are
displayed in Fig.5 for Continuous Conduction Mode (CCM)
(a) and Discontinuous Conduction Mode (DCM) (b).

III.  RESULTS

The proposed DC/DC converter was designed in Cadence
ADE with XU035 PDK and silicon validated by
measurement using Tektronix TDS7104 Oscilloscope. For
the measurements, the circuit from Fig.2 was built-up with
discrete diodes, capacitors and inductor. The PowerFET was
integrated in XU035. The parameter values were set to:
L=100 puH, C=200 pF, =7.4 kHz, Vix=5 V, ILoap= 15 pA-to
3 mA. The duty cycle of f was set to 50% in DCM. The
measured maximum differential output voltage Vo is shown
in Fig.6. The measurement results confirm that the
differential output voltage can be increased to around 250V
for the Boost Pump by sourcing a Dickson charge pump with
a Boost Converter. Under ideal conditions (not taking
regulation losses into account) the power efficiency can reach
a maximum percentage of around 35% for light loads below
30 uA average load current during pump operation. The main
power loss contributors in this topology are the switching
losses. They are caused by the operating mode DCM that has
a phase during the clk period that is neither used for energy
storage nor transfer. The large area PowerFET and diodes
have large parasitic capacitance that strongly limit the
efficiency. The measured output voltage ripple (Av) is shown
in Fig.7. It is defined to be the maximum output voltage
deviation from 150 V/-100 V during steady state. The
dominant circuit part for the shown Av is the Boost
Converter. The maximum ripple is defined by the inductor
value, switching frequency, the resulting extrema (min/max)
of the inductor current and the output current defined by the
output load impedance consisting of load capacitor and
resistor [4]. The displayed Fig.7 gives the dependency
between micropump size that is equivalent to a load capacitor
and the output voltage ripple. The maximum Av lies below
4 % for capacitive loads up to 200 nF. Micropumps require a
Av below 10 % to ensure reliable pump operation. Higher
ripple percentage could lead to undesirable pumping effects.

IV. CONCLUSION

The main benefits of the new, proposed miniaturized
micropump driver compared to state-of-the-art miniaturized
micropump drivers is the high connectivity flexibility that the
system allows [6]. The driver can be connected single ended
for safety critical applications that require one grounded load
terminal. It can be connected differential for high voltage
needs of up to 250 V taking safety margins into account.
Furthermore, the output voltages Vou+ and V.. are generated
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Fig.6. Maximum differential output voltage (V) measurement result for
different capacitive loads
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Fig.7. Output voltage ripple (Av) measurement result, for different
capacitive loads

asymmetrically which suits to the micropump requirements
and there is the need of only one external inductor. At present
we are working on the full electronics integration into a single
ASIC. We expect improved performance in terms of power
efficiency, area and ripple through the integration. The
miniaturized  driver electronics  allows integrating
micropump-sensor modules into mobile devices where they
can be used to improve the sensor reaction times at fast
changing environmental conditions.

ACKNOWLEDGEMENT

We want to thank our project partners at XFAB for
supporting us with the 0.35- pm high-voltage technology
XUO035 as well as the department of micromechanics,
actuators and fluidics at Fraunhofer EMFT for their support in
the field of micropumps.

REFERENCES

[1] M.Herz et. al., “Method for manufacturing a bending transducer, a
micro pump and a micro valve,” U.S. Patent 13/604 294, Sept. 05,
2012.

[2] Seiyama, Tetsuro: Chemical Sensor Technology. Amsterdam:
Elsevier, 2013

[3] B.Kinzel et al, “An integrated dual-polarity high-voltage driver
concept for micropump applications,” Smart System Integration
Conference, March 2016.

[4] Erickson, Erickson: Fundamentals of Power Electronics. Berlin
Heidelberg: Springer Science & Business Media, 2013.

[5] Pan, Feng ; Samaddar, Tapan: Charge Pump Circuit Design. 1. Aufl..
Madison: McGraw Hill Professional, 2010.

[6] Y.K. Yongand A.J.Fleming, “Piezoelectric Actuators With Integrated

High-Voltage Power Electronics,” in IEEE/ASME Transactions on
Meachatronics, vol. 20, no. 2, pp. 611-617, April 2015




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


