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Constant Power Operation of a Two-Dimensional
Flow Sensor

Kofi A. A. Makinwa, Member, IEEEand Johan H. Huijsing~ellow, IEEE

Abstract—To compensate for changes in ambient temperature,
thermal flow sensors are usually heated to a constant temperature
above ambient temperature. This operating mode, however,
requires an extra ambient-temperature sensor. Using a simple
model, it is shown that for a two-dimensional thermal flow sensor,
similar compensation may be obtained by using a constant heating
power, thus eliminating the need for an ambient-temperature
sensor. The flow sensor’'s interface circuitry consists of two
thermal sigma—delta modulators that heat the sensor with con-
stant power and dynamically cancel the flow-induced temperature
gradient. The modulator’s bit-stream outputs are then a digital
representation of the heat distribution in the sensor. Wind tunnel
tests confirm the validity of the sensor model used and show that
both flow speed and direction may be accurately determined from
the bit-streams, with errors less than4-5% and £3°, respectively,
for flow speeds between 1 and 25 m/s.

flow
vector

Index Terms—Constant power operation, interface electronics,
thermal flow sensor, thermal sigma—delta modulation. Fig. 1. Layout of a 2-D thermal flow sensor.

l. INTRODUCTION be well matched. This may be achieved by using the diode of an

S . identical chip as the ambient temperature sensor [5]. However,
LOW sp(_eed and direction may be determined by the u S is an expensive solution since each flow sensor will then re-
of two-dimensional (2-D) thermal flow sensors [1]-[4]. uire two chips

These devices utilize the fact that airflow over a heated plate

" it wricall ith th ¢ " t th A 2-D thermal flow sensor may also be operated in a con-
will cool 1t asymmetrically, wi € upstream portion of €, ¢ power (CP) mode, in which a constant heating power is
plate being cooled more than the downstream portion. The

iting t dient in the plate is alianed with th ssipated in the sensor [4]. This eliminates the need for an am-
Sulting temperature gradient in ihe plate 1S aligned wi €a ient-temperature diode, thus greatly simplifying the realization
flow, and its magnitude is a well-defined function of flow spee

The | t of a tvpical int ted 2-D th | f Of the complete flow sensor system. It will be shown that in CP

€ layout of a lypical integrated =~ ermaj low sensor 'ﬁmde, the sensor’s output is also insensitive to ambient-temper-
shown in F'g.' 1 [1.]_[4]' IF consists of a square silicon chip (O_éture drift. Its response speed, however, will be somewhat in-
:penﬁr]bratne) n Wh'cth a (jt|o(;je,TLourchh§rmopllesa ?nd four res'é'eased, since changes in flow speed (and thus changes in the
ve , caters are integrated. The diode 1S used to measurgé ount of convective cooling) now alter the temperature of the
chip’s average temperature, while the output of the thermopil

. . "MOPI&Rtire sensor.
is used to measure the flow-induced temperature gradient in t §n both CP and CTD modes. flow speed and direction may
chip. '

. . be determined by measuring the flow-induced temperature gra-
To compensate for ambient-temperature variations, such s

I ted i tant t wre diff Gl&nt. This may be conveniently done using thermopiles [1]-[4],
SOrs are usuatly operated incanstant temperature di erencewhich, being self-generating transducers, are intrinsically offset
(CTD) mode [1]-[3]. Here, a control loop maintains the sens

®ee. Their sensitivity, however, is process and temperature de-
at a constant temperature (known as tlverhea} above am- Y, - 1S P P

bient i A d. off-chip diode i dt pendent, and will therefore contribute to the overall process and
\ent temperature. A second, oft-chip diode 1S Used 1o meast %perature dependence of the flow sensor’s characteristics [6].
ambient temperature. The latter must be located close to

heated f 4. simult . be th v isol ernatively, the heating power may be spatially distributed in
eated flow-sensor and, simultaneously, be thermally ISOlagQ, sonsor sych that any flow-induced temperature gradient is

from it. These conflicting requirements are difficult to acmev%ancelleo[?] [8]. Information about the flow is now contained

in practice. Furthermore, for an ambient—temperature-indepem-t '

o . he distribution of heating power in the sensor. After [8], this
dent overheat, the temperature sensitivity of both diodes myst, /.-« mode of operation will be referred to as -

perature balanc€TB) mode. The main benefit of this approach
Manuscript received May 29, 2001; revised April 8, 2002. is that variations in thermopile sensitivity are now unimportant,
The authors are with the Electronic Instrumentation Laboratory (DIMESgince the thermopiles now function simply as null detectors.
Delft University of Technology, Delft, The Netherlands (e-mail: k.mak- . . . .
This paper describes the behavior of an integrated 2-D flow

inwa@ieee.org). > : I
Digital Object Identifier 10.1109/TIM.2002.803504 sensor operated in the CP mode. In Section ll, it is shown that,

0018-9456/02$17.00 © 2002 IEEE



MAKINWA AND HUIJSING: CONSTANT POWER OPERATION OF A TWO-DIMENSIONAL FLOW SENSOR 841

operation in this mode provides first-order compensation f '

ambient temperature variations. The sensor is operated in b~ Heattoss ¢, [ igligh
CP and TB modes by incorporating it in the feedback loops FH1T—1 ’ Heater N
two thermal sigma—delta modulators [9], [10]. Each modulati Rfiow,n '
dynamically cancels one component of a flow-induced tempe R Flip- Bitstream
ature gradient in the sensor. The required interface circuitry Cin s Flop (bns)
described in Section Ill. In Section 1V the results of wind tunne | l_’ﬂ p Q
experiments are given and, finally, some conclusions are dra\Tamb 5l
Il. AMBIENT-TEMPERATURE COMPENSATION Heat Loss Clock

A detailed mathematical analysis of flow-sensors of the Fig. }—|:<_ | Hea{er S

variety is given in [1]. There it is shown that such sensors ob: Riows Tz  Neats | ur

the following relationship, known as King’s law [11]

Thermal Domain Electrical Domain

Pt = A+ By\/|U| | AT 1 '
Fig. 2. Block diagram of the north—south thermal- A modulator.

whereP; . is the total power dissipated in the heatexq; is the
overheat with respect to ambient temperature,@nslthe flow
velocity. The value of the constantsand B depends on flow

in the sensor. This creates a heating power gradfle?nacross
the sensor’s thermal resistanBg. Then, from (4)

geometry, and on material properties of the sensor and fluid, - g /_(7
e.g., the latter’s viscosity and thermal conductivity. It is usually 0P| _ U] ) (5)
assumed thatl and B depend only weakly on ambient tem- Piot =
; . . R, | A+ B4/ |U|
perature. From (1), ambient-temperature independent operation

may be obtained by keepin§T constant, i.e., by operating the
sensor in the CTD mode.

The flow-induced temperature gradieﬁf in the sensor is
given by

The flow-induced temperature gradient has thus been converted
into a differential-powergradient, an electrical quantity that
may be conveniently measured. Furthermore, in order to cancel
the temperature gradient, the control circuitry only requires
accurate knowledge of itglirection Orthogonally arranged

|§T’| = |[7|AT (2) thermopiles are near-ideal candidates for this task, due to their
PPN inherently offset-free and monotonic temperature-to-voltage
arg(8T) =arg(U) = ¢ ) characteristic.

. I . It should be noted, however, that irrespective of the operating
where S is a sensitivity constant that again depends on ﬂo}%ode employed, the output of a thermal flow sensor sl

B s eras e oo e Compensaton fagechangs nambit emperaure
temperature gradient deperatsly on that of the flow (3) and is Ue to the temperature dependency of the material properties of

thus inherently unaffected by ambient-temperature variationg]e fluid and sensor [6], [12].

When the sensor is operated in the CTD mode, the overheat
AT is held constant by a control loop. Then, for small ambient .
temperature variations, whemay be assumed constant, the The flow-induced temperature gradiéift in a 2-D thermal
relationship between flow speed and the temperature gradiélow sensor may be decomposed into two orthogonal compo-
will be independent of ambient temperature. nents, a north—south componefit,; and an east-west com-

When the sensor is operated in the CP mdglg, is constant. ponents7.,,. Each of these components may be cancelled by
From (1) and (2) theé\T term may be eliminated, yielding a thermalX — A modulator that drives the appropriate pair of

heaters. A block diagram of the north—south modulator is shown

I1l. OPERATION IN THE TEMPERATUREBALANCE MODE

= in Fig. 2.
|6f| _ SPtot\/H @) The modulator attempts to satisfy the conditififi,;, = 0
-\ by periodically turning either the north or south heater “on” or
(A +B |U|) “off,” thereby balancing the sensor's asymmetric heat loss to

the flow (modeled by the flow-dependent thermal resistances
Flow speed may thus be determined from the differential tenf®qoy,», andRaow,s). When turned “on,” each heater dissipates a
perature vectofT' in a substantially ambient-temperature indeconstant poweP,.¢. Since one of the heaters is always “on,” the
pendent manner. Once more, the temperature dependence oémesor is operated in the CP mode. The heat pulses are low-pass
various constants in (4) has been neglected. filtered by the combination of the various thermal resistances
In the TB mode, however, the flow-induced temperature grand the sensor’s thermal capacitar¢g, and soéT,s ~ 0
dientiscancelledby dynamically adjusting the heat distributionprovided the clock frequency greatly exceeds the filter’s cutoff
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Fig. 3. Normalized power differences as a function of flow angle.

frequency. SincéT,s ~ 0, the modulators effectively operateB. Results of Wind Tunnel Experiments

the sensor in the TB mode. The bit-stream outhutof the  \jeasurements were made at flow speeds of approximately
flip-flop then represents P/ Pret = (P — Ps)/Pret 1:8., e 5 g anq 18 m/s. The exact flow speed in the wind tunnel was

normalizednorth—south component of the power gradief  measyred with a reference anemometer. To simulate changes in
In a similar manner, the normalized east-west componefiPof flow direction, the sensor was rotated through 368 a con-

is digitized by a second thermal— A modulator that drives the giant flow speed, the normalized power differenés. / Pres

east and west heaters. andé P.., / P..¢ may be approximated by sine and cosine func-

The main advantage of this interface architecture is its sifigns of flow directions, as shown in Fig. 3. The normalized
plicity; apart from the elements of the flow sensor, the only eXtE?ower differences are then given by

component required is a latched comparator. Al3g; does not

need to be accurately stabilized, since the bit-stream outputs rep- 0 P — Apesin(+ ene) + 0 ©)
resentnormalizedpower differences that from (5) depend only P " ne ns
on flow speed and on sensor constants. O Py
P P :Aew COS((;b + Eew) + Qew- (7)
ref

The amplituded is a function of flow speed; the offsetis due

to thermal asymmetry in the sensor; and the aagdea constant
phase shift. The latter reflects the fact that the sensor’s reference
axis was not aligned with the reference axis of the measurement
system.

Wind tunnel tests were carried out using a previously reportedThe amplitudeA s is shown in Fig. 4 as a function of the
“smart” wind sensor chip [13] on which both a 2-D flow sensosquare root of flow speed. The measured data agrees well with
and the thermal — A modulators have been realized. In ordea fitted curve based on (5), thereby confirming the validity of the
to provide a performance benchmark, the wind sensor chip wsensor model. The curve is a monotonic, nonlinear function of
mounted in the aerodynamic housing of a commercial wintle square root of flow speed, in contrast with the linear response
sensor that also utilizes a silicon flow sensor [3]. obtained when the same sensor is operated in a CTD mode [10].

The thermalX — A modulators were operated at a clock frein the TB mode, however, the output sensitivity is significantly
guency of 10 kHz, and the heaters were driven by heat puldeger at low flow speeds; is is because the sensor is always
with an amplitude( P,¢) of 300 mW. The bit-stream output of heated with the maximum available power, resulting in a larger
the modulators was externally low-pass filtered and decimatexyerheat at these speeds.

The filter used consists of$inc? filter, followed by a 10-point ~ From (6) and (7) the amplitude and flow directiong may
moving-average filter. The equivalent noise bandwidth of tHee expressed as a function of the measured data pPairand
combined filters is about 0.3 Hz. 6 P.y, and the constants ande [1]. The latter are obtained by

IV. RESULTS

A. Experimental Setup
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Fig. 5. Errors in the computed flow speed and direction versus flow angle.

calibrating the sensor. By inverting (5), flow speed may be dare essentiallydentical to the specified performance of the

termined from the computed amplitude. commercial wind sensor (which operates in the CTD mode)
Using this procedure, flow direction and speed were corfB].

puted using the data obtained during the wind tunnel tests.

The errors in the computed amplitude and direction are shown V. CONCLUSION

in Fig. 5. It may be seen that the calibrated sensor is accurate
to better than+5% and £3° in flow speed and direction From theoretical considerations, it has been shown that

respectively, over the speed range 1 to 25 m/s. These resatimpensation for ambient-temperature drift may be obtained
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by operating a 2-D thermal flow sensor in either the constant[g] T.S. J. Lamerink, N. R. Tas, G. J. M. Krijnen, and M. Elwenspoek, “A
temperature difference (CTD) or constant power (CP) modes. new class of thermal flow sensors usidg” = 0 as a control signal,”

. in Proc. IEEE 13th Annu. Int. Conf. MEM3000, pp. 525-30.
The latter mode, however, has the advantage that it does “C{b] H. J. Verhoeven and J. H. Huijsing, “Design of thermal sigma—delta

require an external ambient-temperature sensor. modulators for smart thermal sensors,”Rroc. ISCASvol. 1, 1995,
Operation in the CP mode may be achieved by a simpﬁml pp. 179-182.

lect ic interf isti f two th | si delt K. A. A. Makinwa and J. H. Huijsing, “A smart wind-sensor using
electronic Interrace consisting o 0 thermal sigma-de thermal sigma—delta modulation techniqueSgns. Actuators ,Avol.

modulators. These operate the sensor in a temperature balance 97-98C, pp. 16-21, 2002.
(TB) mode In Wthh a ﬂow_lnduced temperature gradlent In[ll] L. V. King, “On the convection of heat from small CylinderS in a stream

th . led by th tial distributi f tant of fluid: Determination of the convection constants of small platinum
€ Sensor IS cancelled by the spatal distrioution or a constan wires, with application to hot-wire anemometry?roc. Royal Soc.

heating power. The modulator's bit-stream outputs are then  London vol. 90, pp. 563-570, 1914.

a direct digital representation of the power distribution in thel12] K.Toda, I. Sanemasa, and K. Ishikawa, *Simple temperature compensa-

tion of thermal air-flow sensor8ens. Actuators,Aol. 57, pp. 197-201,
sensor. 1996.

Wind tunnel measurements were carried out using a “smar{{13] K. A. A. Makinwa and J. H. Huijsing, “A wind-sensor with integrated
wind sensor chip on which a 2-D flow sensor and the thermal  interface electronics,” ifroc. ISCAS 200May 2001, pp. 356-359.
sigma—delta modulators have been co-integrated. The measure-
ment results confirm the validity of the mathematical model
used to describe the sensor. After calibration, flow speed and
direction were deter_m'ned from the decimated OUtPUt of trP@’fi A. A. Makinwa (M’96) received the B.Sc. (1st class honors) and M.Sc.
modulators, errors in the results were less thab% and degrees in electrical engineering from Obafemi Awolowo University, lle-Ife,

+3° respectively. This performance is equivalent to that (Nigeria,‘i_n 1985 and_ 1988, rgspecti\(ely, the M.E.E. degree (with distinction)
%m Philips International Institute, Eindhoven, The Netherlands, in 1989, and

. . . . f
a similar commercial wind sensor, which, however, operaté urrently pursuing the Ph.D. degree in smart thermal wind sensors at the Delft
in the CTD mode. University of Technology, Delft, The Netherlands.
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