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Currently, non-linear loads are found virtually anywhere with the promise of high electrical efficiency. Examples of this type of non-
linear loads are compact fluorescent lamps and light-emitting diode lamps, which can now be found in any home. However, they produce
highly distorted currents that pollute the power grid and cause stability problems, and measuring the distorted electrical current a non-trivial
issue. For the reliable measurement of distorted waveforms within a wide bandwidth, magnetic current transducers present disadvantages
over resistive current transducers, such as those caused by the magnetic material which attenuates the high-frequency components while
producing heating on the magnetic material. This research presents the design principles to develop a thin-film wideband current transducer.
Principles such as the selection of high-purity materials, high-symmetry coaxial design, size, geometry, and aspect ratios were used to obtain
a linear relationship between its input and outpet; a flat frequency response from DC to 100 kHz, and the ability to operate continuously

with a custom passive thermal system for heat dissipation and reliable measurement. An exhaustive effort has been made on the refinement
of the design aimed at understanding the effects that govern the frequency behavior of the transducer and the ways to compensate them. The
manufacturing feasibility of the proposed design is well confirmed by the results obtained from the simulation process.

Keywords: Resistive current sensor; linear wideband response; current to voltage transducer; continuous current monitoring.
PACS: 06.20.-f; 07.07.Df; 07.07.Mp DOI: https://doi.org/10.31349/RevMexFis.66.589

1. Introduction (SQUID) current sensors, and current clamps. Resistive el-
ements avoid geometrical dependency errors, complex mag-
Nowadays, precise DC and AC transducers for the continnetic circuits, and complications associated with electronic
uous monitoring of electrical current is critical in our daily jnstrumentation for compensated frequency dependence [8].
life. The correct measurement of this electrical quantity carFor the reasons explained above, in this work, an enhanced
determine the health state of one person and contribute f@sistive current transducer is proposed. Its design provides
an accurate diagnosis, or possibly be related to conformityigh-precision, high-stability for continuous current monitor-
assessment activities of products in the automotive industryng, and excellent wideband. This device delivers two outputs
aeronautics industry, steel industry, power generation, and igoltages; a DC output voltage electrically isolated from its in-
many other industries in general. Due to the increment oput, and other AC or DC voltage output that is taken directly
non-linear loads in the electrical network, there has been aftom the passive element contacts.
increasing demand on high-precision current sensors, and its
transducers for a wide variety of applications. Typical re-
guirements for the sensors are a simple structure, wide ban
width, reliability, low-Temperature Coefficient of Resistance 7. L ; ; ) .
(TCR), low self-heating, and robustness in sensing environSision thin-film resistor is determined not only by the purity

ment. In the case of transducers, is required a high precisioﬁnd the resist@vity of the material itself._ The overaII. proper-
interface insensitive to load and excellent stability from DCt'es,Of the resistor are affected by the.mfluence of its layout
to kHz range [1-7]. design, interconnection elements, environment, and substrate

Passive elements such as resistive current transducelﬂgeFj’ including its relevant_prpperties in design conceptual-
have the main disadvantage that the electric circuit must bgatlon,l.e., flatness and polishing [9, 10].
opened for introducing the measurement sensor. However, Nickel-Chromium (Ni-Cr) alloy is one of the most com-
for harmonics and low-frequency disturbances under nonmonly used resistive materials for fabricating precision thin-
stationary conditions measurements, resistive current tranédm resistors and up to highest-performance hybrid inte-
ducers are the best option over other current transduceggated circuits. This transition metal alloy exhibits differ-
such as Rogowski coils, Hall current sensors, classic curent and useful properties depending upon the Ni-Cr com-
rent transformers, current comparators, magneto-optical cuposition and sputtering process parameters, making this al-
rent sensors, Superconducting Quantum Interference Devidey an excellent option for the electronics industry. Some

Contemporary techniques such as thin-film technology
g_nd sputtering deposition techniques allow the design and
abrication of high precision resistors. The behavior of a pre-
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of its most interesting features are low and adjustable TCRthe temperature difference into a thermoelectric electromo-
high-stability of electrical properties, high thermal stability, tive force by the Seebeck effect completely. The maximum
excellent long-term reliability, low noise, low distortion, an voltages at full-scale for the not electrically insulated output
approximately linear ratio between its electrical resistancand the electrically insulated output are 0.25 V and 0.037 V,
and its thickness, corrosion resistance, chemical stability, ancespectively.
high melting temperature. Additionally, Ni-Cr alloy of 80:20 In the case of AC, its negligible frequency dependence
concentration percent of each element in weight (wt-%) ids based on the design of a coaxial and highly symmetric
considered optimal for the fabrication of thin-film precision circuit of the electric current to be measured, to reduce the
resistors [11-16]. For the reasons mentioned above, a Ni-Gelf-inductance of the sensor, and minimize capacitive leak-
alloy with a concentration of 80:20 wt-% was selected for thisage currents. These design criteria allow the RCT to de-
work. liver an accurate, not electrically insulated output voltage sig-
For continuous current monitoring, the self-heating andnal for input current waveforms with low-frequency distur-
the temperature rise of the resistive current transducer dugances under non-stationary conditions, high-frequency cur-
to Joule heating are controlled by design. A custom heatrent waveform, or high-distorted current waveforms because
sink for this application was sized to allow continued use ofof its harmonic content.
the resistive current transducer. Aluminum Nitride (AIN) is
a new generation of ceramic material whose main characte2.2. Mechanical and Electrical Assembly of the RCT in
istics are high electrical resistivity and high thermal conduc- its Housing
tivity. Its outstanding heat dissipation is an essential char-

acteristic in the high-power electronics industry where high-1"€ housing provides a stable thermal environment for the
temperatures are inherent [17—22]. operation of the RCT, in which the temperature changes on

This section exposed the motivations for the present pro'ghe outside are attenuated in such a way that they do not affect

posal on the design of a high-precision current transducer anttli‘e tempergturg '”S"?'e during the AC or DC mea;urement.
the reasons for choosing the selected materials for its manl]’_herefore, in this design, the heat transfer process is expected

facture. Section 2 presents the design principles used in tHQ be the same for periods greater than the thermal constant of

resistive current transducer aimed at providing a high accuth€ System. Thus the comparison between the Joule heat pro-

racy input-output ratio with a linear response through all itsduced by DC and the Joule heat produced by AC will be car-
bandwidth. Section 3 provides all the simulation analysis”ed out under the same thermal equilibrium conditions by the

of the resistive current transducer to prove its performancéhelzrmOp”e' Ifzor the USer, ]Ehe P;]ousllng pref_ents the (;nechanl-
under different test conditions, including its behavior beforec@ Means of connection for the electrical input and output

highly distorted current signals. Finally, Sec. 4 presents th§'9nals. The connection of the input current is made through
conclusions of this work.

an N-type connector, model 082-97-RFX [23], which is cor-
rectly sized to support a current greater than 1 A. A LEMO
connector, model EGG.0B.304.CLL, which is fully shielded

2. Resistive Current Transducer Module De- to prevent electromagnetic interference, was selected to ac-

sign Process cess the output voltage signals from the RCT [24]. Figures
1la) and 1b) show the housing and connectors of the RCT de-
2.1. General Description scribed above. The input current connector is located on the

top cover of the housing, and the output voltage connector
In this paper, the Resistive Current Transducer (RCT) wass located on the side. The outer and inner diameters of the
designed for the continuous monitoring of DC or AC. A max- housing are 120 mm and 100 mm respectively, with a height
imum nominal current of 1.25 A can flow through all its ele- of 200 mm without including the height of the input current
ments without any damage. For the optimal handling of theconnector. A C2800 brass alloy was selected for its manu-
dissipated heat, four modules with similar electrical and therfacture, which is composed basically of Copper and Zinc in a
mal characteristics form the RCT in a highly symmetrical 60:40 concentration percent of each element in weight. The
configuration. Therefore, efficient thermal energy managemain characteristics of the alloy used for this housing are:
ment was implemented based on an AIN heat sink to avoi@éxcellent machinability and ductility, high resistance to oxi-
the thermal drift of the resistance value of the RCT and itsdation and corrosion, resistance to wear, high electrical con-
aging due to thermal shocks. The RCT provides two voltageluctivity, and its capability to support high temperatures [25].
outputs, a not electrically insulated voltage, which is taken  Inside the housing, a Printed Circuit Board (PCB) is me-
directly from the resistive elements, and an electrically in-chanically and electrically coupled to its upper cover. The in-
sulated voltage based on a thermopile. The housing of thput current path is defined from the central pin in the current
RCT provides an adiabatic environment that minimizes heainput connector to the PCB, consisting of four rounded cop-
exchange with the surrounding during the thermal time conper wires. The output current path is defined from the PCB
stant of the system, time in which the thermopile transformso the upper housing cover, and it is made by four hexagonal
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c)

FIGURE 1. Housing assembly and geometric distribution of external and internal components of the resistive current transducer. a)Front
view. b)Top view. c)lsometric internal view.

ules are connected in parallel; thus, only a quarter of the in-

(@) put current is going to flow through each thin-film resistor.
The thin-film resistors were deposited by the sputtering tech-

nique [27]. A commercial target of Ni-Cr alloy in 80:20 wt-%
concentration, with a diameter of 76.2 mm and a thickness of

(b) > - 3.175 mm, was used for their growth [28]. An AIN ceramic
(©) substrate was chosen for its high thermal conductivity suit-
able for high power dissipation applications it acts as a heat

sink with custom-sized to operate continuously at a current of
(e) (d) 0.25 A. Itis known that Ni-Cr alloys have adequate properties

for use with AIN substrates because of its excellent adhesion
to it [29]. A fully automatic sputtering system was used for
the thin-film resistor deposition.

(h) ———> H -I- -l (g A set of four Ni-Cr thin-film resistors were manufactured
during the same deposition process. By maintaining the same

. . . deposit characteristics such as Ni-Cr target, chamber pres-
formed: (a) Current input connector. (b) Upper housing cover. (c) - .. .
Copper wires aligner. (d) Round Copper wires. (€) Hexagonal Cop_sure, Argon gas input flow, deposition rate, substrate rotation
per pillars. (f) PCB with the RCT modules. (g) M3 x 10 mm Cop- SP€€d, a substrate to target distance, and polarization voltage,
per screws. (h) SMA 50! connectors [26] are optional, to connect the homogeneity of the thin film resistors electrical charac-
the output voltages from the PCB to the LEMO connector. Direct teristics is increased. The resistors have a nominal resistance
wiring from the PCB to the LEMO connector is also possible. of 1 Q. For the growth of the resistors, a base pressure of

~ 10-7 i i - _
copper pillars. The PCB has a coaxial and highly symmetri- 107" Torr was achieved in the chamber; the Ar flow dur

. s i
cal design, which is responsible for the division, distribution ing growth produced a working pressure-ofl0™" Torr. Be

and return of the current between the input current connec:f—0 re deposition, a pre-sputtering procedure was carried out

tor and each module that forms the RCT. Figure 1 shows th%0 clean the target surface for 10 minutes. The system was

housing, the mechanical and electrical coupling previousl)Programmed to obtain a thickness of 1.1 microns with a de-

. o o1 o
described, and the geometric distribution of the internal com? os!tlon rate of 1A.S - The substrate was not heate_d n
ponents of the RCT. tentionally. Its rotation was set to 20 revolutions per minute.

The mechanical design of the housing allows prompt asThe films remained in the sputtering vacuum chamber until

sembly for the user. The main components of the RCT aréhe next day to allow them a slow cooling and thus prevent-

available after removing the bottom housing cover. Figure ng thgm from thermal ?hOCk and fracturing. )
shows the assembly order of the RCT, beginning from step 1 hin-films with a thickness of 1.m and different ge-

(a) to step (h). The body, the output voltage connector, an@metries were manufactured in independent processes onto
the bottom cover of the housing are not shown. glass substrates to characterize thickness reproducibility. A

profilometer KLA-Tencor model D-120 was used to measure
2.3. Thin-Film Resistance Manufacturing Process at the thickness of the thin-films (step-height measurement).
Centro Nacional de Metrologia Before each set of measurements, the profilometer was cal-
ibrated against a step height standard, which has a nominal
The RCT is formed by four modules. Each module con-value of 1um with a calibration uncertainty of 0.02&m for
sists of a heat sink and a thin-film resistor. The four mod-a coverage factor of = 2.0. This characterization process

AL ()

FIGURE 2. Order in which the mechanical assembly has been per-
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FIGURE 3. Thin-films with different geometries and thicknesses.

AIN substrate

Thin-film resistor

Connection pads

FIGURE 4. Ni-Cr thin-film resistor deposited onto an AIN sub-
strate.

shows that it is possible to achieve reproducibility-6®.1

pm for thicknesses of 1.4m. Figure 3 shows some of the

films deposited with different geometries and thicknesses.
The thin-film resistance nominal value can be calculate

from Eq. {1):
l

w-t’ @

wherep is the Ni-Cr resistivity] is the lengthy is the width,
andt is the thickness of the film. Substituting= 1.1 /m,
I =2mm,w = 2mm, andt = 1.1 um, the thin-film re-
sistance is ). Figure 4 shows the resistor onto the AIN

substrate. The connection pads are not taken into account for

the calculation of the resistance presented above.
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TAaBLE |. Thermal conductivity of AIN with different crystalline
quality.

Thickness Thermal conductivity
(um) (W-m~'-K™1)
1 7.5
5 9.8
10 13.3

2.4. Heat Sink for Continuous Current Monitoring

For this design, the substrate where the thin-film is deposited
also serves as a custom-designed heat sink, and it is respon-
sible for transporting the heat generated by the Joule effect
out of the thin-film resistor. AIN belongs to a new genera-
tion of ceramic materials with high thermal conductivity and
high electric insulation; it is widely used in power electronics
to increase current-carrying capability and manage the gen-
erated heat. The crystalline quality and the effective ther-
mal conductivity of the films are found to be improved with
the increase of film thickness. Table | shows the relation of
its thermal conductivity concerning its crystalline quality and
film thickness [17]. Because of this characteristic, after deter-
mining the substrate dimensions, it was ordered from a spe-
cialized manufacturer [30].

The time constant of the system is finite and shows the
relationship between the heat dissipated in the resistor, and
the size of the heat sink. The time constari$ proposed by
design to be 1 s, and it allows the correct integration of low-
frequency signals, as it will be shown later in the paper. To
determine the size of the AIN heat sink, the following proce-
dure was followed. Equatioi2) shows the ratio between the
heat capacity of the heated ar€aand the heat conductance
between the heat generator and the heat Kipk [31].

C

=K 2

-

The powerP generated by the thin-film resistor and the
current flowing through it is calculated &= I2 - R. In this
case,P = 62.5 mWwith R =1Q andl = 0.25 A. The heat
conductancéd{r;, showed in Eq.3) expresses the ratio be-
Jween the generated powgr, and the expected temperature
risesAT = 3 K, proposed by design [32].

P

Krp = AT (3)

TABLE Il. MARUWA AIN substrate characteristic values [30].

Thermal conductivity — k 230 (Wm™t.K™h
Specific heat Cp 720 (Ikg~ 1K1
Density p 3250 (kgm™3)

Rev. Mex. 5. 66 (5) 589-603
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0.25 mm

4 mm 12 mm
a) b) c)

FIGURE 5. AIN substrate. a)Front view. b)Side view. c)lsometric view.

With + = 1's, andKy;, = 20.83 mW-K~1, the heat ~ Heat generated
capacity obtained i€' = 20.83 mJK~!. The technical spec- confinuously

ifications of the commercial AIN AN-230 substrate are pre- // RN
sented in Table Il. For continuous operation, the target vol- ‘\_____
umeVy,; v is obtained from Eq.4). ) TTmmmmmme—el, AN et rite
P . 7' }\
VAN = ——=- 4)
p- Cp - AT x=0 x=1

The computed target volumiéyy = 11.98- 107 mm,  FiGuRE 6. Characteristic shape in which heat is transferred along
translates into a thickness of 0.25 mm, a width of 4 mm, andhe z-axis, the red dotted line corresponds to the temperature pro-
a length of 12 mm. Figure 5 shows the custom-sized subfile along the heat transfer axis.
strate for this application. A critical feature of this substrate
is its polishing, which has an average roughness of pf@5  at the heat generation source, the effective heat transfer dis-
Although this polishing significantly increases its price, thistance is half the value of = 10 mm. Figure 6 exemplifies
characteristic guarantees an excellent adhesion onto it for the concept of heat transfer distance resulting from the heat
thin-film with a thickness of 1.Lm. source. The parametaris closely related to the design of the

To obtain information about the heat transfer process o®C output voltage electrically insulated. This is discussed in
the AIN substrate, an abstraction to a fundamental solutiorthe following section.
known as heat kernel, was used. Equati)rshows the heat-
transfer equation for one-dimensional system [33].

2.5. DC Output Voltage Electrically Insulated

de d*0
- = Q- =, (5)
dt dz? An electrically insulated DC output voltage is provided us-
whereq is a real, positive constant known as the diffusioning the heat generated by the Joule effect, which is propa-
constant, and its value is obtained from Eg).[33]. gated and stored in the AIN substrate. This insulated volt-
age output signal can be used as a ratio measure between the
o k (6) input current and the non-insulated output voltage when the

p-Cyp device is operated at a full scale. Besides it can provide in-
formation about the working condition of the RCT. For this
purpose, a thermopile, which is a passive device composed
of several thermocouples connected in series, is placed un-

For specific initial conditions, when a heat-impulse is ap-
plied at the pointt = 0 and at timet = 0, the solution to
Eq. () is given by a Gauss distribution function shown in

Eq. 7) [33] derneath the AIN substrate. The Seebeck effect, which is
o ' the increase of an electromotive force in a thermocouple, is
Flat) = 1 " ) generated through a dipole, consisting of two conductors that

’ N ’ form two junctions maintained at different temperatures, un-

The width.\ i f1h d of heat during th der zero electric current [34]. The thermoelectric potential
_thew thAls ameasure o the spread of heat during theyiterence is often known as the Seebeck potential, in honor
time mter_valt, and itis CO”?p“ted from Eqi) [33] Whe_n . of the man to whom the discovery is attributed. The See-
t_he heat is gen_erated congnupusly, the temperature distribye, o\ potential between the terminals is going to depend on
tion conserves its shapfe with time. This means thgtaSOO the temperature difference at the ends of the thermocouple
this fundamental solution becomes flatter, with its value al); the thermopile, but not on the shape or dimensions of the
anys approaching zero exponentially. conductors themselves [35]. Figure 7 shows the concept of a

A=Vi-a-t @8) thermocouple composed of two dissimilar metals, and how
' several thermocouples connected in series forming a ther-

The heat transfer distande= 20 mm, is computed with mopile.
a=98-10"%m-s~!, andt = 1 s as previously proposed by For a thermocouple and a thermopile, as shown in Fig. 7,
design. However, as the Gaussian distribution is centered the output voltage is given by Eq$)(@nd (L0), respectively.

Rev. Mex. 5. 66 (5) 589-603
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8.2 mm

Ty g ‘ — |« 0150 mm
eta. = —
I , I
6 mm
Metal A Vap 9 mm
Vag 1 L
Metal B Metal B me: | 4 mm I 18 mm
T AT T Tiy AT T | | I
a) b)
FIGURE 7. Schematic drawing of a thermocouple and a thermopile. B
a)Thermocouple. b)Thermopile.
J i | el
—_— = <~—1mm ——||<—0.225mm
Tc ) 6.6 mm b) ‘ |
(Va) Thermocoupte = /(O‘A — ag)dT = (aa — ag) FIGURE 8. Bismuth-Antimony thin-film thermopile. a)Semimetal
Ty A: Antimony (Sb). b)Semimetal B: Bismuth (Bi).
-(Ty —Tc) = aps - AT )

18 mm, and a thickness ofi@n. Figure 8 shows the detailed
Tc design of the thermopile and how both semimetals have elec-
trical contact at the ends. The hot junctions are defined at the
center of the thermopile, and the cold junctions at the ends.
It is important to note that the thermopile length respects the
Ty —Tc) =n-aps - AT (10)  heat transfer distanck previously computed, intending to
provide a temperature as homogeneous as possible in the hot

ans = (@A — 08) (1) junctions of the thermopile.

AT =Ty — Te, (12) A finite element simulation in Comsol Multiphysics for

o the coupled thermal and electrical fields was made to the

where the parameterg andag are the Se_ebeck coeff|C|ents_ thermopile design. Equatioid), is the governing equation
of the metal A and the metal B, respectively. The algebraiGna; describes the interaction between the thermal and elec-

physical quantityaag is called the relative Seebeck coeffi- ¢ systems under the steady-state condition, and for homo-
cient,n is the number of thermocouples connected in serieﬁeneous and isotropic materials [35].

forming the thermopile€] 'y is the temperature at the hot junc-
tion, T is the temperature at the cold junction, ah@ is the V-(k-VT)+p-1>-T- do I-VT =0, (13)
temperature difference betwe&p and7. For a small tem- dr
perature difference, the Seebeck electromotive force can behere the first termi/ - (k- VT') corresponds to the thermal
assumed to be directly proportional to the temperature difeonduction, the second term- 12 is the Joule heating, and
ference [36]. In the design presented in this work, as prethe third term describes the thermoelectric effects.
viously proposed in the Sec. 2.4, the expected temperature The thermoelectric simulation used a 2D geometric do-
rise in the AIN substrate over the surrounding environment isnain which is justified by the thickness of the thermopile,
3 K. Therefore, a linear relationship between the output voltand it is expected that the temperature distribution and the
age and the temperature difference present at the thermopiédectrical potential are parallel to the width of its geometry.
junctions is assumed. In this study, the temperature at the hot junctid@ns is set

In general, applications involving thermoelectric devicesto 299.15 K, and the temperature at the cold junctibpgo
need materials with high Seebeck coefficients, low thermaR96.15 K. Adiabatic conditions were assumed in the rest of
conductivity, and high resistivity. Semimetals possessing théhe elements of geometry. Given thaf" = 3 K, the convec-
properties mentioned previously are Antimony (Sb) and Bistion and radiation losses may be considered negligible. Table
muth (Bi). Particularly under the condition of high purity, Il [36,40] shows the physical properties for Sb and Bi used
Sh has a positive Seebeck coefficient, and Bi has a negative the simulation.
Seebeck coefficient [37]. Figure 9 shows the results obtained from the thermoelec-

To manufacture the thermopile, the thin-film depositiontric simulation for one thermopile; Although the finite ele-
process was used twice, first for one semimetal, and thement simulation of the four thermopiles, one thermopile be-
for the other. For this purpose, an Sb [38] and Bi [39] neath each AIN substrate, does not pose any significant diffi-
commercial sputtering targets were acquired with a purity oftulties under the simulation conditions stated previously, for
99.999%. Each thermopile contains 25 thermocouples anthe reduction of time and computational effort just one ther-
has the following dimensions: a length of 8.2 mm width of mopile was simulated. This reasoning is justified because of

(VaB) Thermopite =1 - /(OéA —ag)dl =n- (aa — ag)
Tu
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TaBLE Ill. Physical properties for the semimetals Antimony and Bismuth used in the simulation.

Physical property Symbol Antimony Bismuth Units
Thermal conductivity k 24.3 7.87 (Wm~1.K=1)
Specific heat Cp 207 122 (kg~tK™)
Density p 6 680 9790 (kem™3)
Seebeck coefficient a +48.9 -73.4 LV-K™
Electrical resistivity p 0.39 1.07 (Q2-m~1)

the fabrication process, where the four thermopiles are man-
ufactured during the same deposition process, the high purasLE IV. Thermopile output voltage regarding input current.
rity of materials, the reproducibility of the sputtering system,

and the high symmetry used in this design. The spatial dis- Input currentlzy T To AT Vour
tribution of the electric potential shown in Fig. 9a) depicts A (K) (K) (K) (mV)
the potential drop between the positive (in red color) and 0.10 296.18  296.15  0.03 0.35
the negative (in blue color) terminals. The maximum out- 0.25 296.34  296.17 0.18 2.15
put voltage is 9.17 mV for one thermopile, in the case of the 0.50 20693 29622  0.70 8.61
four thermoplle_s connected in series, the maximum expected 0.75 297.90  296.32 158 10.36
output voltage is 36.68 mV. Using EqlQ) to compute the

1.00 299.47 296.46 3.01 36.80

maximum expected output voltage from the four thermopiles
connected in series, with = 100, aag = 122.3 puV-K™1, 1.25 301.34  296.64 470  57.50

and AT = 3 K, the result obtained is 36.69 mV, which

shows concordance with the results obtained from the siminput current is not linear. The reason is that the thermopile
ulation. The temperature distribution along the thermopileis thermally coupled to two heat reservoirs, one for the hot
arms is shown in Fig. 9b). For this design, the thermopilgunction and one for the cold junction. The function of these

length of the arm was bounded to define a homogeneous terheat reservoirs is to provide higher stability to the tempera-
perature gradient between the hot and cold junctions. Theure to which the thermopile junctions are exposed, and they
heat transfer distances for the Sb and the Bi are 4.2 mm analere sized to work with a nominal input current of 1 A.

2.6 mm, respectively. These reported values were calculated

with Eq. 8) for at = 1 s, and the physical properties pre- 2.6. Electrical Model

sented in Table Ill. Finally, note that the temperature distri- . . o ,

bution length obtained from the simulation corresponds with! '€ €lectrical diagram presented in Fig. 10 considers the

the heat transfer distance of the material with the highest theparallel cor?nectior? of the four modyles that form the RCT
mal conductivity. through which the input curredt ; might flow. In this case,

The thermopile output voltage concerning the tempera—c1 is the capaqtance of the mp_ut current conneciyrand
1 are the resistance and the inductance of the round cop-

ture generated by the input current is presented in Table IV. . . ;
Note that the relation between the temperature rise and th%er wires,R; andL, are the reqstance and the inductance of
the hexagonal Copper pillar§;; is the capacitance between

i , mm__ , the previous element®s, L3, R4, andL, are the resistance
18 ladly Br 1 P and inductance of the PCB top and bottom layéksandG
1 il el ! 1 are the capacitance and conductance of the top and bottom
1 8.0 L4t 233 layer in the PCBRs, L5, Rg, andLg are the resistance and
12} : 12t 2985 inductance of the connection wires from the o the thin-
17.00 duct f th il f the PCB to the th
1l el | s film resistor,C, is the capacitance between the connection
o Sl ¢ wires described before?,, L., G2, andCs are the resis-
2 ;zz ) 2975 tance, the inductance, the conductance and the capacitance
i 2'00 o 297 of the thin-film resistor. At the end of the electrical diagram,
B ) — the output voltag&’or is measured directly on the thin-film
i 1 Moo X ] resistorR;. It is important to mention thaf’s includes the
E g v - 2 ¥236.13 capacitance of the output voltage connector. Additionally,
a) mm b) mm

the electric model allows identifying which elements have

FIGURE 9.  Thermopile thermoelectric simulation results. the most significant impact on the design, becoming it into
a)Thermopile output voltage. b)Thermopile temperature distribu-a non-coaxial design. Therefore, the design seeks to be more
tion. specific in those elements. For example, capacitances and
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—  MMW— N AMAM—TN AN— N
R1 L1 R3 L3 R5 L5
R7
et (1) c1== co== c3== 61 § Ca== G2 § c5==  Output
current voltage
L7
R2 L2 R4 L4 R6 L6

FIGURE 10. Electrical model of the resistive current transducer.

conductances in parallel affect the principle of coaxiality, since the input current does not return equally in the upper circuit
layer (R, — L1, Rs — L3, andRs — Ls) compared to the lower circuit layeR¢ — Lo, Ry — L4, andRg — Lg). Thus, the
coaxial design aims to ensure that these couples are equal in amplitude and phase.

An analytical reduction was made to the electrical diagram presented previously in Fig. 10 to obtain information about
the performance of the RCT regarding the frequency. The lumped block diagram is presented in Fig. 11, which allows to
exemplify how the Transfer Function (TF) between the input curfgitand the output voltage&oyt was obtained.

Equation|l4) shows the TF between the output voltage and the input currentlBpcgntains the information of th&g
block where the thin-film resistor is connected in parallel'to C's, andG,. During the reduction process, ti; block was
not combined with other blocks to avoid losing the terminals where the voltage measurement is defined.

_ Vour _ Za-Zp - Za
TF = = (14)
Irn (Za+Zp+Zc+Zp+Zpr+Zg) - Zp+ (Za+Zp+Zc) (Zp+ Zr + Zc)

Ze = firtLrs (15)
¢ L?'(C4+C5)'S2+[G2'L7+R7'<C4+C5)]'S+G2'R7+1.

An analysis of sensitivity was performed to identify the
most critical components in the electrical diagram of th
RCT. As a result of this analysi®; and L, were identified
as the most critical components, which makes sense becaUSg0000 [Shgeie magrie] ‘
the voltage measurement is defined between their terminals §'°°°2
An iterative process was done for optimizing and linearizing 2
the frequency response of the RCT. During this process, thegrovoos—
effect of each of the non-critical components over and =g
L, were evaluated. Factors such as geometry, the distanc(g0010
among components, thicknesses, and dimensions were take g
into account to minimize and compensate the frequency ef-g **“L —
fects over the RCT. 0omg 100 Too 10000 T 00000

Figure 12 shows the magnitude and phase responses oi Freaueney ()
the RCT in the frequency range from DC to 100 kHz. In
this case, the magnitude was expressed as the relative errbiGURE 12. Relative magnitude and phase responses of the RCT.
between the TF and the nominal resistive of the RCT. Note

that at frequencies below 10 kHz, the denominator of the

- g n N <4 ®
o 2 o s o 2

Phase angle of the RCT (m°)

=
@

o ol 7 I o 17 Lo o TF dominates and prevents the impedance of the RCT from
L= L= increasing as the frequency does. At frequencies higher
than 10 kHz, the numerator of the TF dominates, and the

—-— e impe_danclfle otl: trr:e RCT ]rcis;es aththe rate cl)f ()ﬂf%fp;]z*l|é g_(r)n_— A
current voltage cerning the behavior of the phase angle of the , it be-
I Ea Ea I:Za Voug; comes noticeable at the frequency of 20 kHz, where it has

a value of 0.6 . For frequencies higher than 20 kHz the

phase angle of the RCT rises at the rate of 3Ha!. In

° ' [ 1 & [ ] ® PY general, for monitoring current signals at line frequency and

distorted waveforms a linear wideband of 10 kHz is recom-

FIGURE 11. Lumped block diagram of the resistive current trans- mended for magnitude and phase, which is covered by the
ducer. RCT design presented in this work.
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mm mm_
T T T

3. Simulation Analysis and Results 20t 14 259 6 |a 25015
) o . 1st 1 {20893 5l IR

After the refinement and optimizing process on the design Lol | F12908.63 —

phase presented in Sec. 2, computer-aided simulation tools 20833 1 | ‘

were used to analyze the thermal behavior, and the frequency 5’E’ 208.03 5'“" 298

response of the RCT, as described in the next subsections.  °f ii;g o

51 i -5t
297.13 Lol 297
3.1. Thermal Behavior -10f 1 H296.82
151 | 296.52 -15f B 296.5
i i 296.22 5l |
Special attention was taken to the heat transfer phenomeni_,L. i . 1w 296 20r, ; ._lw296.15
that occur within the RCT enclosure, such as the heat transfeia) ° 10 20 mm b & 10 2Z0mm

|95335_ by conductipn Fhrough the thermopile and the CONNegsuURE 13. Heat losses by conduction in the air inside the RCT
tion wires on the thin-film, heat transfer losses by convectionenclosure. a)lsothermal contours. b)Temperature distribution.

and heat transfer losses by radiation. Equalid), (presents
the heat equation, which describes this three-dimensiondfansferred to the fluid by conduction is assumed to follow

thermal model. the cooling law of Newton, and it has a value giW, which
is negligible compared to the input power of 62.5 mW, which
vor g 9wy st pe Gy OT (16)  represents less than 0.01 %.

k k ot Thermal radiation is the electromagnetic radiation emit-

The first term on the left-hand side of EGLE] repre- ted by a_bo_dy as a result of its temperature. When the energy
sents the conduction heat loss between the heat sink, the th&l€nsity is integrated over all wavelengths, the total energy
mopile arms, and the connection wires, and the second terfmitted is proportional to absolute_temperature to the fourth
is the heat generation due to the Joule effect. On the righ@Wer. The amount of energy emitted from the hot surface
hand side, the thermal diffusivity is defined and relates th&' the thin-film is assumed to follow the Stefan-Boltzmann
thermal conductivity to the heat capacity of the material. Thd@W [41], shown in Eq.18), whereAp is the surface area of
surfaces of the RCT enclosure are at room temperdiuggn the body, andrsg is the Sstefan-B20Itzn2ann constant which
of 296.15 K, and the boundary conditions in Cartesian coor!@s the value 05.670 - 107% W-m~=.-K~* [42].
dinates for all these surfaces on X, Y, and Z directions are: Qradiaton= 055 - Ar - (T(x,y, 2, 8)* — T )

T(x,y,z,t) = TR00m|£L’:0,X! T(xay>z7t) = TR00m|y:0,Y:

andT'(z,y, z,t) = Troom| =0,z respectively. =osp - Ar - (AT)? (18)
The convection heat loss between the heat generator and ) ) o
the fluid is expressed by the EAQL7). Whereh is the coeffi- A blackbody is considered one that absorbs all radiation

cient of heat transfer between the solid surface and the fluincidentuponit. For the current research, ithas been assumed
Ac is the surface area, aniT is the temperature difference that the RCT enclosure is an entirely black enclosure so that

between the solid surface of the heat generator and the su!! the radiation is going to be absorbed. At the same time,
rounding room temperature. the enclosure will emit radiation following tHE* law. Real

materials emit less radiation than ideal black surfaces. Due to

Qcomvection=h-A-(T(z,y, z,t)—Troom) = h-Ac-AT. (17)  thisfact, the concept of a gray body is defined trough a factor
called emissivitye, which is the ratio of the emissive power

The heat convection loss is not present in Efi6) pe-  Of the body to the emissive power of a blackbody at the same

cause the heat transfer to the fluid inside the RCT enclosur¢avelength and temperature. Finally, to complete the radia-
is a special case of heat transfer in restricted spaces. The héi@n heat loss study, it is well known that not all the radiation
transfer in horizontal enclosed spaces involves, in this caséeaving one surface is going to reach the other surface since
that the lower plate has a higher temperature than the upp@,lectromagnetic radiation travels in straight lines and some of
plate so that no convective heat transfer can be expected ihis going to be lost to the surroundings. Thus, to quantify
the enclosure of the RCT. Consequently, heat is transferrelf€ amount of energy that leaves one surface and reaches the
in the fluid (air) only by conduction of heat [41]. other, the radiation shape factfis  is used. Equationl®)

A two-dimensional study was done with the help of Com-Presents the radiation heat loss, considering the emissivity
sol Multiphysics, aimed at showing the interaction betweerdnd the radiat?on shape factor for two parallel plates that are
the heat generator and the air inside of the RCT enclosuréeparated a distanad41].

The distan_ce from the floor to the geiling insid_e the RCT Rsposp-Ar - (T(z,y, 2, ) —Td )
enclosure i = 2.9 mm. The physical properties of the  (Rradiation= 1 A4S (L/esl

fluid were taken from the software database. The isothermal (1/e)+(A1/42) - (1/e2=1)
contours and the temperature distribution of the fluid are pre- The convection heat loss has a value of L1¥, and was
sented in Fig. 13. In both cases, isothermal planes are formezbmputed withRsr = 0.16, A; = 48 um?, Ay = 576 um?,
instead of convection currents as expected. The heat losg = 0.8, ande; = 0.9 for the AIN block and for the RCT

(19)
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enclosure, respectively. This convection heat loss represents
0.2 % to the input power. For this reason, it is not consideredrasLe V. Conduction heat loss for each element and its input-
in Eq. (16), as it was done with the convection heat loss term.output power ratio.

The conduction heat loss is the most significant trans-

. Conduction Heat loss Power ratio
fer mechanism due to the thermal contact between the heat
generator and heat conveyors such as the heat sink, the ther- heat loss (mW) (%)
mopile, and the connection wires that carry the input current Qns 0.8 12
inside the enclosure of the RCT. The total conduction heat QBi—sb 0.1 0.2
loss was quantified as the linear combination of each thermal Quw 292 35
conveyor, and it is expressed by EAQY. Total Qconducton 31 4.9
o khs : Ahs ‘ AT‘hs . )
(Qconduction= . presents the behavior of the thermal and electrical model
® when a current of 1 A flows through the RCT. The isother-
L MBS Api—sy - ATpi—gp (ki + Esy) mal contours and the temperature distribution allow observ-
li—sb ing the equilibrium heat flow for continuous operation. The
Ny K+ Ay - ATy maximum temperature rise is 299.6 K, as was selected by de-

(20) sign from the beginning. The output voltage was computed
by the software with the input current of 1 A, and the four
The first term on the right-hand side of Eq20) rep-  thin-film resistors of X2 connected in parallel.
resents the heat sink{), the second term groups the ther- The heat transfer distance and its shape in the heat sink
mopile legsBi — Sb with np;_s, = 25, and the third term  are shown in Fig. 15. The optimal heat transfer distance
is for the connection wires with n,, = 2, where for each \ was computed previously through E).( This parame-
elementk is the thermal conductivityd is the contact area, ter restricts the spatial location space of the thermopile un-
AT is the temperature difference, ahid the length. Athree- der the heat sink, and it has a value of 10 mm. The dot-
dimensional thermal study was done in Comsol Multiphysicsted vertical lines represent the spatial location of the ther-
aimed at minimizing the conduction heat losses due to thenopile; it is within the distance mentioned above, defined
thermopile and the connection wires. Figure 1c) shows thérom the heat source. The heat sink acts as a heat reservoir
geometry of the RCT for this study. The TF presented infor the thermopile hot junction, maintained at a temperature
Eq. (14) describes the frequency response of the RCT and ilf (299.44-0.1) K. In the case of the thermopile cold junction,
conjunction with the thermal study an iterative process wast is maintained at a temperature @f6.34-0.2) K. Thus, the
employed to find the best performance in both scenarios. Ageemperature difference between the hot and cold junction of
a result of these studies, the conduction heat losses for eate thermopile has a value &7 = 3.1 K and provides an
element were quantized and minimized [43, 44]. Their con-output voltage of 37.9 mV.
tribution concerning the input power is presented in Table V. A time-dependent study was done to know the heat prop-
As expected, the connection wires represent the highestgation and the temperature value associated with specific
heat loss because they are the thermal anchor of the systemorking time in the system. The time proposed by design
and their design allows a moderate heat flow to the housingp reach a temperature rise of 3 K in the heat sink over the
of the RCT. These Nichrome wires have a length of 8 mmgsurrounding environment is 1 s. In this analysis, the room
and a radius of 0.3 mm. The stationary solution in Fig. 14 temperature was set to 296.15 K, and the input currentto 1 A.

L

K K v
A 299 A 299.6 A 0.250

( 299.4 -
299 SR 0.250

299.06

298.72 i | %:200

298.37 298.5
0.150
298.03 354

297.69

12075 0.100
297.35

297
297.01 0.050

296.66 206.5

296.3: 0.000
v a) v 296.1 b) ¥ 0,000 c)

FIGURE 14. Thermal and electrical behavior of the RCT for input current of 1 A. a)lsothermal contours. b)Temperature distribution.
c)Electrical potential.
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299.408

=] ——— 1 E—— The frequency dependence and linearity of the current
30 R R — Losation of the thermogte E 7299:405 transducers are the most critical factors that may decrease its
78S ; b e 2 accuracy. The TF of the RCT provided information about the
Sasno ' ; 299.4oo§ performance of its impedance concerning frequency. Derived
f:zw D dzsaase S from that analysis, it may be assumed a negligible impact to
o - ; fw%g its accuracy due to these parameters. The linearity ratio be-
& 5| St shap o he et ’299'3945 tween the input currerf; ;- and the output voltagéoyT was

£ T T T T T T evaluated with current signals of amplitude from 100 mA to
T e e e e e T v o 1A, which represents the 10 % and the 100 % of its operating

FIGURE 15. Heat-impulse in the AIN block, the location of the _range, respectively. In the case of the frequency.dependence,
) o . it was evaluated from DC to 100 kHz at the amplitudes men-
thermopile (dotted vertical lines), and the temperature profiles at

its junctions generated by the input current of 1 A. tioned pr_eviously. The input curr_e_nt signal qnd the output
voltage signal for each test conditions described above are
Figures 16a) to 16e) present the time-dependent results froghown from Figs. 17a) to 17f). Note that errors associated
the initial-state to the steady-state condition. Note that th€yith the linearity, phase-shift, or frequency dependence are
target temperature is reached at a time of 1.5 s instead of 1 fot noticeable for signals with a single frequency component.
The reason is that the thermal mass of the AIN block has beepgple V| presents the values for the amplitude relative error
increased due to the thermal contact with the thermopile haf the output current regarding the input current. The rela-
junction underneath, and the current wires on its top. Finallytive error of the output current is defined by E@2)( The
it can be observed that for a time of 1.5 s, the AIN block ha?uncertainty associated with these errors is 1-A2 . It was
reached the target temperature, and it has practically the sanggtained through the propagation of probability distributions
temperature at its steady-state condition, Fig. 16e). by the Monte Carlo method [45] based on the geometric char-
acteristics and the materials used in the design of the RCT.

(Vour - TF~Y) —Itn

3.2. Frequency Response

A frequency response analysis of the RCT was performed Iour relative error=

. . . . .. I]N
by applying input current signals of different characteristics
to its TF. Accordingly, the output voltage, - may be ob- _lour—Iiv 06 (22)
tained through the following expression. Irn
Vout(f) = Iin(f) - TF(f). (21)
K K K K K
A 29615 A 2071 A 2982 A 2995 A 2996
M 2982 299.5
2971 298 =
299
297 297.8 _—
296.9 2976 298.5
296.8 297.4 208
296.15 296:7 2972 298
296.6 297 20 295
296.5 296 .8
297
296.4 296.6 297
296.3 2964 296.5 296.5
296.2 296.2
v 2961 a) ¥ 296.1 b) ¥ 296.1 C) ¥ 296.1 d) ¥ 296.1 e)

FIGURE 16. Time-dependent study results from the initial condition to steady-state. a)lnitial-state. b)Time = 0.5 s. ¢)Time =1 s. d)Time =
1.5 s. e)Steady-state.

TaBLE VI. Amplitude relative error of the output current regarding input current.

Frequency Irn Vour TF lour Relative error
(kHz) (A) (mV) (mQ) (A) (LA-AY)

0 1.00 250.000 0 249.999 997 1.000 000 0.0
0.010 0.10 25.0000 249.999 997 0.100 000 0.0
0.060 0.25 62.500 0 249.999 997 0.250 000 0.0

10 0.50 125.000 0 249.999 997 0.500 000 0.0

50 0.75 187.500 0 249,999 998 0.750 000 0.0

100 1.00 250.000 2 250.000 000 1.000 001 0.8
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FIGURE 17. Results of linearity and frequency dependence performance of the RCT.

Table VI summarizes the performance of the RCT inorder. It is a measure of how much the current waveform
terms of input current level and the frequency of the cur-is distorted, compared to the current, from a purely resistive
rent. It is shown that the RCT exhibits a good performancdoad.
based on the small relative error of nearly 1 ppm at 1.0 A and S0 ]%N(n)

100 kHz, as shown in the last column of Table VI. THD = Venmr N 100 (23)
IIN(fundamenta)l
3.3. Performance of the RCT under harmonic noise The highly distorted CFL current waveform was obtained

from a high-accuracy analog-to-digital sampling system de-
As it is known, the most common non-linear loads currentlysigned by the Centro Nacional de Metrolag México, CE-
available are the Compact Fluorescent Lamps (CFL). NowaNAM [47]. The CFL was fed at the line frequency of 60 Hz.
days, these devices are replacing the Incandescent Bulbs (IB) high-precision current shunt was connected in the current
because of their higher energy efficiency, but they generatpath to provide a voltage signal for the sampling system. The
highly distorted current waveform during their operation duesampling system frequency was programmed to 61.44 kHz,
to the AC to DC conversion process on its electronic ballastwhich allowed having 1,024 samples per cycle of the sam-
Therefore, the methodology followed in this work is injecting pled signal. The observation window of the sampling system
a highly distorted signal to the TF of the RCT to evaluate itsis 1 s. Figure 18 presents the CFL current waveform applied
response. According to the definition, the total harmonic conto the TF of the RCT, the output voltage waveform obtained,
tent of a waveform is compared regarding its fundamental, aand the IB current waveform to observe the degree of distor-
expressed by Eq28) [46], wheren represents the harmonic tion of the CFL current waveform compared to that generated

Rev. Mex. 5. 66 (5) 589-603



1.00

T
= =Incandescent bulb
—CFL(,)

—=Output voltage (Vom)f

Input current (A)

-0.50

-1.00 -

I I I
15 20 25
Time (ms)

L
0 5

FIGURE 18. Highly-distorted input current and output voltage

waveforms.

by a resistive load, as in an IB. Note that due to the high-
linearity and wide bandwidth of the RCT, the output voltage

has the same shape as the input curren

A custom algorithm designed by CENAM was used to

I
30

t.

utput voltage (V)

S
o
3
O
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Discrete Fourier Transform (IDFT) with spectral leakage mit-
igation for non-coherent sampling. The method estimates
correctly the values of magnitude and phase components at
part-per-million levels from the maximum energy that pro-
vides the DFT without it being necessary to occupy analytical
approximations of the spectral response of the signal under
study [47]. The CFL current waveform has a THD of 89.8
%, and a fundamental component and ninety-nine harmon-
ics components form it. The amplitude of the fundamental
component is 0.277 5 A. The even and odd harmonic com-
ponents have a percentage relationship concerning the fun-
damental component in the range from (0.1-0.3) % and (0.3-
69.4) %, respectively. The amplitude and phase components
of the input current and output voltage can be observed from
Figs. 19a) to 19d).

A comparison of the amplitude and phase components be-

obtain the amplitude and the phase components of the sarfween the input current and the output voltage are presented
pled waveform. The algorithm is based on the Interpolatedn Figs. 20a) and 20b), respectively.
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FIGURE 19. Results of the frequency analysis of the RCT. a)lnput current amplitude components. b)Output voltage amplitude components.
c)Input current phase angle components. d)Output voltage phase angle components.
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FIGURE 20. Comparison of the amplitude and phase components of the input current and the output voltage. a)Amplitude components.

b)Phase angle components.
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FIGURE 21. Amplitude and phase errors of the output current with respect to the input current. a)Relative amplitude error. b)Phase angle
error.

The relative amplitude error of each harmonic compo-signal and other applicatiori®., active pulse width modu-
nent of the output current regarding the input current is comiation rectifiers, and light-emitting diode lamps, etc., where it
puted by Eq. 22), and they are shown in Fig. 21a). The is possible to determinate the amplitude and phase errors of
most significant amplitude errors are presented when the hathe RCT throughout its operating range from DC to 100 kHz
monic component has a percentage relationship concernirfgom its electric model.
the fundamental component in the range from (0.1-0.3) %. Although the thermopile output voltage is only 37 mV at
The phase angle error of the output current regarding the irfull scale, it is beneficial for monitoring the status of the RCT.
put current is computed by Eg24), and they are shown in Additionally, it can be used as a ratio between both output
Fig. 21b). The most significant phase errors are presentegbltages signals available and have a redundancy method in
under the same conditions of amplitude percentage, as statedtical electric current monitoring processes.

previously. As future work, the next stage is the construction and
characterization of the RCT designed and modeled in this
Phase angle errer Phase angléour work, and subsequently, increase its current capacity and

_ Phase angldy (24) bandwidth up to 10 A and 10 MHz, respectively.
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