Efficient, 50 mV startup, with transient
settling time <5 ms, energy harvesting
system for thermoelectric generator
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A prototype chip fabricated in 130 nm CMOS technology, designed to
extract maximum power from a thermoelectric generator (TEG) is pre-
sented. In the measurements, the TEG is modelled by a voltage source
(Vreg) with a series resistance of 5 Q. The prototype is fully electric,
starts from Vg =50 mV and it can extract 60% (at 50 mV) to 65%
(at 200 mV) of the available power. Also by using present circuit sche-
matic, an improved transient response of 3 ms (at 50 mV) and startup
voltage of 50 mV is achieved.

Introduction: A common type of sensor used to convert thermal energy
to electrical energy is a thermoelectric generator (TEG) [1]. Several
works have been reported to convert the output of a TEG which is typi-
cally around 50 mV to around 1V, so that it can power any load, which
can be an electronic circuit or a rechargeable battery. In this regard, DC—
DC converter have been an attractive device for elevating low voltage to
high voltage [2]. In low-voltage applications also, the most popular tech-
niques for DC-DC conversion is the use of the switched capacitor
method, or inductively charging a capacitor [2]. The latter is more effi-
cient and has also been widely reported in the literature. The DC-DC
converter can be self-starting, or start by external means. The startup
voltage, startup time and efficiency of the converter circuit are areas
of improvement. This Letter presents the circuit architecture along
with formulations that can be used to extract maximum power from a
TEG, with low startup voltage. It can also reduce the transient settling
time compared with [1, 3].

Circuit implementation: The overall architecture of the circuit is shown
in Fig. 1. The auxiliary converter is driven by a low-voltage starter
(LVS, shown in Fig. 2a), which is a two-stage enhanced swing ring
oscillator [4], which starts up at around 30 mV. The LVS also has a
12-stage Dickson charge pump (DCP) that converts the AC swing
into a DC voltage used to start the first current starved ring oscillator
(CSRO-1), shown in Fig. 2b. At the 700 mV output provided from
the DCP, the CSRO-1 oscillates with a time period of 10 us. CSRO-1
drives an auxiliary boost converter stage, which consists of an
N-channel metal oxide semiconductor (NMOS) switch, a low V;
on-chip diode and an external inductor Loyx. Through an external
inductor, the auxiliary converter boosts the voltage at Vpp; node to
600 mV, the Vpp; node has an on-chip capacitor of 1 nF. With this
capacitor value, the ripple at Vpp; is around 20 mV. The peripherals
at Vpp; node consume a current of 1.5 pA at 600 mV and 4 pA at 1 V.
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Fig. 1 Simplified block diagram of circuit. NM0-2, are low V, NMOS
switches and PM1-3 are low V; PMOS switches. REF0 is non-linear refer-
ence generator, and REF1-4 are node sensing networks. (W/L); NM1, 2:
480 x 4 um/0.12 um, PMI1, 2: 120 x4 um/0.12 um, NMO: 48 x 4 um/
0.48 pm, PM3: 3 x 4 um/0.12 um
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Once Vpp; reaches 600 mV, the peripheral circuits start to work.
Second CSRO-2 provides a clock of 40 us at 600 mV for the Lenvi 2,
and using control logic, complementary clocks (CLK and CLKbar)
were generated to drive the switches NM-1, 2. A zero-current switching
(ZCS) network generates two pulses (7}, and Vbar) to close and open the
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switches PM-1, 2, according to the state of art mentioned in [3]. In ZCS,
we have 16 delays in the range of 0.5-2.5 ps to cover the 50-200 mV of
the TEG voltage, maintaining the required voltage resolution. The
sequential search algorithm was used to choose one of the delays, accord-
ing to the rising or falling edge of the Vswp, » polarity, with respect to the
pulse Vp/Vppar [3]. After boosting Voyr from 600 mV to 1V, the switch
St is closed. In our design, the inductors are energised separately for two
cycles of the clock pulses as shown in Fig. 3. Using this technique, we can
extract more than 50% of the maximum available power from the TEG,
without using any input capacitance Cpy in Vi node of Fig. 1.
Reference voltages are generated at V'pp; and Voyr nodes and to regulate
the power. The output voltage is regulated close to 1 V. Fig. 4 shows the
picture of the die realising our proposed circuit.

Vin
LI Ll
MN, | MN,
DCP
‘
To RO-1
a b

Fig. 2 Circuit schematic for low voltage starter

a LVS block showing ESRO + DCP. MN, , are zero ¥, transistors
b CSRO circuit configuration, R =8 MQ is on chip
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Fig. 3 Clock scheme to control switches, NM1, PM1, NM2 and PM2. Figure
also shows charging and discharging of currents through inductors Lcyy,
and Lcnys. Switches PM1 and PM?2 are closed for Topp period. Duty
cycle Dy = Topp/Tsw

Selecting inductors for ESRO, auxiliary and main stage
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The minimum startup voltage and oscillation frequency are two cri-
teria to select the inductors for enhanced swing ring oscillator (ESRO)
shown in Fig. 2. Equation (1) can be used to determine this criteria
[4]. In (1), gms/gma is extracted for MN,, (W/L=6x40x4 um/
0.42 pm) and its value is 1.57 at 30 mV, K=L,/L,, and Rp and Lp are
the parallel equivalent of L;, C,. is the equivalent capacitance at
the gate of MN; and MN, and is 18 pF. The chosen value of L=
0.47 mH (Rp =260 kQ at 1 MHz) and K =35 can give an oscillation fre-
quency f, =650 kHz sufficient for the functioning of DCP. With this
value of inductors, the ESRO starts to oscillate at 30 mV, but can
only drive a CSRO when input reaches 50 mV.
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Fig. 4 Photograph of die implementing circuit of Fig. 1
The output power (Pp) available to the load is /o X Vg [5], and can be
expressed as
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In (2), Req=Rsw + Rinp + Rreg, Rinp is the internal resistance of the
inductor, and Rgw is the resistance of the switch. For the main stage,
(2) can be multiplied by 2, when the inductor is energised for both
halves of a cycle shown in Fig. 3. Fig. 5 shows the plot of (2).

Fig. 5 In plot, we have used Rsyy= 0.5, Rjnp =0.6 2, Rrpg =5 Q2 and
Vieg =50mV. Leyys, > =100 uH can extract maximum power and L,yx
=560 uH can power the peripherals (4 uW at 1 V)

Measurement results: To measure the response of the chip, we have
used a source unit and a 5 Q resistance in series. The setup was used
to emulate the model from a Tellurex TEG, which has a sensitivity of
25 mV/K [2]. The value of the external components used are: Coyt =
26 l’lF, LCNVI,Z =100 ]JH, LAUX =560 l,lH, ESRO: Ll =0.47 mH, Lz =
2.2 mH. In the output, a variable potentiometer Royr = 0-50 kQ was
connected as a load, and the measurements were recorded. The defi-
nition of efficiency (i.e. ) used in this work is given by
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In (3), Vour is the voltage across the load, which in our work is nearly
equal to 1 V. However, this voltage will depend on the reference genera-
tor susceptibility to process variation. The efficiency varies from 60 to
65% at 50 and 200 mV, respectively. In Fig. 5, with lossless converter
and no power consumption, a 90 uW power can be obtained. A power
of 4 uW (at 1 V) is consumed by the auxiliary circuit. After transient
loss, we are able to obtain 75 pW of power, which corresponds to
60% of the efficiency.
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Fig. 6 shows the response of the chip for 50 mV input voltage, Ch2
(trace in light blue) corresponds to Vpp; and Chl (trace in blue) corre-
sponds to Vout. The figure indicates that the Vpp; and Vour closes at
600 mV and the output is boosted to 1 V, and then the output is regu-
lated close to 1 V. This clearly demonstrates the working of the proto-
type chip. Also a transient settling time <5 ms is achieved, which is a
considerable improvement over the past work (see Table 1).
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Fig. 6 Transient response when Vigg =50 mV

Table 1: Performance comparison

Transient time Startup voltage Efficiency CMOS
(ms) (mV) (%) technology (nm)
[ 13 35 m\/s‘fvrzzﬁl)lanical 58 S;;l to 350
3] 20 (selsf?str:r:;ng) 73 (peak) 65
\3/-211'15( 3 (selsff)st[:r:;ng) 65 (peak) 130

Conclusion: A fully electrical energy harvester for a TEG, implemented
in 130 nm CMOS process is presented. The measurement result shows
that at 50 mV, transient settling time <5 ms, with peak efficiency of 65%
and 50 mV startup is achieved.
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