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Abstract: Performance-favourable and noteworthy characteristics of the Boost converter are reported, when the
latter operates in Maximum Power Tracking (MPT) mode, while fed from a fixed internal resistance power source
specifically a Thermo Electric Generator (TEG). It is found that if the converter is controlled with Pulse
Frequency Modulation (PFM), for a specific value of inductance, the inductor current inherently remains on the
boundary of continuity for the whole control range, that is under all conditions, resulting in reduced switching
losses. Furthermore, MPT is possible without the sampling of any current but only with the sampling of the
converter input and output voltages. The above theoretical findings have been verified by an experimental
prototype.
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I.  INTRODUCTION

A thermoelectric generator is capable of generating electricity by exploiting a temperature difference in a thermal system.
This is a particularly useful arrangement in wasted heat recovery systems, such as those currently tested on combustion
engine vehicles, where a TEG is used to exploit the temperature difference between the vehicle exhaust and the ambient
air [1,2]. The produced electrical power can be high enough to negate the need for an electromechanical alternator,
thereby enhancing the overall engine efficiency. Due to the low output voltage of TEG cells, a Boost converter is typically
used to interface the cells to the electrical load, [3,4,5,6,7,8].

Because of the variation of the cell voltage, due to temperature variations, and the variations of the load resistance, an
MPT control method is also typically employed [3,4,5,7] in order to extract maximum power under all conditions from
the TEG cell. The MPT methods, similar to those used with photovoltaic cells, normally require one or more of the
following: current sensing [5,9], fractional open or short circuits [3, 10], tuned Pertrube & Observe (PO) algorithms,
Incremental Conductance (INC) algorithms [5,11].

Recent development in this field has been the employment of a Zero Current Switching (ZCS) technique in order to
reduce the converter losses [12, 13], with a more recent one that works in conjunction with a fractional short-circuit MPT
control method, [4]. In these systems, instead of Pulse Width Modulation (PWM), PFM is employed, where a constant
ON time is used for the control of the converter power switch, while the switching frequency is varied in order to achieve
MPT.

An alternative PFM-based, control method is proposed in this paper, with its relative merits and disadvantages, but mostly
revealing noteworthy inherent properties of the Boost converter. These properties are as follows: a) while performing
MPT, the Boost converter, if operated with PFM, and for a specific value of inductance, remains on the boundary between
Continuous Inductor Current Mode (CICM) and Discontinuous Inductor Current Mode (DICM) for the whole MPT
control range, and b) MPT can be achieved only with the sampling of the input and output voltages. These properties lead
to the advantage of naturally achieving ZCS, resulting in reduced switching losses. Also, MPT can be implemented easily
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and allows for variable output voltage. This means that a super capacitor may be used for energy storage at the output of
the converter, Fig.1, with its varying voltage not affecting the MPT process, contrary to methods which require a fixed
output voltage, i.e. a battery. This system forms a candidate for a heat recovery arrangement, where energy storage is
required in order to reject the variations of the output of TEG cells, such as the variation of a vehicle’s exhaust gas
temperature at different operating regimes; for example idle and full throttle.
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Fig. 1  Block diagram of the system under investigation.

In the following section a number of comparative analyses will be presented. First it will be shown why operating the
converter in DICM, instead of CICM, allows for easier implementation of MPT. Then, further to that, it is shown that
operating in DICM requires less control effort than in CICM. Finally, a comparative analysis between operating with
PWM and PFM reveals the property of the proposed system to operate on the boundary between continuous and
discontinuous inductor current, and a microprocessor-controlled experimental prototype verifies the above findings.

1. MAXIMUM POWER TRACKING ANALYSIS

A. Assumptions

For the analyses presented below, the thermoelectric generator is modelled as a voltage source, whose amplitude is a
function of the temperature difference between its two surfaces, and an equivalent series resistance, Fig.1. It has been
shown by measurements in [14] and [15] that this resistance is fairly constant and independent of the thermal energy
applied to the TEG. In order to extract maximum power from the generator one needs to present it with a load of
resistance equal to the equivalent internal series resistance of the generator.
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Fig. 2  Boost converter used for maximum power tracking

The Boost converter of Fig.2 may be designed to operate in either Discontinuous or Continuous Inductor Current Mode
(DICM/CICM) can be used. It would initially appear that there is no possibility for CICM due to the possible absence of a
load - it could happen so that the thermal source provides power at times when there is no load (R, in Fig.1) connected to
the system, so the converter only charges the storage capacitor. However, it should be considered that the storage
capacitor, C, in Fig.2, will typically be in the order of tens or hundreds of Farads, resembling a stiff DC voltage source.
An effective load resistance can then be defined as follows.
The output power of the converter is:

P, =V,

o Yo

1
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Where, Icayg IS the average capacitor charging current.

And the input power (while in MPT mode):

V.
Po=2 @
S
By equating the input and output power:
Vin2
Cave :V R ®)
0" 'S
An effective load resistance can now be defined:
V A
R, =—2 =R, -2 @)
Cave Vin

It then applies, as generally known, that the converter operates in the DICM when (5) is satisfied.

2
k<t$(l—t_|_ﬂ) (5)

_2Lf
R
And t,, is the time during which switch S is in the ON state, and f=1/T is the switching frequency.

Where, k (6)

e

If (5) is not satisfied then the converter indeed operates in the CICM.

It should be mentioned that in deriving the MPT-related equations, the source voltage, e, may not be used, as it is not
easily measurable in practice. Apart from causing a momentary open circuit [3], with its associated disadvantages, the
only way to measure this voltage is by employing an auxiliary TEG cell with no load across it, placed close to the main
TEG cells. However, this arrangement cannot guarantee correct measurement in the case of non-even thermal distribution
across all the cells, and also increases the cost/complexity of the system.

Al. DICM

In order to analyse the MPT operation of the converter under any mode, the equivalent input resistance of the converter
must be known. Equating this resistance with the internal source (TEG) resistance will then yield the necessary control
function.

The equivalent input resistance of the converter in DICM can be based on the average inductor current. From Fig.2 and
Fig.3, equations (7) and (8) can be derived.

~ V.
I = —Il_nton (7)
~ V. -V
I — 0 n 5 (8)
L
The average inductor current can then be found from (9).
2
I, = 11 ((t, +5)—D&E 4 Vinlon Vo )
T2 2LT(V, -V,,)
I,
I
o |' ton —imal | €
~ > -

Fig. 3 Boost inductor current in DICM
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The equivalent input resistance of the converter can then be defined as:
in 2
., t, V., f

For maximum power transfer, it applies that Ri;=R,. The required switch turn-on time can then be found by rearranging

(10) to:
2L(V, -V,
tn = — (11)
V, fR,

This equation indicates that MPT control can be achieved only by knowledge of the input/output voltages. Both PWM
and PFM can be used to implement this function.

(10)

A2.CICM
In CICM, it is known that the average inductor current of a Boost converter is:
I
av = —c;: (12)
1—-on
( T j
and the input voltage relates to the other variables as follows:
t
Vin =V, (1— %) (13)
The equivalent input resistance of the converter can then be defined as:
2
{
V Vf’(l_;nj
R=-"—"=—» 2 (14)

Substituting 1, in (14) (using equations related to power equilibrium) always cancels the term Ry, and results in equation
(13). This means that R, cannot be defined in terms of the input and output voltages. The output current (or the input
current if (14) is rearranged) is required for MPT control.

B. Uncontrolled converter operation

It is possible to allow the converter to operate with a fixed duty ratio and accept any deviation from the maximum power
transfer due to changes in the source or storage capacitor voltage, e and V, respectively in Fig.2. An evaluation of the
expected deviation in power transfer is presented below, for both DICM and CICM, in order to assess what is the control
effort otherwise required to maintain MPT — a criterion that relates to the difficulty of designing a control system in either
case.

Referring to Fig.2, the power drawn by the Boost converter (not under MPT but generally) is:
P= Iave_ Iaszs (15)
The average input current of the converter in DICM as a function of the source and output voltage is:

_ —2Lf(V, —e)-R.D?V, £VA

I 16
v 4LIR, (19)
where A = 4L2f2(V, —ef’ +R*D*V,? +4Lf (V, —e)R.D?V, —8LfR.eD?V,
The maximum power that can be drawn by the converter is:
X
P =— 17
"~ IR, (7

Fig.4a shows the plot of the ratio of equations (1) and (4). It reveals how different the power transfer is from the
maximum one if the converter works with constant duty ratio as the input and output voltages vary. The duty ratio has
been fixed to a value that evenly distributes the curvature around the surface. The plot is unaffected by the value of R, L
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and f as long as discontinuous operation is considered. It is shown that the maximum deviation in power is around 12%.
This loss can be avoided if a variable duty ratio/frequency control scheme is implemented so as to keep the converter at
maximum power transfer.

Using similar methods, the plot of Fig.4a was generated for CICM, shown in Fig.4b. The plot was generated for a duty
ratio that gives the smallest deviations in power. Yet, it is obvious that these deviations are quite large, especially at low
source voltages. This is an indication that the CICM sets higher requirements on the MPT control than DICM does.

P/P

0.95-
09-

0854
50 e

Fig. 4. Operation with fixed duty ratio. (a) DICM, (b) CICM.

Taking into account all the above considerations, the DICM is found to be more suitable for the application. It requires
smaller control efforts to keep the converter in MPT and it does not require the use of a current sensor. Apart from these,
it will be shown next that it is possible to operate the converter on the boundary of DICM, where certain advantages come
into effect.

C. PFM vs. PWM

Having concluded that operation in the DICM is preferable, the control method must be investigated. PWM is widely
known, however, there is also the PFM method, where the on-time of the converter switch is fixed and the frequency is
variable. To express all the equations described above in terms of PFM control, it is sufficient to replace the duty ratio
notation with equation (18).

D=t,f (18)

The main difference between the two control methods lies in their capability to keep the converter in the DICM. It will be
shown that the PWM method requires very small inductance values to maintain the DICM. Small inductance values
however result in higher inductor and switch currents and therefore reduced efficiency.

The evaluation is based on the value of inductance required for each method to maintain operation on the boundary
between DICM and CICM. That is, when (19) is satisfied:

k=D(-D) (19)

For PWM, D is found by (11) and k is found from considering (4) and (6), equation (20).
 — 2LfV, 2 0)

RSV02
The solution to (20) is then:
2 2
L= RsVo 6/0 VoVin Vin ) (21)
2f (Vo _Vin {Voz _VoVin + \/Vo (\/ovin2 _Vins)j
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This means that for PWM, in order to maintain DICM, the inductance must always fall below the value indicated by (21).

To find the minimum value of L for the whole range of operation, one needs to consider the maximum input voltage and
minimum output voltage. This will be shown later in Fig.5, as a comparison with PFM control.

For PFM, using the t,, notation, equation (18), the control function, equation (11), turns into (22) (variable frequency).

f = 2L(Vo _\éin) (22)
VO RStOn
Substituting (22) to (20) we obtain k in terms of t,,:
4LV, 2 (v, -V
k — Ig (20 5 m) (23)
VO RS ton
Also, in (19), the duty ratio is replaced with:
D=ft, = 2L, ~Vin) (24)
VO Rston
The solution to (19), considering (23) and (24) is then:
1
L==Rt 25
2 sTon ( )

An interesting point is revealed by (25). It shows that the solution to (19) is independent of the input/output voltages when
PFM control is used. If the inductance has the value indicated by (25), then the converter operates on the boundary
between DICM and CICM under all conditions.

That fact that the converter operates with varying frequency is typically considered as a disadvantage, due to the effect of
this on the design/size of the filtering components. However, in this case, a super capacitor is used at the output of the
converter, rendering the output filter sufficiently large even for very low frequencies. The remaining problem is the input
filtering component, C; in Fig.2, which should be large enough to effectively perform filtering at the minimum operating
frequency. However, this proves to be not particularly problematic due to two reasons. The first reason is that the
typically low output voltage of TEG cells translates to a low voltage rating for the filtering capacitor, leading to reduced
size. The second and more important reason is that the converter spends very little time operating at the minimum
frequency, and so a relaxation may be applied in the selection of C;, i.e. a lower value/size may be allowed. The reason for
which the converter spends very little time operating at the minimum frequency is the following: first one shall consider
that the minimum operating frequency occurs when the output voltage is close to the input voltage, Eq.(28), that is when
the super capacitor is almost discharged and the TEG voltage is at its maximum — that is when these two voltages become
comparable. This is the case where the TEG is supplying the highest output power and the super capacitor is at its lowest
charge state, in which case the rate of charging of the super capacitor is faster than under any other condition - taking into
account E=0.5CV?, for the same amount of power sent to the capacitor its voltage rises faster when the latter is
discharged.

Fig.5 shows the relation between the inductance needed in PWM and PFM for operation on the boundary of
DICM/CICM. The plot applies for any value of Rg; also, in order to make the comparison, it has been assumed that the
turn on time of the switch in PFM is equal to the period of switching in PWM (t,,=1/f). For large voltage conversion
ratios, the inductance needed in both cases is almost the same. However, when nominal input voltage (around 5 V in this
case) and low output voltage is considered, PWM requires much smaller inductance in order to keep the converter in
DICM. The reason for this is that the effective resistance of the load under MPT is dependent on the input/output
voltages, equation (4). With low output voltage and nominal input voltage, the effective load resistance becomes very
low, forcing the operation to DICM. With PFM control this situation can be overcome by variation of the switching
frequency. In fact the compensation is acting complementary to the effect, resulting in guaranteed operation on the
boundary of DICM, when (25) is satisfied.
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Fig. 5. Comparison of inductance needed for boundary DICM MPT operation, between PWM and PFM.

The operation of the converter on the boundary of DICM is advantageous. Of all the operating points in DICM this is the
one with the lowest peak-to-average inductor current. Also, the Boost diode self-commutates off because its current goes
to zero before the switch turns on. In its turn, the switch operates with Zero Current Switching, which means that its turn-
on losses are greatly reduced. Finally, the realisation of synchronous Boost converter scheme is quite easier in this mode,
since the switching times for the devices are easily defined. These advantages are further pronounced due to the fact that
the operation on the boundary of DICM is achieved for the whole range of input/output voltage conditions.

1. DIGITAL CONTROLLER

The control function for the operation of the converter in MPT is given by (22). The input and output voltages must be fed
back to the controller. The controller then will force the system to settle in MPT. Analogue electronics can be used to
implement the control function. However, as explained in the introduction, the MPT system might have to experience
wide temperature variations if used in TEG applications. In order to avoid the DC offsets and thermal drifts associated
with analogue electronics and increase the accuracy of the MPT converter, it is suggested to make use of a digital
controller.

Using a DSP to implement (22) would be unreasonable and characterised as underutilisation of the processor, even with
the simplest cores. Low-end microcontrollers, on the other hand, would lack the required resources to implement the
control function in real time. Medium power microcontrollers would be more suitable for the application.

However, it is possible to lower the cost of the system by using a low-end microcontroller along with a Look Up Table, as
shown in Fig.6. The LUT can directly indicate the required switching frequency, based on the sampling of Vi, and V,, and
then the microcontroller can generate the frequency with a minimum number of calculations. This arrangement poses
minimum overhead to the microprocessor, allowing it to perform other background tasks that might be useful to
neighbouring systems.
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Fig. 6. Microcontroller based MPT system.
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The LUT can be implemented with an EPROM. The irregularity of the above system is that the control function leads to a
two-dimensional LUT. This issue can be overcome by breaking the linear input address of an EPROM into two blocks,
Fig.7. For a standard 8-bit system, a 16-bit input EPROM is needed, specifically the 27C512. The programming of the
memory is based on (22) and (26).

A — 8-bit Input
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MSB =
. 4D—‘>
- -
— = . —
A —T — >  8-bit Input
. 4D—‘>
- -
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—
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16-bit Input 8-bit Output

VOV VVV VWV
8-bit Qutput

Fig.7. ‘Folding’ the linear address of a 27C512 EPROM to form a 2-D LUT.

The output of the LUT is converted to a switching frequency signal by the microcontroller. The relation
frequency=f(LUT) is not linear in most cases due to microcontroller computation delays. These must be taken into
account when programming the EPROM. For example, with the microcontroller used for the experiment, there was a
fixed computational delay of 1.4us and a further 0.4us was added for each of the 256 states of the output of the LUT.
Therefore, the PFM output (Fig.6) frequency as a function of the LUT value can be calculated by (26).

1
f(MHz)=
(MF2) 1.4+0.4(256— LUT) 29

Two extra functions can be implemented in the LUT. The first is storage capacitor overvoltage protection, by
programming for zero LUT output when V, is above a defined limit. The second function embedded into the LUT is the
shutdown of the converter when V;,>V,; again zero output is generated. According to (26), zero value from the LUT will
result to low frequency operation. However, a separate logic, hardware or software based, can detect the zero output of the
LUT and disable the switch driver.

The output of the microcontroller is a short pulse at the required frequency. A specific value for the t,, of the switch is
also required by design. This is performed by a pulse shaper, Fig.6, which when triggered by the PFM output produces a
pulse of fixed duration.

It is shown in Fig.6 that the control signal is either fed from the microcontroller or an auxiliary generator. The purpose of
this generator is to aid the start-up of the converter. In the initial state of operation, the storage capacitor is charged
through the Boost diode, as its voltage is lower than the source voltage. Due to this clamped operation, the MPT system
cannot be initiated as it sees zero voltage difference between input and output; equation (22) then outputs a zero switching
frequency. The generator produces bursts of pulses at frequent intervals in order to test whether the converter is ready to
operate in MPT, that is, when the storage capacitor voltage reaches half the source voltage. The frequency of these bursts
is not critical, but should not be very high so as to avoid interference with the initial charging of the capacitor; a frequency
of 200Hz was selected for the prototype. The auxiliary generator is seen in Fig.6 as an external to the microcontroller
system. However, this is shown for clarity, as this function can also be microcontroller embedded.
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V. CONVERTER DESIGN & EXPERIMENTAL RESULTS

A. Design
The design of the converter is straightforward and begins with the selection of input and output voltage ranges. These will
determine the maximum and minimum frequency of operation;

_ 2l—(VoMAx _VinMIN)

e (27)
MAX VoMAX Rston2
— 2L(V0MIN —Vinvax ) (28)
MIN — 2
Vown Rston

A value for t,, can be given to set the two frequencies to reasonable levels. It should be considered, however, that the
turn-on time can never exceed the minimum period of switching, equation (29).

1
t,, < (29)
fMAX
The value for the Boost inductance can then be calculated by the boundary DICM constraint:
1
L = E Rston (30)
The maximum peak inductor (equal to maximum switch current) can be calculated by (31).
I Vi MAX
lyax == ton (31)

L
An iterative design method can be used with (27)-(31) if a specific result is required, for instance maximum peak current
below a predefined limit.

B. Experiment

A prototype was built to validate the theoretical findings, as shown in Fig.2. The values of the components used are listed
in Table I. The prototype was built for a TEG installation with an open circuit voltage between 4-10 V, therefore, under
MPT, a converter input voltage of 2-5 V. The output voltage range was 7-15 V; taking into account E=0.5CV/?, this means
that the capacitor utilisation is just above 78%.

TABLE I
PROTOTYPE COMPONENT VALUES - Circuit of Fig.2

L 5 uH
Rs 10
Co 1F
[ 1000 uF
D BYV42
S IRFZ44

The peak inductor current was chosen to be just twice the maximum average current (5 A), so an inductance value of 5pH
and a t,, of 10 us were chosen, equations (30) & (31). According to the above, (27) and (28) give f;»=29 kHz and f,,,,=93
kHz.

In order to test the circuit, the internal voltage of the TEG had to be measured. Therefore, a power supply with an
externally connected resistor was used instead. The power supply was internally compensated so it did not present any
apparent internal resistance in addition to the external one.

Fig.8 shows the converter waveforms for two operating conditions (V=7 V/f=71 kHz, V,=14 V/f=86 kHz). It is shown
that the input voltage of the converter has settled to half the source voltage, meaning that MPT is achieved. Equally
important, and as theoretically predicted, it is shown that the inductor current remains on the boundary of discontinuity
under these two different conditions.
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Fig. 8. DICM is maintained under different conditions. (a) V,=7.5V (b)V,=14.5V. Scales: I, 2A/div, e 2V/div, Vi, 2V/div,
t 10s/div, frequency shown in figure.

Fig.9 shows the converter waveforms under nominal power (25 W) and an output voltage of 14.5 V (corresponding to
f=66 kHz). The inductor current remains on the boundary of discontinuity and MPT is also retained. The peak inductor
current is 10 A, twice the average input current. The voltage across the device appears to slide smoothly from V, to zero
with no apparent evidence of significant turn-on losses.

AN NN S NN % Ve
R TR E A
@ 3 (b)

Fig. 9. Operation at nominal power. (a) Source/converter input voltages (b) voltage across converter switch. Scales: I,
5A/div, e 2V/div, Vi, 2V/div, t (a) 10s/div (b) 5s/div.

The transient behaviour of the system is shown in Fig.10a. A time of around 10 ms is required for the system to settle
after a step change of the source voltage from zero to 8V. This includes the time taken for the filter capacitor, C;, to
charge from R; to 4V. For a thermal system, this dynamic response is sufficient in most cases. Fig.10b shows an arbitrary
change of the source voltage, with the converter input voltage following closely at half the source voltage, indicating the
precise tracking of the maximum power.

Iy,
, ) u
e’ N
| Mn ! S N
AN , Vin ;;
(a) (b)

Fig.10. Transient behaviour of the MPT system. (a) Zero source voltage to 10V (b) arbitrary source voltage change.
Scales: I, 5A/div, e 2V/div, Vi, 2V/div, t (a) 5ms/div (b) 0.5s/div.
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A maximum power tracking Boost converter has been described for use in supercapacitor energy storage from
thermoelectric generators and other similar sources. The analysis of the converter has shown that the Discontinuous
Inductor Current Mode operation is the most suitable for this application, also allowing the system to be current-
sensorless. Furthermore it was shown that it is possible, with the use of the PFM control method, to establish operation on
the boundary of the DICM throughout the whole range of input/output voltage and while maintaining maximum power
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V. CONCLUSION

tracking control. This operation results in the lowest possible converter losses, both conduction and switching. A simple,

low-cost digital controller with a low-end microcontroller and a Look-Up-Table was described for the control of the
converter. Measurements from a 25W prototype have verified the capability of the converter to operate on the boundary

of DICM under any condition and the accuracy of the digital controller in extracting maximum power from the source.
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