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Abstract— Described in this paper is a method for improving higher harmonic cancellation in Nuclear
Magnetic Resonance (NMR) transmitters, which are used in oil and gas well logging tools operating at 175°C.
Multi-module multi-level topology which combines the outputs of several identical power modules operating
at 50% duty cycle at the fundamental frequency provide the versatility needed for both low harmonic sine
voltage synthesis and amplitude control. Cancellation of the output voltage higher harmonics is achieved by
creating fixed relative phase shifts between the individual modules of the multi-module converter. The
amplitude control employs the Chireix-Doherty outphasing modulation principle with added feed forward
correction circuitry. The possibilities of a 20% increase of the tool signal to noise ratio (SNR), as compared to
that of a two-module transmitter has also demonstrated significant increase in the tool life expectancy.

Index Terms—accuracy, Chireix-Doherty outphasing, harmonic cancellation, Nuclear Magnetic Resonance
(NMR), life expectancy, MOSFET conduction losses, multi-module converter, SNR improvement.

I. INTRODUCTION

The high frequency DC/AC converters, operating in the frequency range of few hundred kilohertz, are used as RF
transmitters, producing tenths of kVA output pulses to excite resonant loads/antennas of the most advanced oil and
gas exploration tools, the Nuclear Magnetic Resonance (NMR) logging tools [1]. NMR down-hole logging tools are
capable of detecting and differentiating formation fluids such as free water and oil as well as differentiating gas from
oil in hydrocarbon bearing reservoirs. This method is useful when other methods fail to give complete answers [2],
[3]. NMR transmitters operate in a hostile environment with ambient temperatures reaching up to +175°C and
beyond and with pressures to and over 200 MPa [4]. Because of such harsh operating conditions, the power
dissipation in the transmitter and the limited heat-sink capabilities of the high-pressure housing create significant
challenges for developers of NMR transmitters. The housings, made of mechanically very strong alloy such as
Inconel, have high thermal resistivity R,,. The resulting additional temperature rise ATj, proportional to the power
dissipation P; and R, decreases the lifetime expectancy #, of the power components and the total tool reliability [4] -
[8]. Moreover, the excessive power dissipation also affects the accuracy of the tool. This relates to an increase of the
per-pulse energy, which depletes the capacitive energy storage more rapidly, decreasing, in turn, the maximum
number of tests that can be performed.

A common method of decreasing the power dissipation is to parallel the multiple switching devices [9]. Other
methods are based on the removal of unwanted harmonics from the output current, using output filters or special
topologies and control methods to eliminate the higher harmonics from the output voltage of a transmitter or a
DC/AC converter [10] - [23]. The fundamental switching frequency control methods have an advantage due to the
lowest switching losses, especially at high frequency operation typical of NMR tools.

In this paper, based on the original research, conducted at Halliburton, the leader in NMR technology, which found
the elimination of third harmonic reduced the energy loss between 3% and 10% of the energy supplied to the
transmitter [24], the simulations of the transmitter power dissipation were performed for expended multi-module
topologies with a simple phase shift as a control method. For this analysis, three models of different complexity were
used. The simplest two-module transmitter (Case A) was used as a reference. The four-module (Case B) and eight-
module (Case C) transmitters were used to investigate how the number of modules influences the high harmonic
effects. Local feed-forward gain correction circuitry introduced to compensate the power bus voltage regulation




effects. The results were then evaluated for the transmitter life expectancy and metrology improvement vs. the
transmitter complexity.

II. MULTI-MODULE CONVERTER CONTROL METHOD

Our analysis covered the results of the power switch dissipation related only to the conduction losses of the current
measured at the transmitter output. The internal power module losses, including MOSFET switching and gate control
losses, were outside the scope of this research.

The simplest NMR transmitter (Case A) shown in Fig. 1, was used as a reference. It consisted of two power
modules loaded with a resonant LC tank, representing the NMR antenna, and a modulator [25]. Each of two modules
produced 50% duty cycle pulses for maximum value of the fundamental harmonic F,y = 500 kHz used for the antenna
excitation. The envelope shape and amplitude of the antenna excitation pulses shown in Fig. 2 were controlled by the
symmetrical phase shift +/- ¢ between the modules per the Chireix-Doherty out-phasing method [26] - [28].
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Fig. 1. Simplified schematic diagram of the reference transmitter (Case A).

12Ky Antenna voltage, Hann envelope pulses

0.9Kv+
0.6KV+

0.3KV+

”'“K"‘A‘A |‘—*ﬂw ﬂl"’_

-0.3KV+

-0.6KV+

0.9KV

1.2kv-L
70A
504
308
104
-10A-
-30A-
504+
-70A

T T T T
Ops 60ps 120ps 180ps 240ys 300ps

Transmitter output current

time

Fig. 2. NMR antenna RF excitation pulses and transmitter output current.

The parameters of the simplified schematic of the transmitter, presented in Fig. 1 and used in the simulations,
were: operational frequency - 500kHz, pulse envelope by the Hanning function, duration - 100us, DC bus voltage —
450V to 600V, antenna voltage - 1kV peak, duty cycle - 20%, antenna inductance L, = 1uH, capacitance C, = 50nF,



filter Ly = 2uH and C;= 100nF. A parallel resistor R, was used for the simulation of the antenna’s losses, following
the expression Q = R,/¥ l,. For the non-magnetic rock formations, O depends upon the formations’ electrical
conductivity and can be calculated using simulation packages such as ANSYS, etc. [29]. For most formations, Q is in
a range from 10 to 100, and R, simulation values are 30Q for Q = 10, 90Q for O = 30 and 300Q2 for Q = 100 [30] -
[32]. The transmitter (Case A) consisted of two full bridge modules, leading and lagging, and two combining
transformers TX1 and TX2. Each of the eight switches was comprised of four paralleled MOSFETSs with Ry, 0.1Q
at 25°C. At high temperature, the MOSFET Ry, increases significantly [33], [34] and exceeds the 25°C value by 4
times for IPW90R120 at 200°C [35].

A block diagram of the fully regulated multimodule outphasing sine voltage DC/AC converter/transmitter is
presented in Fig. 3. Transmitters Case B and Case C, based on the multimodule topology, employed a simple method
for the sequential cancellation of multiple higher harmonics by combining fixed o and variable U phase shifts
between the sets of individual modules marked as Mod A (leading) and Mod B (lagging) [30], [31].

The “ladder” style output voltages of both leading @  and lagging @ converters are shown in Fig. 4, Fig. 6 as
V1 for Case A, V2 for Case B and V3 for Case C. Those output voltages were formed by 50% duty cycle module
voltages using fixed phase shifts o, shown in Fig. 4 for cancelling the higher harmonics.

To cancel one higher harmonic (n) from the combined output voltage of two modules, producing identical pulses,
those output voltages have to be shifted by the angle or delay time o) equal to the half period of this harmonic8

o (1)
The amplitude V,, of harmonic n for discussed 50% duty cycle output voltage of module, operating from DC bus V,
W —o 2)

Higher harmonics cancelling should be started with the lowest numbers — 3, then 5™ and 7" if needed as carrying
significant power, sometimes exceeding the power of the fundamental one due to the resonanes in the output
circuitries [30] — [32].
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Fig. 3. Block diagram of the multimodule outphasing sine voltage DC/AC converter/transmitter.

The number M of the modules required to cancel total K harmonics from the combined output is the following:

0 ¢ 3)

This means that when K = 1 (corresponding to M = 2), the 3™ harmonic is cancelled, if K = 2 (corresponding to M =
4), the 3™ and 5™ harmonics are cancelled, and if K = 3 (corresponding M = 8), the 3™, 5™ 7™ harmonics are



cancelled. An example of forming a ladder style voltage with cancelled 3™, 5™ and 7" harmonics based on eight
modules is shown in Fig. 4.
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Fig. 4. Output voltages from eight properly phase shifted inverters form ladder style combined output.

Graphic method for each module phase shift calculation is shown in Fig. 5 and look-up Table 1 provides results of
the analytical method for shift calculation for up to 8 modules. The red, the green and the blue boxes enclose the
modules used for Case A, Case B and Case C transmitters and proper values of the fixed phase shifts. Case A
transmitter does not have harmonic cancellation, Case B with two modules has 3™ harmonic cancelled and Case C
transmitter has cancelled 3™ and 5" harmonics per lagging and leading vectors of the transmitter.
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Fig. 5. Phase shift a,, calculation algorithm for harmonics cancelling.

The multi-module transmitter combined output voltage vector @  of the fundamental harmonic is then the sum of

the vectors of the leading set of modules @  and the lagging set of modules B

@ @ @ 4)
The detailed expression based on the individual module output vectors for the fundamental harmonic is
@ wQ Q B Q Q B Q (5)

Table 1 Total module phase shift calculation, the look up table.

| Module | Module | n-th harmonic phase | Total module |



assigned | shift for module m
number | binary phase shift
code
m cm n=7 | n=5| n=3 om = cm*@
1 000 0 0 0 0
2 001 0 0 n/3 n/3
3 010 0 n/5 0 n/S
4 011 0 n/S n/3 n/5S +x/3
5 100 a/7 0 0 a/7
6 101 a/7 0 n/3 a/7 + /3
7 110 a/7 a/5 0 a/7 +w/5
8 111 n/7 n/S n/3 n/7+n/S+a/3

where 7, is the output amplitude of the first harmonic of each of M modules, U, is the individual module fixed phase
shift in reference to the carrier signal, (i is a variable phase shift used for amplitude control and ¥ is the frequency.
The calculated fixed-phase shift U, for each of M modules is the inner product of the module assigned binary code
cm and array U, containing the fixed phase shifts required for the elimination of K harmonics

| ® 0 (6)

where m is the module number, ¢, is the module assigned binary code (actual module binary number) ranging from 0
to M-1 and n is the eliminated harmonic number. Matrix ¢, dimensions are M-K. Fig. 5 shows this calculation
algorithm in graphic form for 8 modules and the boxed simpler topologies (from original Case A to Case B with
cancelled 3" harmonic to Case C with cancelled 3™ and 5™ harmonics). Table 1 shows the results of the phase shifts
U, calculation for the 8-module unregulated DC/AC converter producing quasi-sinusoidal leading or lagging vectors
with cancelled 3™, 5™ and 7™ harmonics.
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Fig. 6. Waveforms of the individual converter voltage V1. Waveform V2 represents the combined phase-shifted
voltages with cancelled 3rd harmonic and V3 represents combined voltage with cancelled 3rd and 5th harmonics.

The additional phase shift (i..; between output voltages V1 and V3 shown in Fig. 6, Fig. 8 is due to the fixed-phase
delays buildup

. -B | (7)

It should be noted that each cancelled harmonic comes with some loss of the fundamental one. At each time when
a higher harmonic was cancelled, the two combined vectors had to be shifted as shown in Table 1, resulting in a
decrease of the output signal fundamental harmonic amplitude. Finally, after combining the outputs of all M modules



with @ original values of the fundamental harmonic and the cancelling of the K higher harmonics, the value of the
fundamental harmonic w decreased down to Wy,

of bzmzB i QEp - @®)

where n =13, 5, 7... and K is the total number of the cancelled harmonics. This decrease of the fundamental harmonic
value Wp was compensated by proper correction of the combining transformer ratio [31]. The above described
method produces an output voltage with cancelled harmonics that had fixed amplitude. However, since this voltage is
proportional to the unstable bus voltage, the transmitter needed an amplitude control based on Chireix-Doherty
outphasing method.
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Fig. 7. Block diagram of Case B transmitter with cancelled 3™ harmonic.

The phasor diagram in Fig. 8 shows how this method works for the Case B transmitter where four modules output
voltages B to @ form the leading vector @  (in red), lagging vector @  (in blue) and the combined output
voltage B  (in green). The output voltages of modules 1 and 2 have relative fixed phase shift ¢; = 7/3 cancelling
the 3™ harmonic from their combined @ . The same phase shift ;= n/3 is set between modules 3 and 4 forming
@  with cancelled 3™ harmonic. The resulting transmitter output voltage @  amplitude may be regulated from
zero to Vo*4*Sin(w/3) by changing the variable phase shift +/-¢ from zero to w/2 (3). During the amplitude

modulation the combined output voltage phase stays unchanged and equal to the fixed phase buildup @ = /6 (7).
This phase shift may be corrected by the preset phase shift + n/6 of the sine carrier signal.

Case C transmitter block diagram is shown in Fig. 9. Eight modules form quazi-sinusoidal voltage with cancalled
3" and 5™ harmonics. The carrier signal corrected phase shift (7) is +(n/6 + 7/10).
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Fig. 8. Phasor diagram for the Case B transmitter with four modules producing output voltages f to P showing
how the leading fa 4 4 mgging fu & pnd combined output . , yoltages are formed.
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Fig. 9 Block diagram of Case C transmitter with cancelled 3™ and 5™ harmonics.

In the ideal case, any desired level of the combined output voltage spectral purity in the multimodule converter can
be achieved by a simple replication of the above described process of harmonic cancellation based on the
fundamental frequency switching and fixed phase shifts between the modules. In reality, however, the optimal
number of the cancelled harmonics and required number of power modules depends upon other criteria such as
improvements in the tool life expectancy, required harmonic purity and tool accuracy vs. their increased cost and
complexity.

III. SIMULATION RESULTS

For a comparative analysis, all three transmitters (Case A,B,C) were operated under the identical loads shown in
Fig. 1 and all transmitters utilized 32 transistors. The first simulated transmitter (Case A) used 2 modules with the
switches consisting of 4 paralleled MOSFETs (see the schematic shown in Fig. 1 and the output voltage V1 shown
on Fig. 6). The second transmitter (Case B) used 4 modules with 2 paralleled MOSFETs and produced output voltage
with the suppressed 3™ harmonic shown as V2 in Fig. 6. The third transmitter (Case C) employed 8 modules with a
single MOSFET power switch and produced output voltage V3 as shown in Fig. 6.

The transmitter output current was measured and the fast Fourier transformation (FFT) analysis was performed
using the LTSpice software for determining the module’s output RMS current (total) and first three most important
higher harmonics (3", 5™ and 7™). The spectrum of the output current is provided in Fig. 10 and Table II for antenna
Q =30 being an average value.
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Fig. 10 Harmonics distribution for transmitters Cases A to C, Q = 30.

The total power, dissipated by the transmitter, consisting of multiple (2, 4 or 8) modules, and the values of power
per harmonic was calculated for 7; = 25°C and 20% duty cycle operation. As seen from Table II, the power
dissipation 6.98W for Case A decreased to 1.69W for Case B and to 1.53W for Case C compared to Case A with the
3 and 5™ harmonics removed from the output current.

Table II Harmonic distribution and power dissipation at 25°C.

Harmonics | 1st | 3rd | Sth | 7th | Total
Case A, original topology, 2 modules

Harmonic current, A rms 4.39 | 14.67 2.34 1.44 18.68
Power dissipated by 2 modules, W 0.39 | 4.30 0.11 0.04 6.98
Case B, topology cancelling 3" harmonic, 4 modules

Harmonic current, A rms 2.50 | 0.19 1.28 0.82 4.60
Power dissipated by 4 modules, W 0.50 | 0.00 0.13 0.05 1.69
Case C, topology cancelling 3" and 5™ harmonics, 8 modules

Harmonic current, A rms 1.50 | 0.06 0.08 0.34 2.19
Power dissipated by 8 modules, W 0.72 | 0.00 0.00 0.04 1.53

IV. FEED FORWARD CORRECTION

During NMR tool pulse train the capacitive energy storage is depleting resulting in the power bus voltage dropping from the
maximum value 600V standard for the wireline tools down to 450V minimum voltage. To correct NMR transmitter gain, which
is proportional to the bus voltage, and to keep the transmitter output voltage stable within acceptable +/-5%, a local feed forward
gain corrector was implemented operating independently from the main controller Fig. 11.

Feed forward correction loop for V bus > Vo: V bus*G =Vmin

Vmin
Vbus _—
MULTIPLIER 1 Vbus*G COMP
V bus*G = Vo +-
G
REVERSIBLE COUNTER fe—1 cic
4 Vmod*G Lagging
Vmo .
Outphasin,
MULTIPLIER 2 Vearter | mosuior | Leading

Fig. 11 Feed Forward transmitter modulator gain correction



The bus voltage sense signal Vbus (Fig. 11) is multiplied by coefficient G, generated by a digitally controlled R-2R
multiplier, operated from the reversable counter and compared to the reference viltage Vmin set to the level guaranteed
maximum antenna voltage needed for normal operation. It is set to 450V. When bus voltage exceeds 450V the comparator
allows clock pulses to count down decreasing reversible counter code and multiplier transferring ratio back to the value Vmin.

® 20 w ©)
The same code controls transferring ratio G of the second multiplier, adjusting the envelope modulation voltage accordingly

to the changes of the power bus voltage to Vmod*G. This circuitry operates in the receiving time then NMR transmitter is shut
and does not produce any noise. The resolution of the reversible counter 8 bits or 0.4% step is enough to correct transmitter gain.
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Figure 12 Modulation characteristic linearity with feed forward correction

The relative gain linearity of the modulator/transmitter/antenna with the feed forvard correction for the bus voltage range
450V to 600V and medium antenna Q — 30 simulation results show better than 1% accuracy, which is significantly better than
accepted +/-5% Figure 12.

V. ACCURACY IMPROVEMENT

The cancelling of the multiple higher harmonics decreases the energy per pulse consumed from the capacitive
energy storage. This allows producing more power trains (experiments) from the same stored energy. The ability to
conduct more experiments related to the same formation layer after statistical processing of N experiments increases
the signal power Piignal proportionally to the number N, and also the noise power P,s. proportionally to the square
root of N. The resulting signal to noise ratio (SNR,) and resulting accuracy of the NMR data also increases as the
square root of the number N of experiments [1]:

YOY —— Mo zYOY (10)

where SNR; is the signal to noise ratio for a single experiment. This statement is valid when the thermal, non-
correlated noise is a dominant factor affecting the NMR signal. Table III illustrates the effect of changes in per-pulse
energy on the resulting SNR tool due to higher harmonic cancelation while operating from 80J capacitive storage.
Taking the SNR of Case A as a 100% reference, the SNR of Cases B and C, depending on the formation conductivity
and resulting antenna losses, increase 17% and 20% respectively.
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Table III. SNR vs. per-pulse energy consumption.

Antenna Q = 10, highly conductive Case A | CaseB | Case C
Energy delivered to antenna per pulse, J 0.633 0.600 0.596
Energy consumed from storage per pulse, J 0.690 0.637 0.627
Number of pulses produced 116 126 128
SNR relative to Case A, % 100 104 105
Antenna Q = 30, low conductive

Energy delivered to antenna per pulse, J 0.220 0.212 0.209
Energy consumed from storage per pulse, J 0.259 0.227 0.220
Number of pulses produced 309 353 363
SNR relative to Case A, % 100 107 108
Antenna Q =100, non-conductive

Energy delivered to antenna per pulse, J 0.067 0.065 0.064
Energy consumed from storage per pulse, J 0.104 0.077 0.072
Number of pulses produced 768 1046 1105
SNR relative to Case A, % 100 117 120

The largest gain vs. added complexity was achieved when switching from Case A to Case B topology.

VI. LIFE EXPECTANCY EVALUATION

Additional benefits from harmonic cancelling the harmonics relate decreasing MOSFET switches power losses. To
assess the impact of the power dissipation and resulting temperature rise on the life expectancy ¢, of the output stage
transistors, an approach, based on the Arrhenius law, was used:

o 8zQ (11)

where T is the absolute temperature, E, is the apparent activation energy (in general depending on T), C is a constant
and k is the Boltzmann constant [8].

Power switch die (junction) temperature T; exceeds the ambient temperature T, and the difference AT; is
proportional to the switch power dissipation Pj and thermal resistance junction to ambient Ry,

YOUY ¥Y Y DzY (12)

It was pointed out in [7] that a recommended value of the apparent activation energy £, has increased from 0.35¢V
(MIL-HDBK-217F notice 2, 1996) to 0.8eV (MIL 217 plus, 2007) in just 15 years.

The accelerator factor AF [8] or the ratio of the stressed tool life expectancy ¢, at the elevated temperature 7; to the
original ¢,;, defined at temperature 7, is represented by the expression

50 Q (13)

The accelerator factor AF was calculated using the recommendations of MIL 217 plus, 2007, where the activation
energy of silicon used in transistor £, = 0.8eV. The power dissipated at 175°C ambient temperature and the resulting
T; were calculated for Cases A, B, C in two iterations based on increase of MOSFET Ryson [34].

The results are shown in Error! Reference source not found., Table V and Fig. 13 for Rth = 0.2K/W and Rth =
0.5K/W. It is obvious that cancelling of the 3™ and 5™ harmonics makes it possible to decrease the conduction losses
up to 2.3 times for Ry, = 0.5K/W. In such case, the temperature rises AT; decreased from 38°C to 20°C and the
accelerator factor AF increased from 0.2 to 0.414 for low Q load. The life expectancy was increased over 2 times for
example from 4 years to 9.2 years even for high Q antenna loads of reference life expectancy 10 years at 175°C. The
gain in the life expectancy is increased with the increase of the thermal resistance Rth junction to the ambient.
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Table IV Switch junction temperature Tj for 175°C ambient, Cases A to C.

Tj Rth 0.2 Rth 0.5

Q Case A Case B Case C Case A Case B Case C
10 188 183 183 213 195 195
30 183 177 177 198 180 179
100 183 176 176 196 178 177

Table V Accelerator Factor AF for 175°C ambient, Cases A to C.

AF Rth 0.2 Rth 0.5
Q Case A Case B Case C Case A Case B Case C
10 0.562 0.709 0.705 0.199 0.422 0.414
30 0.695 0.912 0.932 0.366 0.796 0.844
100 0.711 0.943 0.967 0.400 0.863 0.920
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Fig. 13. Accelerator Factor AF (life expectancy to 175C) for Rth — 0.5K/W vs. antenna Q and topology.

CONCLUSION

The cancellation of the higher harmonics significantly decreases the transmitter output current and the dissipated
power in the transmitter switches. This results in lower energy per pulse consumption, lower operating temperatures
of the power components and the reduction of their thermal stress while using the same number of power switches
operating with the fundamental frequency. Decreasing the energy per pulse consumption allows producing more
pulses from the same energy storage resulting in higher NMR tool accuracy. Additional benefits relate to significant
improvement in the life expectancy of the transmitter (more than twice compared to the currently used ones). The

largest gain in the SNR improvement and transmitter life expectancy vs. the added complexity was achieved for an
NMR transmitter with the cancelled third harmonic.
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