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Abstract—Due to the extremely limited source capacity of the
automobile-based electromagnetic prospecting transmitters, their
energy utilization is very important. The impedance matching tech-
nology can raise energy utilization by solving the reactive power.
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However, the impedance matching technology under nonlinear
square-wave voltages has seldom received attention. Until now,
no paper has pointed out how to solve the contradiction between
the ideal control objective and the dc voltage hardware limita-
tion. Thus, this article focuses on energy utilization improvement
through impedance matching, especially for nonlinear square-wave
voltages. First, an injection circuit coupling impedance matching
converter (ICMC) is proposed as the basement. Then, to deal with
the above contradiction, a compromised weight gain is defined
to describe the degree of compromise with dc voltage limitations.
Third, the compromised matching reference current optimization
calculation method can balance the dc voltage requirement and
raise the signal-to-noise ratio. Fourth, a control method is proposed
to realize the matching reference current. Finally, the comparative
experimental hardware results show the ICMC realizes 31.0%—
65.5% larger current amplitude improvement with per-unit dc
voltage compared to previous methods due to the optimized dis-
tribution of more capacity in the compensation for the frequency
order with more serious SNR issues.

Index Terms—Electromagnetic method (EM), geological
prospecting, injection circuit, nonlinear voltage, reactive power
compensation.

NOMENCLATURE

A. Abbreviations

EM Electromagnetic method.

IGBT Insulate-gate bipolar transistor.

TCLC Thyristor control inductor and capacitor.

ICMC Proposed injection circuit coupling
impedance matching converter.

PWM Pulsewidth modulation.

SNR Signal-to-noise ratio.

KVL Kirchhoft’s voltage law.

FFT Fast Fourier transform.

DSP Digital signal processor

B. Symbols

Structure of ICMC Referred to Fig. 1

D1-Dy Diodes 1-4 of the rectifier.

T1— Ty IGBT 1- 4 of the transmitter.

G- Gy IGBT 1-4 of the ICMC H-bridge.
Cacts Cdce Dc capacitor of rectifier and ICMC.
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L., Ry, Inductance and resistance of antenna

R, Cp, Resistance and capacitance of the earth.

X1, Ry, Equivalent inductive reactance and
resistance of the antenna and earth
combination.

Ty, Cp, Ly, and L. Transformer, capacitor, and inductor com-
ponents of the injection circuit coupling of

ICMC and ICMC output inductor.

Mp Transformation ratio between load side and
the ICMC side of the ICMC transformer.
Xien Impedance of L. at the nth-order frequency.

Control Parameters

fin subscripts are fundamental frequency
and nth-order frequency components of
signals.

*, # Superscripts are reference signals and ideal
results signals.

Ve, VI, Source voltage and load voltage, respec-
tively

ic, in Injecting current and injecting current ref-
erence, respectively.

ir,inn Load current, the nth-order FFT component
of load current, respectively.

S, S¢, Smax Operating capacity, injecting capacity, and
maximum capacity of the ICMC, respec-
tively.

SNR;.,, SNR of load current at nth-order frequency.

SNR?;” Ideal SNR value of nth-order frequency
component after impedance matching.

SNR¢,, Compromised SNR value of nth-order fre-
quency component after impedance match-
ing.

We Set of compromised weights.

Wen Compromised weight at nth-order fre-
quency.

Vur, Vel Transformer voltage of the load side and
the ICMC side, respectively.

Vaces Vinw Dc voltage and inverter voltages of ICMC,
respectively.

Xren Impedance of ICMC output inductor at the
nth-order frequency

Looin Amplitude of the noise at nth-order fre-

quency.

1. INTRODUCTION

URRENTLY, the vast majority of reactive power compen-
C sation studies are carried out under sinusoidal voltages
of the grid. However, some special applications under non-
sinusoidal and nonlinear voltages also require reactive power
compensation to improve the capacity utilization of the source
[1]. Reactive power compensation at nonlinear, nonsinusoidal
voltages is still seldom understudied [2]. Among the applications
under nonsinusoidal and nonlinear voltages, the EM geological
prospecting system is one of the typical systems operating
under nonlinear square wave voltage with frequency variations
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Fig. 1. (a) Schematic of the electromagnetic detection system, including
transmitter system and receiver system, (b) the transmitting voltage waveform
and its spectrum, and (c) the receiving current waveform and its spectrum.

[3]. The automobile-based EM geological prospecting system
can explore underground mineral and oil resources, which are
important for a country’s development [4]. EM prospecting
is a geological prospecting method of detecting underground
conditions by adding voltage to the antenna and the earth and
detecting the return current. With a larger return current ampli-
tude, the prospecting results can be obtained more accurately
[5]. Because of the attenuation of the prospecting signal as it
travels deeper into the ground, the output power of the source
must be continuously increased in order to obtain a larger value
of the prospecting current and, finally, to obtain a clearer and
more accurate return signal [6].

The schematic of the electromagnetic detection system, in-
cluding the transmitter system, receiver system, and signal
processing parts, is shown in Fig. 1(a). The electromagnetic
prospecting system is usually composed of a transmitter system
and a receiver system. The transmitting system is responsible for
outputting a voltage of a specified waveform into the antenna, the
receiving system is responsible for receiving the signals returned
after propagation through the antenna, and the signal processing
system processes the received signals into an image containing
information about the subsurface geology. These systems are
introduced as follows separately.

1) The transmitter system consists of the transmitting anten-
nas that generate primary electromagnetic signals. First,
the transmitter system injects square-wave voltage into
transmitting antennas and earth load. Then, as shown
in Fig. 1(b). Then, the ac square-wave voltage causes
electromagnetic induction and radiates a primary electro-
magnetic wave field into underground space [5].

2) The receiver system integrated with receiving coils is
placed in the survey area for electromagnetic signal collec-
tion. After the primary electromagnetic wave field arrives
at the target underground area, the induced eddy current is
produced. Then, induced eddy currents can further cause
secondary fields. As the secondary fields pass through the
receiving coil, Due to the principle of electromagnetic
induction, an induced current is generated in the receiving
coil as Fig. 1(c).
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Fig.2. Comparison between impedance matching technology in (a) sinusoidal

voltage grid system, and (b) Nonlinear square wave volage geological prospect-
ing system.

3) Based on the actual electromagnetic signals received,
the signal processing part can invert the underground
geological structure and the physical parameters of the
target area (e.g., resistivity and dielectric constant) based
on the relevant algorithms in the geological field [8]. Com-
monly used algorithms include the least squares method
and conjugate gradient method.

In practical application, there are two factors that prevent the
increase of output power at the source. 1) Unlike the grid system
shown in Fig. 2(a), the EM geological prospecting system,
as shown in Fig. 2(b) is an OFF-grid system powered by an
automobile-based generator, which has limitations in terms of
power supply as well as size and weight [7]; 2) Unlike impedance
matching devices that take up the capacity of the generating side
with reactive power caused by inductance on the transmission
lines in pairs in the grid, there are as yet no solutions in EM
geological prospecting system under nonlinear square wave
voltage with variable load (determined by the antenna and the
earth location) [8].

Previously, scholars have identified the problem of reactive
power occupation of sources in the sinusoidal power grid and
proposed a series of solutions, as follows [9], [10], [11], [12],
[13], [14]. In the beginning, the series resonance principle is
applied in Fig. 2(a) in the grid transmission line to eliminate
the reactance. A fixed passive impedance network composed
of the capacitor and inductor is connected in series with the
transmission to compensate for the reactive caused by the line
inductance on transmission lines [9]. Based on the principle of
resonance, He et al. [10] set the control objective of the
impedance of the converter to be the resonance value at the
needed frequency to increase the current at the corresponding
order. The inductive reactance of the internal resistance of the
synchronous generator also gives rise to the problem of reduced
generator output efficiency [11]. Naderi et al. [12] developed
converters that resonate the impedance matching converter with
the generator’s internal resistance to maximize the power trans-
mitted by the generator to the grid. Similar to grid applications,
impedance matching converters have been developed for the
sinusoidal current power amplifiers, where the control objective
is the opposite of the load inductive reactance, thus solving the
problem of low efficiency due to reactive power occupation
[13], [14].
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Fig.3. Comparison of Impedance matching solution between (a) linear condi-
tions before matching, (b) nonlinear conditions after matching and its dilemma.

The impedance matching under linear sinusoidal voltages
[9], [10], [11], [12], [13], [14] has one unique control objec-
tive due to sinusoidal voltages having only a fixed frequency
spectrum, as Fig. 3(a) shows. If the impedance of the impedance
matching converter can be controlled to this unique control
objective, the power utilization of the power source can be
optimized to maximum. The unique control objective is the ideal
impedance matching solution. Unlike the solution under linear
sinusoidal voltage, the ideal impedance matching solution under
square-wave voltage is a superposition of solutions at infinite
frequency components. According to Fourier decomposition,
the square-wave voltage yields an infinite number of frequency
components, each of which corresponds to an impedance match-
ing solution, as shown in Fig. 3(b). Fig. 3(b) also demonstrates
the dilemma of impedance matching at square wave voltages.
The dilemma is that the ideal matching target is unattainable,
and a balance needs to be made between the ideal effect and the
actual hardware to determine the control target.

However, in practice, impedance matching converters are lim-
ited by hardware parameters and capacity and cannot fully real-
ize the ideal control objective of the infinite number of frequency
components, i.e., the ideal reactive power control objective of
compensating is to match the current as a square wave. For the
problem of not being able to determine an ideal solution under
square-wave voltage, researchers have used different algorithms
to find control objectives that approximate ideal values. Pang
etal. [2] applied two TCLC branches to compensate only the fun-
damental and third-order frequency components, respectively,
for accessing the approximate compensation result. Zhou et al.
[15] proposed a method of approximating the results through
multiple trials and errors, where several different compensation
attempts are made to select one of the better results as the
ideal matching solution. Wang et al. [16] proposed to form a
look-up table of control targets based on the data parameters
such as temperature, frequency, voltage, and current waveforms
correspondingly in advance. The look-up table determines the
control objective according to actual measured values [16].
Huangetal. [17] and Liet al. [ 18] proposed a method to calculate
the reactive power approximation only considering the first- to
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TABLE I
CHARACTERISTIC COMPARISON AMONG DIFFERENT IMPEDANCE MATCHING CIRCUIT AND ITS CONTROL

Year

2021

2021

2023

2024

2021

2022

2024

Reference

[9]. [10]

[11], [12]

[13], [14]

[2], [15]

[16]

[17],[18]

This article

Voltage waveform

Linear sinusoidal

Non-linear (also can be applies to linear sinusoidal)

Matching purpose

Minimized reactive
power consumption
of source

Minimized reactive
power consumption
of source

Minimized internal
resistance sum of
the load and source

Minimized
reactive power
consumption of

source

Minimized reactive
[power consumption of]
source

Minimized the
amplitude of
harmonics

Minimized reactive
power consumption
of source

Converter

Opposite to the load
impedance value in

Opposite to the load
impedance value in

Impedance and
power supply

Choose the better

Selection based on
empirical values by

Resonance value of]

Adaptive search for
optimality through
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impedance objective

fundamental fundamental internal resistance
value

frequency frequency and minimum

of the two by trial
and error

the corresponding

. theoretical
harmonic

modelling

checking the table
after sampling

Is there a unique
solution?

Unique solution with single control objective is determined
under linear single frequency

Multiple solutions with different objectives under complex spectra

Is reactive power
compensated at
multiple frequency
points?

No No No

Yes No No

*Note: Shaded areas indicate corresponding weaknesses or inapplicability to the environmental characteristics of the applications.

forth-order frequencies of a square wave voltage as a control
objective for reactive power compensation under square wave
voltage.

In order to compare the characteristics of the various methods,
the calculation method, and topology of the impedance matching
control objectives in the above literature are summarized in
Table 1. As [9], [10], [11], [12], [13], and [14] are impedance
matching under sinusoidal voltages. As [15], [16], [17], [18] are
impedance matching under square wave voltages. Based on the
above literature review and the comparative analysis in Table I,
the authors found that there is still no reference calculation algo-
rithm for impedance matching research on square wave voltage.
The reference calculation algorithm needs to point out how the
control objective can be determined to achieve the maximumly
optimized impedance matching result with the consideration of
hardware limitation from a theoretical point of view.

Therefore, this article extends the impedance matching con-
trol objective theoretical calculation method from only in linear
sinusoidal systems to nonlinear square-wave systems. Then, this
article proposes an ICMC with its control method to realize the
proposed matching reference current. The detailed contributions
are provided as follows.

1) The reason that the ideal control objective cannot be
reached is explained by the contradiction between the
unrealizable ideal control objective and the dc voltage
hardware limitation in the impedance matching under
non-linear square-wave voltages for the first time.

A compromised weight gain is defined to describe the
degree of compromise of the reference waveform, first
considering hardware limitations in the impedance match-
ing area.

Based on the compromised weight gain, a compromised
ideal matching reference current calculation method that
is explored. Then, the compromised ideal matching ref-
erence current can ensure the maximumly optimized
impedance matching result under current dc voltage hard-
ware conditions by the proposed control method.

A transformer-coupled impedance matching topology
ICMC is created. By the injected structure constituted by

2)

3)

4)

the coupled transformer, the proposed reference current
can be injected into the system to realize the impedance
matching effect.

In summary, this article can guide users in solving reactive
power occupancy problems caused by the load characteristics
without increasing the transmitter capacity under special non-
linear square-wave voltage. The rest of this article is organized
as follows. Section II gives the details of the proposed ICMC
impedance matching topology. In Section III, the optimiza-
tion goal in square-wave voltage impedance matching and a
compromised weight gain based on the optimization goal are
defined for solving the contradiction between the unrealizable
ideal control objective and the dc voltage hardware limitation.
Next, the compromised ideal impedance matching reference
current calculation method are introduced to lay the theoretical
foundations of impedance matching under square waves. And
its control method to achieve the above compromised calcula-
tion method is presented in Section IV. Then, a comparative
hardware experimental testing platform is built to express the
hardware experimental results in Section V. Finally, Section VI
concludes this article.

II. PROPOSED ICMC IMPEDANCE MATCHING TOPOLOGY

Fig. 4 introduces the circuit configuration of the EM trans-
mitter, load, and the proposed ICMC EM impedance matching
system. The generator and diodes D1— D, of the rectifier make
up the dc power supply of the transmitter. The transmitter is
composed of four controllable IGBTs 7;— T4 and a dc capacitor
Cqc: to generate the special nonlinear square-wave voltage
for the purpose of EM geological prospecting. Linear voltage
means that the voltage rises or falls continuously (sinusoidal is
continuous), and nonlinear means that there are abrupt or step
changes in voltage. Compared to the single-frequency sinusoidal
voltage used in distribution grids, the square voltage adopted
in electromagnetic detection is a typical nonlinear signal, as
it has periodic step changes. At the voltage jump points, the
left-hand limit is not equal to the right-hand limit The antenna
(L, and R,,) and the earth (R, Ry, and Cy,) consist of the
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Fig. 4. EM transmitter, load, and proposed ICMC circuit configurations.

load of the EM system. v, vy, stands for the output voltage of the
transmitter and the voltage between the load. Suppose there is no
impedance matching system v, = v . If the impedance matching
system is added vs #v, the impedance matching system can be
considered as a controllable voltage source and equally to change
the voltage between the load.

The proposed ICMC circuit configuration is composed of
1) the current injection coupling part and 2) an active current-
producing part. The current injection coupling part consists
of transformer T, capacitor C,, and inductor L,, which is
used to inject current and coupled with the main circuit of
the EM system. C,, and L, can reduce the dc voltage require-
ment for fundamental frequency compensated power. C,, can be
designed by

Cyp = [nf) - Lw] M
where L,, is difficult to accurately estimate by using a DSP-
based power electronic inverter control system [19]. The in-
ductance of an antenna is not fixed, and its inductance value
may vary significantly during different detections. The common
inductance range is from 1 mH to 20 mH [2]. Therefore, the
wide variation range of L,, causes difficulty in estimating to
some degree [7]. Additionally, the accurate measurement of
L,, inductance requires a complex process and equipment. The
complex measurement process is difficult to realize for the
DSP-based control system of active current-producing part. The
active current-producing part is formed of a single-phase full
H-bridge. The single-phase full H-bridge is composed of four
IGBTs G1— G4 and a parallel dc capacitor Cq4c.. Through the
PWM control, the H-bridge can produce the injecting current
i following the reference current i, = 4>. i can inject into the
main EM system through the current injection coupling part. The
calculation process of ¢}, is going to be presented in Section IV-A.

III. OPTIMIZATION GOALS AND COMPROMISED WEIGHT

In this section, for the purposes of laying the theoretical
foundations of impedance matching under square waves, the
basic constraints and optimization goals for the EM geolog-
ical prospecting system are given in Section III-A. Then, a
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Algorithm I: Compromise Ideal Reference Current
Calculation Method.
Input:
e Sampling source voltage v, load current iz, [CMC
DC voltage Vcc;
* Range of ICMC DC voltage [Vice(min)s Vdce(max)ls
¢ Noise thresholds iy;n;
1: FFT analysis of v and iy,.
2: Calculate the required SNR of all frequency order based
on (18) and FFT;
3: Determine the compromise weight W by EM
geological prospecting requirements and (19).
4: Update the set of compromise weight W by (9).
5: Calculate the reference SNR at each frequency order
by (20);
6: Calculate the reference current i}, by (21);
7:  Verify whether the required DC satisfy the [V gec(min)-
Vdcc(max)] by (13) and (15)
: If yes end for,
else initialize a series and assign AW+ Wo— W, then
Verify whether the required DC;
If yes calculate a series updated SN R}, by (20);
Compare SN R}, and select the largest one;
Output corresponding 47,3
else initialize another series of AW+ W
Output: reference current 77 .

(o]

compromised weight gain is defined to describe the degree of
compromise of the reference waveform in Section III-B. Third,
the relationship between compromised weight and operating
parameters is given in Section III-C.

A. Constraints and Optimization Goals

In the application scenario of the EM geological prospecting
system, the current amplitude at each frequency point implies
the clarity of the prospecting result. Only when the current
amplitude is higher than the noise thresholds can it be considered
a valid prospecting signal, as shown in Fig. 5(c). A higher SNR
means higher prospecting clarity [20]. Therefore, the primary
optimization goal of impedance matching in EM is maximizing
the SNR at each frequency order as the optimization goal of
(2). The proposed impedance matching system can increase
the amplitude of the current. As shown in Fig. 6(a), different
amounts of compensation at different nth-order frequency points
correspond to different SNR results SNR; ... At the same time,
higher compensating frequencies and higher compensation cur-
rent amounts lead to higher dc voltage V.. demands, as shown
in Fig. 6(b), where the peripheral cubes represent higher dc
voltage (Vcc2> Vdece1) demands due to higher compensation
frequencies and compensation currents compared to the internal
cubes.

Thus, impedance matching systems for EM geological
prospecting systems cannot compensate for reactive power with-
out limitations. There are some constraints during operations.
The constraints include 1) current amplitude at corresponding
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Fig. 5. Comparison between previous method and the proposed compromise
reference calculation method in (a) time domain, (b) frequency domain of
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Fig. 6. Relationship among compensating current amount ., compensating
frequency f;, with different compromise weight W¢, resulting in (a) different
SNR and (b) required dc voltage after compensation.

n-order frequency { ir1, ir2, ..., irn}, 2) SNR of the current
at the corresponding n-order frequency { SNRi;;, SNRiyo,
..., SNRiy,}, 3) the operating dc voltage of the ICMC V..,
and 4) the total capacity S of the ICMC [21]. For the purpose
of obtaining clear prospecting results, the typical constraints
and multiobjective optimization problem of the EM geological
prospecting system can be stated as

maximum SNRiy,, = [SNRiz1, SNRirs,...,SNRiL,]

subject to Viee < Vidcemax
In>0n=123...
S < Shax @)

where Vi emax 18 the designed maximum dc voltage of ICMC,
and Syax 1S the designed maximum capacity of ICMC. Ve emax
and Sy, are determined after the ICMC is designed and man-
ufactured. Here, the goal is to maximize the objective vector
SNRi1,,, which contains n scalar objectives and is subject to
three different inequality constraints. The /-2 norm of SNR;z,,,
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can be calculated by (3) as a way to evaluate the optimization
process

ISNRiznl, = /SNREy + SNRE, + -+ SNR,,,. ()

Obviously, when the vector SNR;1,,, is optimized to the global
optimal solution, the /-2 norm of vector SNR,,, reaches its
maximum. The specific meaning of maximum (3) is that the
SNR of the detecting current it ,, at each frequency order reaches
its maximum. In this article, the optimization of SNR;.,, is
influenced by multiple constraints, including the capacity of
ICMC, the dc voltage of ICMC V.., compensating current
amplitude, and frequency order i.,,. In addition, vector SNR;z,,,
is composed of n components. The optimization problem of
vector SNR is a multiobjective optimization problem. Therefore,
the SNR; 1, optimization problem in this article is a multiobjec-
tive optimization problem influenced by multiple factors. For
example, if the final optimization limits the specific SNR;,,, ata
certain frequency point, the optimization result will be different.
Furthermore, the optimization results under different constraints
are also different. Thus, in Section IV of this article, a common
operating condition of electromagnetic prospecting transmitters
is provided as the constraint. The specific constraint given in
Section IV is to achieve the lowest operating voltage V.. while
ensuring that the SNR;;,, ratio of each frequency point meets
the requirements. Due to the injecting current iy, being limited
by Ve . through (13), the /-2 norm is maximum with the specific
constraint given in Section IV.

Additionally, when the following conditions are limited, the
multiobjective optimization problem in this article can be con-
sidered as a convex optimization problem. If only considering
maximizing the SNR of a single frequency point, it can be
transformed into a convex optimization problem. After multiple
constraints are determined, such as ICMC dc voltage Vicc,
ICMC system capacity Sp,ax, the optimization problem in this
article can be considered as a convex optimization problem.

The optimization process described above is to obtain the
highest SNR of the detected signal. Because the SNR at different
frequency order SNR;z,,, reflects the clarity of the results at
different depths, (2) is a multiobjective optimization problem.
Unlike single-objective problems, the concrete optimization
goal for each SNR;,,, of optimality in multiobjective optimiza-
tion problems is not evident. In fact, SNR;,, has no single
global optimal solution for such problems. Therefore, another
constraint must be defined to specify the optimal solution. This
article defines a metric called compromised weight to balance
the contradiction between the matching result and the dc voltage,
as shown below.

B. Compromised Weight

Theoretically, the ideal matching result is shown in Fig. 3(b),
but this result is not achievable in practice. The reason is that
this matching result requires a larger energy to be provided at
each frequency point, as shown in Fig. 5. Ultimately, it would
require the entire system to provide at very high reactive power
and operate with very high dc voltage far beyond the transmitter
system, as shown in Fig. 6(b). In the ideal condition, the vgy,
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Ideal condition waveform

A . A .
VrL L Vxr i

Y

(2) (b)

Fig.7. (a) vy, voltage and i, current waveform in ideal condition, and (b) v x,
voltage and i, current waveform in ideal condition.

voltage and iy, current waveforms are shown in Fig. 7(a). Based

on Fig. 7(a), in the ideal condition, the load current amplitude

reaches the maximum value as (4). The ideal load current is a
square waveform as (5)

Vs

ILmax = RiL 4)

. B I max, T <t <nT+0.5T )

Lideal =\ _ T} axe, nT 4+ 05T <t < (n+1)T

Then, based on (4) and (5), the voltage on the equivalent X,
can be calculated as

diLideal
dt

= 2L - I max () — 2L - T maxd (t + 0.5T)  (6)

VX Lideal = L

where 7 is the pulse width. §(t) is the Dirac §-function. vxpidea
is a pulse waveform with a pulse width that tends to 0. Further
combining the voltage relationship in Fig. 7, the voltage to be
supplied by the ICMC part can be solved as

VicmcC = Vs — UX Lideal — YVRL = —UX Lideal

= —2L - I max0 (t) + 2L - I pmaxd (¢ + 0.5T) .
@)

Based on (7), the required voltage for ICMC is also a pulse
voltage with a pulse width that tends to 0. Structurally, the
ICMC is a special H-bridge structure coupled to the system via
a transformer. Theoretically, it is possible to realize the pulse
voltage injection of (7). However, in reality, all parts of the circuit
have internal resistance and output inductance, and injecting an
ideal pulse voltage is not possible, which requires an infinite
amount of V.. and energy to overcome the effects of internal
resistance and inductance. Therefore, the compromised weight
W ¢y, for the nth-order frequency component is defined as (8) to
solve the problem

SNReizn = (1 = Wen) -SNR?  0<We, <1 (8)

where SNRfin is the ideal SNR value of the nth-order fre-
quency component after impedance matching. SNR,, is the
compromised SNR value of the nth-order frequency component
after impedance matching. W, characterizes the degree of
compromise. The lower the degree of compromise, the closer
the compromised impedance match is to the ideal value SNR .
Thus, the compromised weight W is the set of n compromised
weights W, at the nth-order frequency component, as shown

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 4, APRIL 2025

in (9). The degree of compromise at each frequency W ¢, collec-
tively makes up the overall degree of compromise for the entire
system W¢

We = {Wer, Wea, ..., Wen, } )

The compromised weights W of the system are determined
by a combination of the constraints of the system’s operating
conditions and the needs of the detection goal. If the compro-
mised weights are to be determined, the limitations of the sys-
tem’s operating conditions and the detection target requirements
are first needed in relation to the compromised weights. This
relationship is presented in Section III-C.

C. Relationship Between Compromise Weight and Operating
Parameters

Because the compromised weight W reflects how close the
actual matching result is to the ideal matching result. Therefore,
the closer the matching result is to the ideal one, the higher
the requirements on the operating parameters of the matching
system will be, including the operating dc voltage Vgc., the
number of matched frequency points n, the voltage V1, between
coupling inductor L, the amplitude of the load current iy,. The
location of operating parameters in the system is shown in Fig. 4.
The trend relationship between changes in operating parameters
and compromised weights can be expressed by

V;lcc X (1 - WCn) 7VLpf X (1 - WCn) ;iL X (1 - WCn) .
(10)

Equation (10) represents the trend relationship. Assuming the
ideal voltage between the load after impedance matched is Vi;.
The specific calculations for each operating parameter can be
obtained by comparing the ideal matching results. The inverter
output voltage Vsp has arelationship with VL#; as (12). In other
words, if Vj,p1 can be controlled as (11), the voltage between
loads can be controlled equal to the ideal matching result Vf;

(1)
12)

Vatpin = Vitpin = Vin = Vi,

V]ﬁpln = Ven — VL%Z - VCpn - VLpn

where V7, is the reference voltage between the whole load side.
In addition, Vj;p1 can be calculated using circuit KVL theory
(13), which consists of fundamental voltage Vs and harmonic
voltage Vipf

VMpl = Mp . VMp = ngf + V2

i invh

o0
+ ¢ Lo Xpe)* +3 12,X3,  (13)
where V,p is the transformer voltage coupling on the load side.
Mp is the transformation ratio between the converter side and
the circuit coupling side. Xy, is the impedance of L. at the
fundamental frequency, and X7..,, is the impedance of L. at nth-

order frequency. The impedance of L. can be calculated as
Xpep =2nf - Loy Xpef = 2mnf - Le (14)

where the fundamental frequency fis selected as 50 Hz. In actual
usage, the fundamental frequency can be chosen as another
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value for calculation convenience. The minimum requirement
of operating dc voltage V.. is

Vaee > V2 (V2 ,; + V2

invh*

5)

Equations (12)—(15) show the relationship between compro-
mised weight and operating dc voltage. Additionally, based
on the above three (12)—(15), The current in the impedance
matching system ICMC Iy and /., can be jointly solved. Based
on the limitations of operating dc voltage Vg, the voltage V,
between coupling inductor L, can be deducted from [22]

VLp < Vdcc = \[2 VMpl-

Because in the ideal matched result, the load side consisting
of the antenna, the earth, and the impedance matching system
can be considered purely resistive, the limitation of load current
i7, can be calculated as

(16)

mats )

i, <V Rw+ 22212
‘L= ( W Ri1 + Res

In summary, the operating parameters of the operating dc
voltage V.., the voltage V, between coupling inductor L,y
and the amplitude of the load current i;, can be, respectively,
described as (15), (16), and (17).

IV. COMPROMISED IMPEDANCE MATCHING REFERENCE
CURRENT CALCULATION AND CONTROL METHOD

Based on compromised weight gain and the relationship
between compromise weight and operating parameters, a com-
promised ideal impedance matching reference current calcu-
lation method is proposed in Section IV-A. Then, based on
the compromised ideal impedance matching reference current
calculation method, the overall compromised control method
for the proposed ICMC is given in Section IV-B.

A. Compromised Ideal Reference Current Calculation Method

After the relationship between compromised weight and op-
erating parameters has been figured out clearly, the conventional
unrealizable ideal reference current can be considered to be re-
placed by arealizable compromised ideal reference current. The
optimization goal can be set to meet the lowest SNR requirement
to achieve the lowest energy loss as (2), or to achieve the highest
SNR by achieving the highest power output as

. . _ o 2 2
minimum Vleﬁl - MP ’ VMpi Vtin'uf + Vi'rwh

2 oo
+ \/(ICfXLCf) + Zn:Z Ian%cn
subject to SNRip, () > SNRuyinizn,n =1,2,3. ..

I, >0 (18)

where SNR iy, 1S the minimum requirement of SNR at the
corresponding nth-order frequency component. In practice, the
user can choose one of the (2) or (18) optimization methods ac-
cording to the needs of the application. The theory of the (2) and
(18) optimization processes is the same. Only the values of the
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TABLE II
ALGORITHM RE-EXECUTION CONDITIONS

What intermediate .
. What variables are
Where does Change happen? variables are
affected?
affected?
ICMC Hardware parameter M,, L., L,, and C, Maximum i,
ICMC operating parameter Viee Maximum i,
Transmitter operating parameter| Vi f FFT of i,
Ground characteristics C,, R, FFT of i;,
Weather significant changing Noise level i, SNRi;,
Location significant changing Noise level i, SNR;1,
Required SNR;;, changes SNR" i1, SNR i1,

compromised weights are chosen differently. In the rest of this
article, the optimization method shown in (18) has been chosen
as an example design for the calculation of the reference current.
Based on the optimization method of (18), the compromised
ideal SNR;;, at all frequency points is chosen as the minimum
required SNR,in 1, as shown in (19). Equation (19) also shows
the relationship between the reference and compromised ideal
SNR};,, and the ideal SN RfﬁLn. Additionally, the delineation of
SNR;,, is given in (20)

(19)

(2

SNR};,, = SNR?, - Wep, = SNRyin s,

SNR!,, = 101g ~Ln

Tnoin

(20)

where iy, 1S the amplitude of the noise thresholds at the
corresponding nth-order frequency component. Thus, the com-
promised ideal reference current ¢7, can be solved as (21) by
substituting (19) into (20)

" T
SNRiLn bNRan ch

Z*Ln = fnoin *+ 10710 = iyei, - 10 10

2

In summary, the compromised ideal reference current calcula-
tion method is provided in Algorithm I. All of the conditions that
Algorithm are needed to re-execute are summarized in Table II.
When the dc voltage requirement is not met, the updated W¢
can be computed by the iterative method. Due to W is initially
calculated based on [Vqc¢(min)» Vdee(max) 1, €venif W does not
meet the requirements, it will not be too far from the required
range. Thus, the iterative method is suitable for W, updating
when the dc voltage requirement is not met.

After the critical reference current is determined, the
impedance matching can be achieved at the theoretical level.
With the noise thresholds at all frequency points taken as twice
the peak noise. The proposed method is used to reasonably
increase the SNR at each frequency point above the demanded
SNR, which satisfies the detection requirements and reduces the
dc voltage requirement as much as possible. Lower dc voltage
can ensure an easier realization in the environment of geological
prospecting without grid power.

In the following section, the implementation methodology
impedance matching is provided from the aspects of the hard-
ware topology and its control method.
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B. Overall Control Method

After the compromised ideal impedance matching reference
current 77 is calculated, a real injecting current i, should be
generated to finish the process of impedance matching. Thus, a
supporting control strategy is going to be designed in this section.
The supporting control strategy is divided into 1) injecting
current reference ¢, calculation and 2) IGBT controlling signals
generation. Injecting current reference ¢, is used as the reference
signal for the PWM control to follow. Then, the current PWM
method can generate the i. close to ¢ in real time. Thus, the
calculation injecting current reference 7. is one of the critical
steps in the control strategy. The calculation injecting current
reference 4, is based on the compromised ideal impedance
matching reference current ¢7 . After the 7, is obtained as
(21), the reference voltage on the load can also be calculated as

00 00
* * s
vy = E Upn = § n " Xin
n=1 n=1

where n presents the needed matching order number. Users can
choose the order number based on their requirements. Similarly,
the reference voltage between the coupling C), and L,, can also
be deduced through (23) and (24), respectively, as follows:

(22)

o0 o0
Vip = D VCpn = D ihn Xepn 23)
n=1 n=1
o0 o0
Vip = VLpn =Y i1y Xipn (24)
n=1 n=1

where X7,,,, Xcpn, and Xz, stand for the impedance of load,
coupling C,, and coupling L, respectively. They can be obtained
from (25) and their corresponding series and parallel relation-
ships

Xopn = (21fnCy) ", Xppn = 27 Ly, (25)

Based on (11) and (12), the coupling transformer M,, can be
considered as a controllable voltage source. The voltage between
the M,, can be controlled to a voltage v}, p; to let the voltage
between the load vy, close to the reference v} . v}, p; is defined
as the reference voltage of the transformer’s primary side. v}, py
can be deduced by substituting (11) and (12) to (22)—(25) as

Vip1 = Vs — VL, — Ve — VL (26)

The ratio of the primary and secondary sides of the trans-
former can be used to control the voltage ratio of the primary
and secondary sides, as in (27). And the ratio of the original and
secondary sides can be designed according to the needs of the
user in order to regulate the voltage V.. on the dc capacitor to

meet the requirements in (2)

VMpl P VMp = 11 M, 227)

where the vy, is the voltage of the transformer’s secondary side.
M, is the transformer ratio and is selected as 1 in this article. The
selection of M, can optimize V. at the design stage, which is a
design optimization method. This article primarily concentrates
on the optimization achieved through the control method. When
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optimizing Vq.. by changing M, the following points need to
be noted.

1) For most transformers, the ratio is determined after man-
ufacturing. Although there are a few transformers, the
ratio can be adjusted. Adjusting the ratio in usage requires
replacing the transformer or adjusting the hardware, which
is very inconvenient.

2) Each component has the upper limitations for passing
current. When the M), is increased to reduce V.., the
current limitation should be noticed.

3) The rising slope of the injected current is determined by
the dc voltage. When the V.. is reduced by increasing
M, attention should be paid to ensuring the rising slope
of the injected current.

4) The method of adjusting the ratio of the transformer ampli-
fies the current and reduces the voltage for each frequency
current energy.

Thus, the spectrum components of injecting power Sc do
not change. The method is not effective when the operating
conditions change. Based on (27), the reference voltage of the
transformer secondary side v}, can be concluded as

* * * * *
Upgp = Mp - Vpgpr = My, - (”s — VL —Vop — va) - (28

Also, there is a fixed proportionality between the current on
the primary side and the current on the secondary side as in (29).

Furthermore, the reference current 7. on the secondary side can
be calculated as

iptie=My:1=ii=ij M. (29)

Based on (29) and the impedance of L, the reference voltage
between L. can be calculated as

UZC = io: UZCTL = zoo: ZZn *Xpen = zoc: ZZn : (QanLC)
n=1 n=1 n=1 (30)

Finally, the reference voltage v;,,,, at the voltage output of the
full H-bridge inverter can be calculated by combining (28) and

(30) as

* % *
Viny = Ve + Uhp1- (31

Due to the output voltage of a full H-bridge inverter v;,,, can
be controlled close to the reference voltage v}, , through the
voltage PWM method, e.g., space vector PWM and sinusoidal
PWM. Based on the above reference voltage value v}, and
PWM method [23], the control system can control the proposed
ICMC hardware system to generate the corresponding switching
signals G1— G4 to complete the impedance matching. Next, com-
parative experiments will verify the feasibility of the hardware

and control system proposed in this section.

V. COMPARATIVE HARDWARE EXPERIMENTAL VERIFICATIONS

In this section, the viability and advantages of the proposed
ICMC are verified through a group of hardware experimental
comparisons. Pang et al. [2] and Tian et al. [14] are selected as
the comparative group. The reasons for choosing [2] and [14] as
the comparative are that 1) both [2] and [14] and the proposed
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Fig. 9. Appearance of the proposed ICMC experimental prototype.

TABLE III
EXPERIMENTAL PARAMETERS SETTINGS

Parameters Physical values
Source voltage Vs +300 V
Nonlinear voltage h 100 Hz, 200 Hz, 300 Hz

fundamental frequency]|
Load
ICMC

LW, RW; CLa R[,l, RLZ
Lo Cp Lp

16 mH, 25Q, 104F,50Q,0.1Q
3 mH, 180 #H, 0.4 uF

one use a full H-bridge to inject the compensating current;
2) both [2] and [14] and the proposed one apply a passive
capacitor as the supplement of compensating reactive power to
reduce the dc voltage of full H-bridge. Their differences are
the selection of compensating reference current 7, and whether
compensation for multiple frequency points is considered.

The experimental hardware platforms of the proposed ICMC
and one of the state-of-the-art impedance matching converters
in [14] are built, as shown in Fig. 9. The current reference
calculation follows the proposed compromised ideal method
in Algorithm I. The overall control diagram of the proposed
ICMC is given in Fig. 8. The parameters in the experimental
verifications are set in Table III. The SNR optimization results
comparison between the proposed ICMC and previous methods
are given in Table IV. The experimental results are summarized
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TABLE IV
SNR RESULT COMPARISON BETWEEN PROPOSED ICMC AND PREVIOUS
METHODS

First-order |Third-order |Fifth-order| Seventh-order

Current amplitude and SNR | i, [SNR;1| i13

A) | (%) |(A)

ISNRir3 | irs |SNRizs| ir7 | SNRizz
(%) [(A)] (%) [(A)] (%)

Without before matching 531265107 35 |03] 1.5 |0.1] 0S5

Previous*

Maximum SNR method 8.5

425117 11.0 (0.94f 8.5 [0.55 6.0

Proposed optimization 6.0 | 30.0|2.8| 14.0 |1.6] 8.0 |1.2] 6.0

Each Vieen (V) 350 350 350 350

Previous™

Need Total 3 Veey (V) 700

Vigee Each Ve, (V) 50 [ 275 [ 250 | 150

Proposed Total > Vieen (V)|400V (Ve reduces 42.9% SNR also satisfying)

Note: “*” marks the matching method in [2] and [14].
“**” the current data in the table are rms values.

TABLE V
EXPERIMENTAL RESULTS COMPARISON WITH PREVIOUS METHODS

. _ Viee | ity e
. Compensatin, irp- s . PP, increasin
i mgthods ¢ (X; Py (W) (VQar) req. mcri/asmg per Vd(»g
(V) ( 0) (A/kV)
Only fundamental [19.1] 820 30 [ 300 -- --
100HZ| _ With previous* [24.8] 1006 | 18 | 700 29.8 14.3
With proposed  [32.2| 987 21 400 68.6 65.5
Only fundamental [18.9] 890 35 300 - -
200HZ _With previous*  [22.6| 1001 15 | 700 19.6 9.3
With proposed  [29.5] 945 22 1400 56.1 53.0
Only fundamental [19.2| 873 38 [ 300 -- --
300HZ _With previous* [20.8] 1012 | 18 | 700 8.3 4.0
With proposed  [25.4] 931 24 |400 323 31.0

Note: “*” marks the matching method in [2] and [14].
“**” the current data in the table are peak-to-peak values.

and compared with previous methods in Table V. Both of these
two hardware experimental platforms are built based on a DSP
TMS320F28335 controller is constructed. The sensors collect
current and voltage signals and transfer them to DSP for pro-
posed compromised ideal reference calculations. Based on the
comparison between the calculated ideal reference current and
the measured current, the trigger signals of IGBT G1—G4 in the
full H-bridge can be generated to finish the whole control process
and experiments.

Fig. 10 shows the transmitter output voltage v, load current
i1, and dc voltage Vq.. without impedance matching in a) and
b), with previous impedance matching in [2] and [14] in c¢) and
d), and with proposed compromised control in e) and f). Higher
load current iz, presents better matching results and higher SNR
in geological prospecting. But higher dc voltage V4., means
more difficult to realize. In Fig. 10(a) and (b), only fundamental
compensating is realized, and the high-frequency reactive power
is still unmatched. The results of the previous method [2] and
[14] to compensate for all frequencies are shown in Fig. 10(c)
and (d). Fig. 10(c) and (d) compensates for reactive power at
all frequencies, and iy, under 100 Hz, 200 Hz, and 300 Hz
has been increased by 29.8%, 19.6%, and 8.3%, respectively.
However, the required dc supply voltage is improved from 300 V
to 700 V since the amount of reactive power compensation
for each frequency is not optimally calculated. The large and
unreasonable amount of reactive power compensation requires
high dc voltage. Comparatively, the results of compensating with
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Fig. 10. Comparative dynamic experimental compensating waveforms: (a) without impedance matching from 100 Hz v, to 200 Hz v; (b) without impedance
matching from 200 Hz v, to 300 Hz v; (c) with previous linear impedance matching method [2] and [14] from 100 Hz v, to 200 Hz vg; (d) with previous linear
impedance matching method [2] and [14] from 200 Hz v, to 300 Hz v; (e) with proposed ICMC and compromised control method from 100 Hz v, to 200 Hz v;
(f) with proposed ICMC and compromised control method from 200 Hz v, to 300 Hz v,.

the proposed linear reference calculation method in Fig. 10(e) G4 when the proposed ICMC compensates the load in 200 Hz
and (f) can realize i, increase under 100 Hz, 200 Hz, and 300 Hz v, as Fig. 11.

has been increased by 29.8%, 19.6%, and 8.3%, respectively. Overall, the i, increasing with per-unit V. has been improved
Dc supply voltage reduced to 400 V. Because the amount of by 31.0%—-65.5% with the proposed calculation method. The
reactive power compensation is optimized to realize the highest  results verify the feasibility and advantages of the proposed com-
iz, increase with per-unit V.., the SNR satisfies the requirement  promised control and its injection circuit coupling realization
with minimum dc. In addition, the voltage waveforms for G; to  methods.
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Fig. 11.  Voltage waveforms for G1 to G4 when the proposed ICMC compen-
sates the load in 200 Hz v.

VI. CONCLUSION

This article focuses on reactive power compensation and
impedance matching of nonlinear square-wave voltages.
The difficulty in the theoretically ideal matched current
calculation is solved by proposing a compromised optimization
method. The impedance matching reference is considered
in compromised with the hardware limitation to balance the
performance and hardware requirement. The proposed ideal
matched current calculation method determines the control
objective, achieving the minimum dc voltage requirement
based on SNR requirements for detection. With the optimized
amount of reactive power compensation at each frequency
order, 31.0%—-65.5% more i; improvement with per-unit
Vaecc increasing is realized compared to previous methods to
compensate reactive power at all frequencies.

APPENDIX
A. Power Loss Analysis

The principle of ICMC to improve the energy utilization of
the transmitter is injecting variables of reactive power to offset
the reactive power of the load. When ICMC only injects reactive
power, from the perspective of energy, theoretically, there is no
active power reactive power consuming, and the reactive power
does not do work. Reactive power is the power component used
to establish electric and magnetic fields and conduct energy
exchange between electrical equipment. It is not like active
power that is consumed and converted into other forms of energy
(such as mechanical energy and thermal energy) to complete
actual work.

However, the ICMC itself will have a small amount of power
losses during operation. These losses mainly include the conduc-
tion losses and switching losses of switching devices, as well as
line losses. The main energy losses come from the following
two aspects: 1) power switching devices such as IGBTs in
the ICMC will consume a certain amount of energy during
the turn-ON and turn-OFF processes, which is called switch-
ing power loss; 2) When current passes through the inductor
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TABLE VI
CALCULATED POWER LOSS WHEN INJECTING 700 VAR REACTIVE POWER
Type of power loss DC-link (v\(/);tage Viee Power loss (W)
o 700 21.1
Switching power loss 400 21
Conduction power loss 700/ 400 2.5
Transformer iron loss 700/ 400 4.2
700 27.8
Total power loss 200 138

and capacitor and other components of the ICMC, due to the
resistance of these components themselves, a certain amount
of power loss (I’R loss) will also be generated; 3) When the
alternating magnetic field through the iron core, it will produce
an induced electromotive force inside the core. Extra energy is
needed to overcome the hysteresis phenomenon. This part of the
energy is lost in the form of heat, known as hysteresis loss. In
addition, the continuous eddy currents in the iron core also will
produce thermal loss. By referring to most current studies on
reactive power compensators, the efficiency of reactive power
compensators is usually above 95%. That is, for every 1 kVar of
reactive power injected, there is 50 W of power loss.

a) Switching Power Loss: Switching power losses are the
main thermal losses of power converter [24]. The switching
losses of a converter depend mainly on the voltage loaded across
the switches and the current passing through them. Generally
speaking, the switching losses of a converter can be modeled as
[25]

1 1
Ploss(sw) = Vicioss = ‘/chCJLIfsw <8trNIZIJZ

1 1 Iom

TN <37r T 24 Ton ))

where I oz, I on, trn, and ¢y are the maximum collector current,
the rated collector current, the rated rise time, the rated fall
time, and the switching frequency, respectively. Based on the
settings of the user’s manual of the IGBT selected in this article,
parameters on the components [27], the parameters of (32) are
given as follows Vg, =400V, Icp/lon = 0.9, fs = 10 kHz,
try = 0.18 ps, tyy = 2.2 ps. When the ICMC is controlled to
generate 700 Var reactive power, Iy is equal to 7 A. Based on
the above data, the efficiency of ICMC can be calculated. The
calculation results are listed in Table VI. The switching power
losses account for 1.7%—3.0% of the total output reactive power.
b) Component Conduction Loss: Component conduction
power loss is another source of power loss, except for switching
power loss. Because when the current passes through the com-
ponents, the parasitic resistance in the components causes heat

generation and leads to losses. Component conduction loss of
L., Cp, and M, can be calculated by [22]

(32)

Ploss(comp) = ]Dloss(LC) =+ Ploss(C,,) =+ ]Dloss(Lp) =+ Ploss(Mp)

= (ESRy, +ESR¢, + ESRy, + ESRuy,) - I7
(33)
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where ESR is the equivalent series resistance (ESR) of energy
storage elements such as capacitors and inductors. Ideal capac-
itors and inductors only have capacitive or inductive charac-
teristics with no energy loss. However, actual capacitors and
inductors will have some resistive components due to mate-
rials, manufacturing processes, and other factors. According
to the IEEE standards, IEEE Std. 38-2020 and Std. 284-2021
about the ESR of converter coupling components [26], the
total ESR coupling components should be less than 1 §2. Since
the value of ESR is affected by a variety of factors of the
inductor and capacitor components, there is no accurate formula
to calculate. Specific ESR values can be obtained by looking
up the user manuals of the hardware used. The ESR of the
devices used in this article are as follows: ESR,. = 0.015 €,
ESR¢p, = 0.02 Q, ESR,, = 0.015 €2, and ESR 7, = 1 2 [28].
Based on the above data, the conduction loss caused by the ESR
of different components can be calculated. Table VI lists the
calculated results of component conduction loss, which accounts
for 0.35% of the total output reactive power.

c) Transformer Iron Loss: In particular, for transformers,
there is a part of the iron loss in addition to the conduction
loss. And the iron loss is composed of hysteresis loss and the
eddy-current loss. Hysteresis 10ss Poss arp (1) 18 the energy loss
that occurs due to the repeated orientation of magnetic domains
in ferromagnetic materials under the influence of an alternating
magnetic field, which can be calculated by (34) [30]. In addition,
when an alternating magnetic flux passes through the core, an
induced electromotive force is generated inside the core, which
in turn forms a swirling current known as an eddy current. The
loss that occurs due to these eddy currents on the resistance of the
core is the eddy-current loss. The eddy-current 10ss Ploss amp(e)
is usually calculated through (35) [31]

PlnssMp(h) = thBZLV
PlossMp(e) = KefQBEntQV

(34)
(35)

where the parameters can be obtained by consulting the user
manual [29] of the transformer: the hysteresis loss coefficient
K, = 20 J/m?, the maximum magnetic flux density B,, = 1 T,
the core volume V = 0.01 m?, the transformer ratio is 1, eddy
current loss coefficient K, = 10 J/m?, and the thickness of the
silicon steel sheet r = 0.5 mm. Based on the above data, the
transformer iron loss, including the hysteresis loss and the eddy-
current loss, can be calculated. Table VI gives the calculated
results of transformer iron loss, which accounts for 0.60% of
the total output reactive power.

In summary, ICMC does not inject active power to improve the
output power of the transmitter. In ideal conditions, through the
reactive power injected by ICMC, the transmitter can only output
active power. Provided that the transmitter capacity is certain, the
output power and energy utilization are maximized at this ideal
condition. Because theoretically, reactive power is produced
without consuming active power. In fact, the efficiency of the
power converter in generating reactive power is more than 95%.
Only a small amount of active power is consumed to produce
the compensating reactive power. Thus, the improvement of the
energy of the transmitter is much larger than the consumed active
power by ICMC.
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TABLE VII
COMPUTATIONAL PROCESSES IN THE CONTROL METHOD

Calculation Details of calculation
step
Step 1° Calculate the FFT of v, i,.;, and i,
Step 2" Calculate reference SNR";;, based on the sampling i,,; and i,
Step 3” Calculate the reference Volta:)%e V0V G Vs Vigps Vg1, and
Step 4 Calculate the G,— G PWM signals by comparing v";,, and

carrier wave
Note: “*” marks the steps of precomputation algorithm.
“**” marks the steps of real-time control processes with PWM.

TABLE VIII
NUMBER OF CALCULATION OPERATIONS IN THE CONTROL METHOD

Number of calculation operation
Control step n - o 7 * =
Step 1* 34 9 324 9 9 -
Step 2 2 6 4 2 2 --
Precomputation| (, o tion number| 36 | 15 | 328 | 11 | 11 | -
Real-time Step 3 20 3 21 -- - -
computation Step 4 — 4 - - - 4
Operation number | 20 7 21 - -- 4

*Note: FFT operation is calculated up to 9™ harmonics.

B. Calculation Time Analysis of Proposed Control Method

The full calculation steps of the proposed control method are
summarized in Table VII. Based on the computational processes
listed in Table VIII, the required number of mathematical opera-
tions of the proposed control method can be counted. It should be
noted that not all steps of computations are executed in real time
with PWM. Steps 1 and 2 are the steps of the precomputation al-
gorithm, which can be finished before real-time control. Because
the noise and detection load characteristics in the environment
do not change significantly over a period of time. Steps 3 and 4
are the real-time control processes executed with PWM.

Then, the time required to complete a control loop can be
derived from the total number of mathematical operations re-
quired and the time required to complete a single mathematical
operation by DSP. The required number of basic calculation
operations in the precomputation algorithm of the proposed
control method is counted in Table VIII. It is important to note
that there are many ways to implement FFT using DSP, and a
common algorithmic implementation is used here. To perform
an FFT operation with an order number n, 4n”> multiplications
and (4n-2) additions are required [33].

As shown in Table VIII, based on the number statistics
of calculation operations in the proposed control method, the
main calculation operations are focused on the FFT process in
step 1. The calculation operations for the remaining processes
are relatively minimal. The DSP processor model used in this
paper is TMS320F28379D. According to the user manual of
DSP [33], the operating frequency of the TMS320F28379D
chip is 200 MHz. This means that there are 200x 10° clock
cycles per second. For addition, subtraction, and comparison
operations, ideally, a single-cycle instruction can complete
one operation within one clock cycle. Calculated at a maxi-
mum clock frequency of 200 MHz. Theoretically, 200 x 10°
addition or subtraction operations can be performed per second.
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TABLE IX TABLE X
CALCULATION TIME OF THE CONTROL METHOD RELATIONSHIP BETWEEN FREQUENCY AND DETECTION DEPTH
Time of calculation operation (us Detection depth 6 (m Signal frequency f(Hz
Control step " . » p/ \/X(H ) = 200p (m) £ 216 y/(Hz)
Step1 [ 0.17 | 0.045 | 485 1045|501 | -- 250 202
. Step2 [ 0.01 | 0.03 0.060 | 0.1 | 1.10 | -- 300 140
Precomputation Total 350 103
. 0.18 | 0.075 | 491 |055(6.11| -
time
Step3 | 0.1 | 0.015 | 0.32 - -- --
Real-time Stepd | - | 0.02 - - | - 1002 this paper corresponds to a detection depth of approximately
computation Eﬁj 0.0 (0035|032 | ~ | - |002| 350-200m

Multiplication and division operations typically require multiple
clock cycles. For example, in some DSP implementations, a
multiplication may take 3 clock cycles, and a division may take
10 cycles. So, approximately 66.7 x 10° multiplication and 20 x
10° division operations can be performed per second. The root
operation is usually implemented through the Newton—Raphson
iteration method. Generally, one Newton Raphson iteration may
require 2 multiplications, 2 additions, and 1 division. A root
operation requires 4 iterations to calculate, so approximately
1.79 x 10° times square root operation can be performed per
second [34]. Based on the above analysis of DSP calculation
speed and the number of DSP calculation operations in each
step, the calculation time for each step and total calculation time
can be concluded in Table IX.

Generally, for the control part of the converter, it is required
that the calculation time be less than the PWM cycle. If the PWM
frequency is set as 10 kHz and the cycle is set as 100 ps. Thus,
no matter the calculation time of the precomputation part or the
real-time computation part is much smaller than the PWM cycle.

C. Signal Frequency, Power, and Magnetic Field Range of
Electromagnetic Prospecting System

a) Signal Frequency: The detection frequency is mainly de-
termined by the depth of the detection target, and different
geological targets have different responses to electromagnetic
signals of different frequencies. Usually, high-frequency signals
are used for shallow detection targets [7]. This is because the skin
effect of high-frequency electromagnetic waves is obvious, and
the energy is concentrated near the ground surface. The skin
effect can be expressed by the skin depth

1
§= e (36)

where § is the detection depth, fis the signal frequency, p is
the magnetic permeability, and o is the electrical conductiv-
ity. Equation (36) indicates that the higher the frequency, the
smaller the skinning depth, and the signal is concentrated in
shallow propagation; the lower the frequency, the greater the
skinning depth, and the signal can penetrate deeper strata. In
order to more intuitively represent the relationship between fre-
quency and detection depth, the relationship between commonly
used detection frequencies and corresponding depths is sum-
marized in the following Table X. Therefore, the 100-300 Hz
transmitting voltage frequency chosen for the experiments in

b) Power: The degree of signal attenuation is related to the
distance [2]. The signal attenuation formula is usually calculated
through

P =P, . (37)

where P, is the received power, P, is the transmitted power,
« is the attenuation coefficient depending on the geological
condition, and d is the propagation distance. In electromagnetic
detection, as the depth of detection (propagation distance) in-
creases, the received power decreases exponentially. It is nec-
essary to determine the appropriate transmit power based on
the attenuation coefficient in order to ensure sufficient received
power for detection. At the same time, the SNR of the received
power is also necessary to take into account, usually, it is desired
to achieve an SNR larger than 5 dB

P,
SNRp = 10lg

noi

(38)

where P,,,; is the power of noise. Thus, deep detection requires
higher transmitter power. Combining (37) and (38), the needed
transmitted power P; can be approximately calculated.

¢) Magnetic Field Range: The magnetic field range can be
calculated using the Biot—Saval law [5]. The formula is given as

B»:@ ILdeF
4T r3

(39)

where B is the magnetic field strength, 1, is the vacuum perme-
ability, 7, is the current, dl'is the current element length vector,
and 77is the position vector from the current element to the point
of observation. Based on (39), the Magnetic Field Range 7" can
be calculated based on magnetic field strength and other above
values.

d) Explanations of Using Square Voltage: First of all, si-
nusoidal voltage can be used for electromagnetic detection.
According to the laws of electromagnetic induction and
Maxwell’s equations, when the antenna is added with a sinu-
soidal voltage, the electromagnetic field can also be generated.
Essentially, sinusoidal voltage is a kind of ac voltage.

However, square-wave voltages are currently the most com-
monly used in practical detection [8]. This is mainly because
square waves and sinusoidal waves have different spectra. A
square wave contains multiple harmonic components, while a
sinusoidal wave contains only a unique dominant frequency
component, as shown in Fig. 3. Based on the above discussion of
signal frequency and (36), signals of different frequencies corre-
spond to different detection depths. Using a square-wave voltage
with multiple harmonic components can detect the subsurface at
multiple depths in a single survey. Because the detection usually
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requires the characterization of the subsurface over a range of
depths. Therefore, the usage of square-wave voltages can greatly
improve the efficiency of detection.
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