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Abstract: In recent years, there has been a trend toward expanding the operating frequency range
and increasing the output power of Sound Navigation and Ranging (SONAR) systems to enhance
their acoustic detection capabilities. However, due to this increase in operational power, the electrical
capacity of amplifiers for SONAR system operation also increases, necessitating High-Power Ampli-
fiers. When configured with a single amplifier, as in conventional methods, the volume of amplifiers
increases due to volumetric increases in heat dissipation, components, and windings. These issues
are detrimental to SONAR amplifier installation, mobility, maintenance, and equipment lifespan
due to stress on individual components. Additionally, amplifiers for SONAR systems are comprised
of power conversion devices, transformers for LC filters and matching, necessitating consideration
of LC filters and matching transformers for enhancing voltage quality and efficiency to improve
amplifier performance transmitted to SONAR transducers. However, previous research has focused
on single-amplifier design methods, neglecting such considerations. Therefore, this paper proposes a
design technique that overcomes the drawbacks of using the conventional design method by config-
uring multiple H-bridge inverters in a cascade format and utilizes one of the optimization algorithms,
Particle Swarm Optimization (PSO), to derive amplifier design techniques that optimize component
parameters for enhancing high-capacity amplifier performance. Subsequently, theoretical analysis,
simulations, and experimental results comparing the proposed high-power amplifier design method
with conventional single-amplifier design methods demonstrate similar error rates in operational
frequency bands.

Keywords: Sound Navigation and Ranging (SONAR); Particle Swarm Optimization; high-power amplifier

1. Introduction

Due to the expansion of industrial sectors and the increased demand for electricity
usage in various industrial applications [1–3], higher power consumption is required. In re-
cent years, for fields utilizing intermediate voltage and megawatt-scale power, single-power
device configuration for power converters has become challenging due to component spec-
ifications. Therefore, to address these issues, multi-stage power converter structures or
power converters with direct/parallel switch configurations have been introduced. The
concept of multi-stage converters was introduced in 1975. The term “multi-stage” refers
to a three-level converter. Subsequently, several multi-stage converter topologies have
been developed [2]. In terms of multi-stage topologies, there are three main commercial
topologies. First, the voltage source inverter: NPC (Neutral Point Clamped); second, the
cascaded H-bridge (CHB) and Flying Capacitor (FC) [4–6]; and third, modular topologies.
Sound Navigation and Ranging (SONAR) refers to acoustic detection by converting the
voltage input to SONAR transducers into sound waves. SONAR requires high-quality volt-
age input to ensure accurate acoustic detection. However, while research on low-capacity
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amplifiers is active, design procedures for high-capacity amplifiers have not progressed,
as the design of high-capacity amplifiers typically relies on using multiple low-capacity
amplifiers, and research on design procedures based on the relationship between the overall
capacity of amplifiers and the stages of amplifiers using multi-stage configurations has
not been conducted. Therefore, in this study, based on the items necessary for driving
SONAR sensors in Section 2.2, we theoretically analyze the correlation between high-power
amplifiers and multi-stage high-power amplifiers, propose a design method for high-power
amplifiers based on this analysis, and validate the suitability of the proposed method
through simulations and experiments using reduced capacity.

2. Amplifier Topology for SONAR Systems

SONAR is used to detect underwater objects by converting electrical energy into sound.
The SONAR power system contains the following components, as shown in Figure 1 [7–9].
(1) A direct-current (DC) power supply serves as the electrical energy source required
for generating acoustic energy. (2) A power converter that converts the DC voltage into
alternating current (AC) to provide the desired electrical energy supply for the desired
sound signal intensity. (3) An LC filter (or low-pass filter) that removes unnecessary
frequencies for acoustic detection. (4) An impedance-matching transformer that eliminates
the reactive power generated by the material characteristics of the SONAR sensor. (5) The
SONAR sensor converts the input electrical signal into an acoustic signal.
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Figure 1. SONAR transducer power amplifier—system diagram [10].

2.1. SONAR Sensor Characteristics

Recently, the development focus of SONAR technology has shifted toward increasing
the detection accuracy within the same signal. Research efforts have been directed toward
signal analysis techniques, optimal underwater target detection patterns, and the study
of signal spectrum variations and interference [11]. Another trend has aimed to enhance
detection performance through multiple sensors, high output power, and broadband
frequency usage, with the aim of improving detection precision, resolution, and range. To
achieve these performance improvements, SONAR sensors are designed and manufactured
to achieve a high output, operate at high pressures, and support broadband frequencies.
Accordingly, various sensors with distinct characteristics have been developed, as outlined
in Table 1 [12]. To satisfy the requirements for acoustic detection performance, the free-
flooded ring (FFR) sensor, which is characterized by structural features that make it suitable
for deep-sea operation and minimal frequency-specific variations when operating in the
broadband mode, was selected in this study [12–14].

Table 1. Characteristics of different types of SONAR sensors.

Sensor Type Power Operating Range Simplicity of Structure Hydraulic Pressure Efficiency

Tonpilz Middle Low Middle Middle High
Flextensionnal Middle Middle High Middle High

FFR High Middle Middle Middle High
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2.2. High-Power Amplifier Topology

As depicted in Figure 1, traditional SONAR amplifier operation involves the gener-
ation of voltage in a sinusoidal waveform for SONAR through high-speed switching of
the converter, resulting in sine-wave synthesis and high-frequency removal via the LC
filter. Furthermore, to address problems related to the quality of the harmonic content in
the voltage applied to the SONAR sensor and volume-related concerns of the converter,
a matching frequency within the operating frequency range of the SONAR sensor was
selected to design a matching transformer, as discussed by previous researchers [15,16].
Additionally, an efficient power amplification method using the Class E technique has been
proposed to address the efficiency problems arising from power converter switching [16].

However, as depicted in Figure 2, when utilizing multiple SONAR sensors with a
single amplifier, in the event of abnormal operation of the amplifier, it suffices to avoid using
the amplifier corresponding to the malfunctioning sensor. On the other hand, when driving
a single sensor with a single amplifier, contingency measures for emergency operation
owing to amplifier malfunctions must be considered. Furthermore, for the freedom of
repair and mobility by personnel, such as operators and maintenance workers, high-
capacity amplifiers adopt a topology configuration using multiple legs or a full-bridge
serial arrangement in a multilevel approach [1,17–19]. However, extensive research on
high-capacity amplifier designs has not been conducted.
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In single-power converters ranging from several kilowatts to tens of kilowatts, high-
frequency switching results in high total harmonic distortion (THD), which adversely
affects the quality of the generated acoustic waves [7]. As depicted in Figure 3, to satisfy
the demands of increased inverter switching speed and reduced volume and considering
the proper functioning of the amplifier under adverse conditions, ease of transport, and
replacement, a high-capacity amplifier is configured with a cascaded arrangement in the
context of multi-kW SONAR power amplifiers. However, to achieve effects similar to those
of the conventional single-amplifier configuration when constructing a cascaded amplifier,
the design must address the following aspects:

1. Improvement in harmonic quality owing to the LC filter;
2. Increase in power efficiency owing to the reduction in the amplifier reactive power

via the matching transformer;
3. Prevention of energy sharing between serial modules based on phase delays caused

by the LC filter and matching transformer in each serial module;
4. Minimal changes in the voltage delivery characteristics of the amplifier output within

the operating frequency range of the SONAR sensor.
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Considering the four key considerations outlined above, this paper proposes a proce-
dure for designing high-power SONAR amplifiers, as depicted in Figure 4. Initially, the
necessary design parameter variables for the high-power amplifier are input. Thereafter,
based on the load characteristics when the amplifier is used, an equivalent electrical circuit
is derived [20]. In the third step, the cutoff frequencies and attenuation ratios are set for the
simultaneous design of the LC filter and transformer to derive the design parameters of the
single system. Subsequently, the relationships between the design parameters within the
modules are derived using equations related to the single and serial system modules. The
procedure reveals that the theoretically analyzed amplifier characteristics align closely with
the simulation results. Therefore, the mathematical relationships between the component
parameters within a single system are first derived to address the considerations for the
high-power SONAR amplifier design outlined in this paper, as shown in Figure 2, along
with those between the component parameters for constructing a serial system amplifier, as
shown in Figure 3. These relationships are then used to facilitate the parameter derivation.
Finally, using the relationships between the design parameters of a single system and serial
module parameters, a design method for high-power amplifiers with a serial topology,
such as that depicted in Figure 3, is developed. The developed method is validated through
theoretical analysis, simulations, and experimentation using a reduced-capacity topology
to assess its suitability.
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Figure 4. Proposed power amplifier design procedure.

2.3. Relationship between Unified Amplifier System and Cascaded Amplifier System for
Sonar Applications

To derive the mutual relationships between the design parameters within the structures
of Figures 2 and 3, we first employ Thevenin’s equivalent circuit to formulate expressions
for the supply voltage and load of the reference single system. Subsequently, we similarly
utilize Thevenin’s equivalent circuit to derive the mutual relationships within the serial sys-
tem. We then compare these equations with a reference equation to deduce the relationship
between the number of serial modules (n) and the design parameters.

For the mathematical analysis of the SONAR-specific single-system structure in
Figure 2, we assume that the battery (DC link) voltage remains constant over time and
the inverter linearly outputs the voltage according to the modulation index (MI). This
assumption enables us to represent the voltage applied to the LC filter as an equivalent
voltage source, Vs. Furthermore, the component parameters within the SONAR amplifier
structure (illustrated in Figure 1) can be parameterized, as shown in Table 2. By utilizing
the variables from Table 2 and the structure illustrated in Figure 1, we can represent the
equivalent circuit of a single system, depicted in Figure 5.

Table 2. Variables of unified amplifier system.

Symbol Definition

Vs Supply voltage

L f , C f
LC filter parameters

(LC filter inductance, LC filter capacitance)

Lm, Rl , Ll
Matching transformer parameters

(Magnetizing inductance, leakage resistance, leakage inductance)
ZL Electrical impedance of SONAR
Vth Voltage source of Thevenin equivalent circuit
Zth Impedance of Thevenin equivalent circuit



Energies 2024, 17, 1581 6 of 19

Energies 2024, 17, x FOR PEER REVIEW 6 of 20 
 

 

��� Voltage source of Thevenin equivalent circuit 

��� Impedance of Thevenin equivalent circuit 

 

Figure 5. Thevenin equivalent circuit of the unified amplifier system. 

To calculate the Thevenin equivalent circuit voltage and impedance values in Figure 

5, the expressions for the voltage across each magnetizing inductance and the equivalent 

impedance as observed from the load (��) can be formulated as shown by Equations (1) 

and (2). In Equation (2), the leakage inductance of the transformer and the parasitic re-

sistance have values that are less than a few percent of the transformer’s magnetizing in-

ductance [20–22]; thus, these parameters can be excluded for simplicity. 

��� =

1
���

||(���)

��� + 1
���

||(���)
�� =

��

�������� + ��� + ���
�� (1)

��� = (�� + ����) + �����|| �
�

���
� || (���)  

= (�� + ���) ++
�����

���������(�����)
 ≈

�����

���������(�����)
 

(2)

Following a procedure similar to the derivation of the equations for the single-system 

circuit shown in Figure 5, the equations for the serial system were also derived using var-

iables, as listed in Table 3. It was assumed that there were no variations in the design pa-

rameters between the serial modules, and the DC link voltage was assumed to be supplied 

in parallel from a DC power source. 

Table 3. Variables of cascaded amplifier system. 

Symbol Definition 

��� Supply voltage 

��_��, ��_�� 
LC filter parameters 

(LC filter inductance, LC filter capacitance) 

��_��, ��_��, ��_�� 

Matching transformer parameters 

(Magnetizing inductance, leakage resistance, leakage in-

ductance) 

�� Electrical impedance of SONAR 

���_� Voltage source of Thevenin equivalent circuit 

���_� Impedance of Thevenin equivalent circuit 

� Number of unit modules 

Similar to the process outlined in Figure 5, the Thevenin equivalent circuit shown in 

Figure 6 can be formulated as shown by Equations (3) and (4).  

Figure 5. Thevenin equivalent circuit of the unified amplifier system.

To calculate the Thevenin equivalent circuit voltage and impedance values in Figure 5, the
expressions for the voltage across each magnetizing inductance and the equivalent impedance
as observed from the load (ZL) can be formulated as shown by Equations (1) and (2). In
Equation (2), the leakage inductance of the transformer and the parasitic resistance have
values that are less than a few percent of the transformer’s magnetizing inductance [20–22];
thus, these parameters can be excluded for simplicity.

VTH =

1
sC f

||(sLm)

sL f +
1

sC f
||(sLm)

Vs =
Lm

s2LmL f C f +
(

Lm + L f

)Vs (1)

ZTH = (Rs + sLls) +
(

sL f

)
||
(

1
sC f

)
||(sLm)

= (Rl + sLl)++
sLm L f

s2Lm L f C f +(Lm+L f )
≈ sLm L f

s2Lm L f C f +(Lm+L f )

(2)

Following a procedure similar to the derivation of the equations for the single-system
circuit shown in Figure 5, the equations for the serial system were also derived using
variables, as listed in Table 3. It was assumed that there were no variations in the design
parameters between the serial modules, and the DC link voltage was assumed to be
supplied in parallel from a DC power source.

Table 3. Variables of cascaded amplifier system.

Symbol Definition

Vsu Supply voltage

L f _su, C f _su
LC filter parameters

(LC filter inductance, LC filter capacitance)

Lm_su, Rl_su, Ll_su
Matching transformer parameters

(Magnetizing inductance, leakage resistance, leakage inductance)
ZL Electrical impedance of SONAR

Vth_s Voltage source of Thevenin equivalent circuit
Zth_s Impedance of Thevenin equivalent circuit

n Number of unit modules

Similar to the process outlined in Figure 5, the Thevenin equivalent circuit shown in
Figure 6 can be formulated as shown by Equations (3) and (4).

VTHsu =

[
n

1
sC fsu

||(sLmsu )

sL fsu+
1

sC fsu
||(sLmsu )

]
Vs

=

[
Lm_sn

s2Lm_su L f _suC f _su+(Lm_su+L f _su)

]
(nVs)

(3)

ZTH_su= n
[
(sL f _su)||( 1

sC f _su
)||(sLm_su)

]
=

sLmsu (nL fsu )

s2Lm_su L f _suC f _su+(Lm_su+L f _su)
.

(4)
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The electrical characteristics of the single system illustrated in Figure 2 and serial
system in Figure 3 must be identical. Therefore, Equations (2) and (4) should be identical. To
establish this equivalence, we derived the relationships between the component parameters
of the serial and single systems, yielding Equation (5). In Equation (5), the resistances and
inductances are divided by the number of modules in the serial configuration, and the
capacitance in the serial system is equal to the capacitance of a single system multiplied by
the number of modules.

Lsu =
L
n

, Rsu =
R
n

, Csu = nC (5)

From the results of Equation (5), it follows that the voltage of the Thevenin equivalent
circuit should be equal to the voltage of the single system; consequently, the relationship
between the two voltages and the number of serial modules is expressed as

Vsu =
Vs

n
. (6)

2.4. Extracting Design Parameters for High-Power Amplifiers

Before proceeding with the derivation of the design parameters for the high-power
amplifier of the single system using the design procedure shown in Figure 4, the number
of serial modules in the serial system is determined using the voltage transfer function
formula. The symbols and definitions of the variables used to derive the voltage transfer
function formula are presented in Table 4 and Figure 7.

Table 4. Variables of high-power amplifier.

Symbol Definition

VDC DC link voltage
MI Inverter modulation index
fsw Inverter switching frequency
f f un SONAR sensor operating frequency range

S Apparent power of high-power amplifier
Vout Power amplifier output voltage

Vpri_sys, Vpri_unit
First-side voltage of transformer of unified system,

First-side voltage of transformer of cascaded system
Irate_unit Converter-rated current at unit module
Im_unit Magnetization current at unit module transformer

N1 Number of turns of 1st winding
N2 Number of turns of 2nd winding
n Number of unit modules

aunit Transformer turn ratio of cascaded system ( N2
nN1

)

x Magnetization current percent ratio with rated current
y Leakage inductance percent ratio with magnetizing inductance

ZL SONAR impedance parameter at frequency
Z′

L Equivalent impedance of SONAR sensor from primary side of transformer
RL/ XL SONAR impedance real/imaginary parameters
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To derive the voltage transfer function formula, certain values among the variables of
the high-power amplifier were fixed according to the specified requirements, as shown in
Table 5.

Table 5. Value of control variables.

Variables Value Variables Value

VDC 350 V f f un 1.25–3.75 p.u.
MI 0.7 S 50 kVA
fsw 100 kHz Vout 1500 Vrms

Among the values used to derive the design parameters for both the single system and
individual modules, the capacity of the high-power amplifier, operating frequency range
of the FFR sensor, DC link voltage, selected MI for controllability, and inverter switching
frequency were fixed as control variables. Additionally, the variables in Table 4 that can
be expressed as relationships with the control variables are categorized as dependent
variables, reducing the types of variables introduced in both tables. The control variables
and dependent variables can be mathematically expressed by (7)–(12).

Vpri_sys = Vpri_unit = VDC·
MI√

2
(7)

aunit
N2

nN1

1500
nVpri_unit

(8)

Irate_unit =
S

Vpri_unit·n
=

S·
√

2
VDC·MI·n (9)

Im_unit = Irate_unit ×
x

100
=

S·
√

2
VDC·MI·n × x

100
(10)

Lm =
Vpri_unit

2π· f f un·Im_unit
=

Vpri_unit

2π· f f un·Irate_unit × x
100

(11)
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Ll = Lm × y
100

=
Vpriunit

2π· f f un·Imunit

× y
100

=
Vpri_unit

2π· f f un·Irate_unit × x
× y (12)

According to the dependent variables, the voltage transfer function relative to the
primary-side voltage of the transformer compared with the voltage applied to the SONAR
sensor can be formulated as shown by Equation (13). When converted from a complex
form to a magnitude, Equation (14) is obtained. The equation expresses the relationship in
terms of the load impedance magnitude, number of serial modules, ratio of rated current
to magnetizing current, and ratio of magnetizing inductance to leakage inductance. The
impedance values were determined based on the sensor impedance at the frequency corre-
sponding to the highest load. The leakage inductance ratio was selected as 1% considering
the worst-case scenario based on transformer manufacturing approaches [22]. The results
for the voltage transfer as a function of n and x are shown in Figure 8.

Vout
Vpri_unit

=
Z′

L ·jXm
jXl ·Z′L+jXm ·Z′L+jXm ·jXl

= ZL ·jXm
jXl ·ZL+jXm ·ZL+(aunit)2·jXm ·jXl

=
( y

100+1)·(R2
L+X2

L)+
15002 ·y

S·n·x (XL+jRL){
( y

100+1)·ZL}
2+(

15002 ·y
S·n·x )2+2·XL ·(

y
100+1)· 15002 ·y

S·n·x

(13)

mag(
Vout

Vpri_unit
)

ZL

√(
y

100 + 1)2·(Z2
L

)
+ 2·

( y
100 + 1

)
· 45·y·XL

n·x + ( 45·y
n·x )

2{( y
100 + 1

)
·ZL}2 + ( 45·y

n·x )
2 + 2·XL·

( y
100 + 1

)
· 45·y

n·x

(14)
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Figure 8. Voltage divider ratio (at y = 1%).

Assuming a ratio of the rated current to the magnetizing current (x) of approximately
5% in Equation (14), the voltage transfer ratio with respect to the number of serial modules
is shown in Figure 9. Among these values, the number of serial modules was selected
according to the point at which the change in voltage transfer became less significant with
the variation in the number of serial modules; this occurred at 10 serial modules. Therefore,
the number of serial modules was selected as a design parameter.
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2.5. Derivation of LC Filter Parameters

To generate the AC voltage and perform impedance matching, LC filters and trans-
formers are primarily designed using two approaches. In the first approach, an equivalent
electrical circuit with impedance and phase matching at the matching frequency of the
SONAR sensor is derived, and the inductance value for reactive power removal is designed
using these parameters. Subsequently, the SONAR load, including the matching trans-
former, is equivalently transformed into a single resistance, and the LC filter parameters
are derived to match the cutoff frequency [15]. However, this approach does not consider
the parasitic elements within the LC filter and matching transformer, which leads to dis-
crepancies between the design characteristics and actual performance. Thus, an approach
was recently proposed that involves the simultaneous design of LC filters and matching
transformers, considering the parasitic elements within both components [7]. Therefore, in
this study, the design of LC filters for a single system was considered a parasitic parameter.
Figure 10 and the following particle swarm optimization (PSO) algorithm procedure and
equations were used to derive the parameters in Table 6:

(1) Initialization phase: The necessary variables for the PSO algorithm were initialized,
and the initial values were set.

(2) Fitness calculation of the particles: The impedance characteristics of the sensor
were calculated using the estimated parameter values of the equivalent circuit and the
variables obtained from the previous step. The calculated and measured impedance
characteristics were compared to evaluate the error level. The evaluation was performed
using Equation (15), where e represents the error value; kmag and kphase represent the
weighting factors for the magnitude and phase errors, respectively; and Zmag and Zphase
represent the errors in the estimated impedance magnitude and phase, respectively.

e = kmagZmag + kphaseZphase (15)

(3) pbestk
id and gbestk

id update phase: The evaluation values of each particle, as deter-
mined by the fitness function, were compared with the previously recorded best evaluation
value pbestk

id. If the current evaluation value is lower than the previous best evaluation
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value, the parameter values were updated and assigned a new pbestk
id. Subsequently,

among all the updated pbestk
id values, the one with the best evaluation result, that is, gbestk

id,
was compared with the previous best evaluation result within the swarm. If the new
evaluation result is superior, the derived parameters are updated. Once all the updates
were completed, the algorithm checked whether the maximum number of iterations had
been reached or whether the evaluation result satisfied the termination criterion. If ei-
ther condition was satisfied, the PSO algorithm was terminated. The process ensured
that the particles continuously updated their personal best positions and velocities with
consideration of the global best position within the swarm.

(4) xk+1
id calculation phase: In this phase, when the maximum number of iterations was

not exceeded and the evaluation result did not satisfy the termination criterion, new pa-
rameter values (xid) were assigned for the next optimization operation. The new parameter
values were determined using the PSO algorithm, as shown in Equation (16). The velocity
change (vid), which indicated the direction and magnitude of the particle movement, was
added to the current xid value, resulting in the derivation of the new xid value, as shown
in Equation (17). This calculation phase ensured that each particle updated its position
based on its previous position and the velocity change determined by the PSO algorithm,
enabling continuous exploration and refinement of the parameter space in the search for an
optimal solution.

Vk+1
id = wVk

id + c1rk
i

(
pbestk

id − xk
id

)
+c2rk

2

(
gbestk

d − xk
id

) (16)

xk+1
id = xk

id + Vk+1
id (17)
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Table 6. Variables of PSO algorithm.

Symbol Definition

c1, c2 Acceleration constants
d Number of swarms
n Total number of parameters to derive PSO results

r1, r2 Uniformly distributed random numbers
ω Inertia weight factor
i Number of particles

pnum Total number of particles in swarm
Vt

id Present velocity vector of swarm
Vt+1

id Next velocity vector of particle
xk

id Present position vector of swarm
xk+1

id Next position vector of particle
gbestd Optimal position vector of swarm
pbestd Optimal position vector of particle

The parameters obtained through the aforementioned procedure for satisfying the
maximum harmonic distortion criteria imposed on the SONAR, along with a comparison
between the baseline voltage transfer function and parameter optimization results, are
presented in Table 7.

Table 7. Extracted unified system parameters.

Parameter Value Parameter Value

L f 44.26 µH C f 339 nF
Lm 19.50 mH aunit

(
N1

nN2

)
1.083

The design parameters of the modules obtained through the proposed high-power
amplifier design procedure shown in Figure 4 are presented in Table 8. The voltage transfer
characteristics of the parameters obtained using the proposed procedure within the SONAR
load-operating bandwidth are shown in Figure 11.

Table 8. Derived design parameters of unified high-power amplifier.

Parameter Value Parameter Value

S 50 kVA L f 44.26 µH
Vout 1500 V C f 339 nF
f f un 1.25 p.u. Lm 19.50 mH
aunit 1.083:1 n 10 EA
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2.6. Derivation of Reduced-Capacity Amplifier Design Parameters

Simulations and experiments were conducted to validate the proposed high-power
amplifier design. However, owing to the constraints in manufacturing, safety, and testing
equipment for a 50 kVA high-power amplifier, a reduced-capacity parameter set with the
same frequency characteristics was used for validation. The design procedure for the
reduced-capacity amplifier followed the per-unit (p.u.) method shown in Figure 12.
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(1) The design parameters of the unit module were derived using the proposed procedure.
(2) Based on the aforementioned parameters, a fundamental value and p.u. value were

set for electrical characteristics, such as the voltage, current, and impedance of the
amplifier at one frequency within the SONAR operating frequency range.
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(3) To minimize changes in the amplifier characteristics with frequency variations, the
turn ratio of the transformer was fixed, and the change in voltage gain with respect
to the number of modules was adjusted through DC link voltage control using the
results of Equation (6).

(4) Finally, the basic values suitable for the reduced capacity were selected, and the
reduced-capacity parameters were rederived.

The design parameters for the reduced-capacity amplifier were obtained using the
procedure shown in Figure 12 and presented in Table 9. The frequency–voltage transfer
function characteristics were compared to the amplifier characteristics before and after the
capacity reduction based on the procedure, as shown in Figure 13. The average error rate
was confirmed to be 0.19%, verifying that there were no problems with the high-power
amplifier design procedure based on the characteristics of the reduced capacity.

Table 9. Parameters re-extracted using per-unit method.

Parameter Value Base Value Re-Extracted Parameter

S 50 kVA 5 kVA 2 kVA
Vout 1500 V 1500 V 320 V
VDC 350 V 1500 V 175 V
L f 44.26 µH 6Ω 44.26 µH
C f 339 nF 6 [Ω] 339 nF
Lm 19.50 mH 6Ω 19.50 mH
n 10 EA 10 EA 4 EA

aunit 1.083:1 1.083:1 1.083:1
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3. Simulation

The aforementioned procedure confirmed that the average error between the character-
istics of the reduced-capacity amplifier based on the unit method and those obtained using
the proposed high-power amplifier design procedure is within 1%. Accordingly, in this
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study, simulations were conducted with reduced-capacity parameters and experimentally
validated to verify the design procedure for the proposed high-power amplifier.

The simulation setup parameters for the SONAR amplifier are presented in Table 10,
and the overall configuration is depicted in Figure 14. The simulation involved four serial
modules. On the right side of the amplifier, an electrical equivalent load was derived from
the SONAR characteristics within the operating frequency range.

Table 10. Simulation configuration parameters.

Parameter Value Parameter Value

VDC 175 V C f 339 nF
fsw 100 kHz Lm 19.50 mH

tdead 100 ns n 4 EA
L f 44.26 µH aunit 1.083:1
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Figure 14. Simulation configuration of the SONAR amplifier.

Using the simulation environment described in Figure 14, the theoretical design
procedure was validated by comparing the voltage transfer function within the operating
frequency range between the formula-based operating frequency and the simulation results,
as shown in Figure 15.

According to the simulation parameters listed in Table 10, the simulation environment
shown in Figure 14 was constructed. The voltage transfer function characteristics of the am-
plifier within the operating frequency range of the SONAR sensor were compared between
the theoretical and simulation results. For this comparison, the voltage transfer characteris-
tics at different frequencies were plotted, as shown in Figure 15, and the maximum error
for each frequency (emax) and the average error within the operating frequency range (eavg)
were calculated. The theoretical and simulation results are compared in Table 11.
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Table 11. Error rate between theory and simulation.

Parameter Value Parameter Value

VDC 175 V C f 339 nF
fsw 100 kHz Lm 19.50 mH

tdead 100 ns n 4 EA
L f 44.26 µH aunit 1.083:1

4. Experimental Setup and Verification

The percentage errors between the values of the LC filter and transformer inductance
obtained through the aforementioned procedure and their reference values are presented
in Table 12. The maximum error rate was 1.3%, and the average error rate was <2% for
each parameter. Thus, design parameters aligned closely with the actual manufacturing
specifications. According to these parameters, an experimental setup similar to that of the
previous simulation, as shown in Figure 16, was configured to validate the simulation in
the form of a voltage transfer function concerning the frequency applied to the SONAR
equivalent load.

Table 12. Design parameter values, fabrication parameter values, and errors.

Category
LC Filter

Inductance LC Filter Capacitance Transformer
Magnetizing Inductance

Value Error [%] Value Error [%] Value Error [%]

Design value 44.26 µH - 339 nF - 19.50 mH -
Module 1 43.67 µH 1.34 341 nF –0.58 19.51 mH –0.06
Module 2 43.79 µH 1.06 340 nF –0.29 19.40 mH 0.5
Module 3 43.70 µH 1.26 341 nF –0.58 19.69 mH –1
Module 4 43.73 µH 1.19 340 nF –0.29 19.37 mH 0.63



Energies 2024, 17, 1581 17 of 19

Energies 2024, 17, x FOR PEER REVIEW 17 of 20 
 

 

between the theoretical and simulation results. For this comparison, the voltage transfer 

characteristics at different frequencies were plo�ed, as shown in Figure 15, and the maxi-

mum error for each frequency (����) and the average error within the operating frequency 

range (����) were calculated. The theoretical and simulation results are compared in Table 

11. 

Table 11. Error rate between theory and simulation. 

Parameter Value Parameter Value 

���  175 V �� 339 nF 

��� 100 kHz �� 19.50 mH 

�����  100 ns � 4 EA 

�� 44.26 µH ����� 1.083:1 

4. Experimental Setup and Verification 

The percentage errors between the values of the LC filter and transformer inductance 

obtained through the aforementioned procedure and their reference values are presented 

in Table 12. The maximum error rate was 1.3%, and the average error rate was <2% for 

each parameter. Thus, design parameters aligned closely with the actual manufacturing 

specifications. According to these parameters, an experimental setup similar to that of the 

previous simulation, as shown in Figure 16, was configured to validate the simulation in 

the form of a voltage transfer function concerning the frequency applied to the SONAR 

equivalent load. 

Table 12. Design parameter values, fabrication parameter values, and errors. 

Category 

LC Filter 

Inductance 
LC Filter Capacitance 

Transformer 

Magnetizing Inductance 

Value Error [%] Value Error [%] Value Error [%] 

Design value 44.26 µH - 339 nF - 19.50 mH - 

Module 1 43.67 µH 1.34 341 nF –0.58 19.51 mH –0.06 

Module 2 43.79 µH 1.06 340 nF –0.29 19.40 mH 0.5 

Module 3 43.70 µH 1.26 341 nF –0.58 19.69 mH –1 

Module 4 43.73 µH 1.19 340 nF –0.29 19.37 mH 0.63 

 

Figure 16. Setup for the power amplification experiment. 

As indicated by the LC filter and transformer parameters presented in Table 12, in 

the experiment, the basic parameters, such as the switching frequency and DC link 

Figure 16. Setup for the power amplification experiment.

As indicated by the LC filter and transformer parameters presented in Table 12, in the
experiment, the basic parameters, such as the switching frequency and DC link voltage,
were consistent with those listed in Table 10. As shown in Figure 16, the experimental setup
consisted of an electrical equivalent circuit load with characteristics similar to those of the
SONAR operating band, a high-power amplifier designed using the proposed method,
DC power supply, controller, and the required power devices. In the experiment, the
root-mean-square (RMS) value and frequency magnitude of the voltage applied to the
SONAR equivalent load were measured and compared to verify that the desired voltage
frequency and magnitude were successfully delivered.

Figure 17 presents the results for the RMS voltage applied to the SONAR equivalent
load at different frequencies within the experimental setup depicted in Figure 16. According
to these results, the average error (eavg) and maximum error (emax) were calculated and
compared with the theoretically derived output-voltage characteristics of a single module,
as indicated in Table 13. The proposed amplifier characteristics are reflected with an average
error within 5%, considering the parasitic resistance and parameter variations.
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Table 13. Average and maximum error rate between theory and experimental results.

Parameter Value Parameter Value

eavg 3.79% emax 6.15%

5. Conclusions

A design procedure for high-power amplifiers to drive SONAR systems in response
to the increasing power requirements of SONAR operation was developed and validated
through simulations and experiments. Traditionally, power amplifiers and associated com-
ponents, such as LC filters and matching transformers, have been designed and fabricated
as single-power converters ranging from a few watts to kilowatts. However, the operational
power is increasing; thus, we proposed a different approach. Instead of using a single-
power converter, a power amplifier topology comprising multiple serially connected power
converters is employed. The goal was to minimize the variations in voltage characteristics
with changing operating frequencies, select the optimal number of serial modules, consider
impedance matching, and design an LC filter to attenuate harmonics for SONAR operation
at specific frequencies.

To validate the proposed approach, simulations based on the obtained design param-
eters and experiments with a reduced capacity were conducted to compare the voltage-
transfer characteristics of the amplifier across different frequencies. Compared with the
theory, the simulations exhibited average and maximum errors of 0.6% and 1.8%, respec-
tively. The average and maximum errors between the results of the theoretical analysis and
the reduced-capacity experiment were 3.79% and 6.19%, respectively.

The proposed amplifier design approach was validated to exhibit a level of error
comparable to the conventional amplifier design technique, with an error rate of 3.9% in
comparison at Table 14. This validation was performed using the terminology commonly
employed in electrical engineering journal papers.

Table 14. Average error rate between conventional design method and proposed design method.

Conventional Method Proposed Method
Error Rate Value Parameter Value

eavg 3.9% eavg 3.79%

We anticipate that serial systems that reflect the characteristics of a single system can
be designed using the procedure presented in this study.
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