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ABSTRACT Pulse width modulation (PWM) methods are important for the detection performance of
a sound navigation and ranging (sonar) system because they determine the output noise of the system.
However, only few studies have been conducted on PWM methods for reducing harmonics of a sonar
system. In this study, we propose a discontinuous pulse width modulation (DPWM) method for three-leg
two-phase (3L2P) inverters. Further, we derive a complete harmonic solution for a double-variable-controlled
waveform for the proposed DPWM and conventional continuous pulse width modulation (CPWM) methods.
Using these harmonic solutions, we analyze the normalized weighted total harmonic distortion (NWTHD)
characteristics according to the modulation index (MI) of the inverter and phase difference of the output
voltage for each method. Further, based on the results, we present a superiority map between the conventional
CPWM and proposed DPWM methods in terms of the NWTHD. An NWTHD measurement experiment
was performed to verify the proposed method. The experiment included additional evaluations of switch
losses, phase difference variability, and voltage utilization, which are important factors for sonar systems.
This is because improving only NWTHD performance while other factors degrade is not very useful. The
results of the experiment confirm that the NWTHD for the proposed DPWM method was 92.5% of that for
the conventional CPWM method. We confirm that the mean error of the NWTHD between the analytical
and experimental values under similar conditions was less than ~2.2%. In addition, it was verified that
the important factors, except NWTHD, were the same throughout additional experiments. Therefore, if the
CPWM or DPWM method is selected based on the proposed selection criteria, realizing advantageous
operation in terms of the NWTHD is possible.

INDEX TERMS Discontinuous pulse width modulation, sonar, voltage source inverter.

I. INTRODUCTION

A sound navigation and ranging (sonar) system converts
electrical signals into acoustic signals for emission in a detec-
tion area; the acoustic signal reflected from objects is then
processed to extract the target information [1]. A focused
detection direction of the sonar is determined based on the
phase difference between the acoustic signals emitted from
each transducer; this technique is called beamforming [2].
The acoustic phase difference is obtained from the electrical
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phase difference between the output of a power supply such as
a voltage source inverter (VSI). Therefore, the detection area
of sonar can be adjusted by controlling the electrical phase of
the VSI output. However, when a single VSI simultaneously
supplies electrical power to multiple sonar transducers in
an array structure, the output voltage phase is fixed, and it
thereby prevents independent phase control of each trans-
ducer. Therefore, independent control using multiple VSIs
is necessary to set the phase of the output acoustic signal
of every transducer. The configuration of a sonar system is
shown in Fig. 1. The system comprises a full-bridge VSI
(using two switch legs) to control the output phase of each
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FIGURE 1. Sonar system using four-leg two-phase VSI.

sonar transducer or groups of transducers. When the number
of transducers (or groups of transducers) increases by n, the
number of legs increases by 2n, which hinders scalability
because the installation space is limited owing to the tendency
of the industry toward miniaturization (e.g., in case of medical
equipment, weapons, fishing, and so on) [3]. Thus, if less
than 27 legs can be used for control, the total number of
legs and volume occupied by the VSI in the sonar system
can be reduced. This reduction in the VSI volume enables an
increase in battery space for power supply, which increases
the operating time per charge.
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FIGURE 2. Sonar system using two-leg two-phase VSI.

A two-leg two-phase (2L2P) configuration has been used
for reducing the number of used legs per phase [4]-[6].
The 2L2P configuration is shown in Fig. 2, where two split
capacitors that divide the DC link voltage are connected in
series. There is an error because the capacitances of the split
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capacitors are not equal. Therefore, balancing resistors are
used to divide the DC link voltage equally, which results in
unnecessary power loss [7]. This power dissipation leads to
wastage of the limited energy of batteries; if the capacitance
of the split capacitor is not sufficiently large (because of size
limitations), the magnitude of the output voltage fluctuates
by the charge and discharge of the capacitor during driving of
the system [8]. This fluctuation in the output voltage reduces
the quality of the acoustic signal, which reduces the target
imaging resolution of the sonar system. Further, as the DC
link voltage is halved and applied to the load, the voltage
utilization decreases [7]. Therefore, the 2L2P configuration
is not suitable for a sonar transducer.

To solve this problem, a three-leg two-phase (3L2P) con-
figuration is introduced [9], which uses a single capacitor
instead of a split capacitor; the one additional leg. called a
common leg, is connected to neutral point (connected point
of two split capacitors in the 2L.2P configuration) and controls
the neutral-point voltage. In this configuration, no output
voltage fluctuation occurs as no split capacitor is used, which
eliminates the corresponding voltage error. Table 1 lists a
comparison between each VSI topology for the sonar system.
Moreover, when using the 3L2P configuration, the common
leg connects one end of each load to the same leg. This leg
can be controlled to increase voltage utilization. Therefore,
a PWM method for appropriately controlling 3L2P VSI is
required. Additionally, as the acoustic signal is generated by
the voltage input to the sonar transducer, the more the input
voltage contains harmonics, the lower will be the quality of
the acoustic signal. An accident risk exists when detection
failure occurs due to such performance degradation. There-
fore, it is important to study the PWM method for a sonar
system.

Recently, different modulation strategies have been pro-
posed for the 3L2P VSI. Several studies have examined sinu-
soidal pulse width modulation (PWM) [10], [11]. In [9], space
vector PWM was used to generate a symmetrical phase volt-
age for increasing DC link voltage utilization. For unbalanced
systems, such as two-phase induction motors, asymmetrical
phase voltage generation that changes the locations of space
vectors according to the asymmetrical phase voltage refer-
ence has been devised [12], [13].

However, these studies are applicable to the fixed specific
phase difference, and therefore, it cannot be applied to a sonar
system operated at phase differences that vary according to
the operation strategy. In addition, the maximum voltage
utilization is an important factor as it directly affects the
maximum output sound pressure. However, previous studies
did not consider the maximum voltage utilization according
to the variable phase difference; they only considered the
fixed phase difference.

Kim and Sul investigated the offset-voltage-type space
PWM for four-leg three-phase VSIs to control the neutral
voltage of the grid [14]; although this method was developed
for the fixed phase difference, it can be directly applied
to the 3L2P configuration of the sonar system. However,
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TABLE 1. Comparing inverter topologies for sonar systems.

4L2P 21L.2P 3L2P
Phase
difference Possible Possible Possible
control
Phase
qutage 2V4c Ve difference
utilization
dependent
Number of
DC link 1 2 1
capacitor
balancing
resistance Unnecessary | Necessary | Unnecessary
Nurpber of 3 4 6
switches
Cost High Low Medium
Volume Large Small Medium

the method uses continuous PWM (CPWM), in which all
semiconductor switches operate continuously at a constant
frequency. In the case of the CPWM method, depending on
the modulation index (MI), it may be more disadvantageous
in terms of total harmonic distortion (THD) than the dis-
continuous PWM (DPWM) [15]. Therefore, it is necessary
to select a method that is advantageous in terms of THD
among CPWM and DPWM methods based on the transmis-
sion strategy. In addition, because the THD is a multivariate
function of the MI and phase difference, mathematical anal-
ysis considering both the MI and phase difference is required
to derive an optimal operating point based on the PWM
method. However, in contemporary research, this mathe-
matical analysis has not been conducted. Therefore, in this
study, we derive a complete harmonic solution for a double-
variable-controlled waveform for the proposed DPWM and
conventional CPWM methods. Based on harmonic solution,
we analyze the normalized weighted total harmonic distor-
tion (NWTHD) characteristics according to the MI of the
inverter and phase difference of the output voltage for each
method.

The rest of this manuscript is organized as follows.
In Section II, the maximum voltage utilization based on phase
difference is defined by analyzing the basic operation of
the 3L2P VSI and the existing offset-voltage type CPWM
method. Thereafter, an offset-voltage type DPWM method
considering variable phase difference is proposed, and var-
ious applicable phase differences, according to operating
conditions, are defined. A complete harmonic solution for
each PWM method and an optimal operating point in terms
of the THD is derived and presented in Section III. Finally,
the THD for each PWM method is experimentally evaluated
under the same level of switch losses and output conditions.
The optimal operating points derived from Section III are
compared, and the verification is provided in Section IV.

199866

Inverter

ﬁ} 2t
:Cdc
B FRE| |

Lowpass
filter Sonar

_{% transducer
H

Battery
|
L] L]
hY

Impedance
matching
transformer

FIGURE 3. Sonar system using three-leg two-phase VSI.
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FIGURE 4. Three-leg two-phase VSI.

Il. PWM STRATEGIES OF THREE-LEG TWO-PHASE
VOLTAGE SOURCE INVERTER FOR SONAR

Fig. 4 shows the configuration of the circuit depicted in Fig. 3
for analyzing the VSI output voltage. In Fig. 4, N represents
the ground; Vy4. is the DC link voltage; and a, b, and s
are the output nodes of Leg,, Legp, and Leg,, respectively.
In addition, pole voltages Vv, Vpy, and Vg, which are the
output voltages from the VSI legs, represent the potential
difference between the output node and ground N according
to the respective switch states. Moreover, phase voltages Vg
and V), applied to load Z are determined by the potential
difference between the pole voltages given by

Vas = VaN — VsN
Vs = Von — Ven (1)

and the phase voltages have independent constraints as
expressed by

—2Vae < Vag, Vbs <2V e (2)
From (1), the pole voltages are given by

VaN = Vas + VsN
VbN = Vbs + VsN (3)
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If the required phase voltage is selected, the pole voltages
are determined by V. Therefore, as the 3L2P VSIs have
an extra degree of freedom—provided by Leg,—the voltage
utilization increases by controlling Vy. For example, if Vv
is set to 0 and the magnitude of V,; and Vs (i.e., phase
difference equal to 0), the maximum output voltages of V
and Vj, are limited to V4.. However, when Vgy is set to
— Ve, the maximum V5 and Vg are 2V, which is a two-fold
increase.

—‘"' zvdc
Vinax
Ymax = Vmax + Vs -1 Ve
e V.
- dc v N
I
Vain
.
Limit
—Vic of Voole
Ymin = Vinin + Vsn
T-2v,,

FIGURE 5. Range of pole voltage V) (CPWM).

In Fig. 5, Vinax and Vi are given by max (Vi, Vps) and
min (Vg, Vis), respectively. ymax and ymin are the sum of Vipax
and Vi with Vg, respectively. Therefore, the trajectory of
Ymax and ymin in Fig. 5 represents the pole voltage trajectory
to satisfy the phase voltage when Vg changes in the state
where the values of Vinax and Vi are determined. Since the
maximum value of the pole voltage must satisfy

_VdC = Van VbN’ VSN = VdC’ (4)

the pole voltage should exist only within the square box
in Fig. 5. Therefore, the available range of Vy is determined
according to Vipax and Vpin. For example, assuming that Vv
is 1.5Vy4. and Vpy is —0.2Vy,, respectively, if Vi exceeds
—0.5Vyc, the value of V,y becomes greater than Vy; if Vv
is less than —0.8Vy4., Vpny becomes less than —Vy.. Conse-
quently, Vv can be varied in the limited range from —0.8Vy,
to —0.5Vq4c.

A. CONVENTIONAL CPWM USING OFFSET VOLTAGE FOR
THREE-LEG TWO-PHASE VSI

The available range of Vy is limited by Vs and Vp,, and this
can be summarized according to the relationship with Viax

and Viin as
—Vic — Vimin < Vsv < Vde — Vinax (5)

In addition, Vv must also satisfy the common limit of pole
voltage as given in (4), which ensures that 1) both Vip,x and
Vmin are positive; 2) both Viax and Viin are negative; and
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3) Vmax and Vpin have different polarities. If they are differ-
ent, the value of Vv can be determined basis the above three
cases.

For case 1, the maximum value of Vgy limited by Viax
is within the limit of (4); however, the minimum value of
Venv limited by Viin exceeds the limit of (4) in all possible
ranges of Vnin. Therefore, in this case, Vg is in the range
of —Vic to Ve Vimax, and Vinin is not valid for determining
Vin. Conversely, in case 2, the range of Viy is limited from
—V dcVimin to Vgc, which is similar to case 1, and therefore,
Vmax 1s not valid for determining Vyy. For case 3, the signs of
Vmax and Vg are different, and Viy satisfies the limit of (4)
in all combinations of Vi,x and Vi,in, which satisfies (2);
therefore, the available range is the same as that in (5). When
phase voltage is equal to

Vs = VM cos (wot)
Vs = ViuM cos (wot + 8) (6)

Vv is determined as

Vi
- r;ax s Vinin > 0
Vi
‘/SN - - r;lll'l 5 Vmax <0 (7)
Vmax + Vmin .
R E— otherwise

according to the sign of the phase voltage [14]. In (6), wg
is the angular frequency of the fundamental wave, § is the
electrical phase difference between V,; and Vjg, M is the MI
and V), is the magnitude of the phase voltage. When Vy is
determined by (7), it is always set to the median value of the
available range of Vyy. For example, when V; is 1.5V and
Vs is —0.7Vqc, according to (5), the available range of Vi
is —0.3Vyc to —0.5Vq, and if Vg is determined according
to (7), Vg is set to —0.4 Vg4, which is the median value of
the range.

Thus, the pole voltage value for synthesizing the phase
voltage is distributed without bias in the Vy. or —Viy
direction.

After determining Viy, the other pole voltages are deter-
mined using

VaN = Vas + VsN
VbN = Vbs + VsN (8)

The ON times of upper switches T,, Tp, and T, of
Leg,, Leg;,, and Leg,, respectively, are determined at a PWM
carrier frequency of 1/(2T) by

T 'V
Ta -~ 4 aN
2 Ve
T V
Ty ==+ -Np
2 Vie
T VsN
T, = — T 9
s=5+ Ve ©)
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FIGURE 6. Phase voltage and pole voltage reference of CPWM according to phase difference § (Vm = 2V4., M = 1): (a) § = 15°, (b) § = 30°, (c) § = 45°,

(d) § = 60°.

B. MAXIMUM ACHIEVABLE VOLTAGE IN THREE-LEG
TWO-PHASE VSI

If the difference between Vs and Vj is equal to or below
2V4c, Vs can be controlled within the available range limited
by (4), whereas for a difference above 2Vy., Vv cannot be
controlled and operation occurs in the overmodulation region.
To prevent the latter case,

Vas — Vs < 2Vic (10)

must be satisfied. Therefore, when Vs and V), are equal
to (6), the magnitude of the difference between V,; and Vp; is
given by

2V,uM sin (8) < 2Vige (11)

Assuming that the MI is 1, (11) is replaced by
v, <
sin (8)
for V,,,. Therefore, V,, is defined by V4. and §. In addition,

the phase voltage must also satisfy (2), and thus, the maxi-
mum V,, that satisfies both (2) and (12) is equal to

(12)

2V e, 0° <8 <60°
= V.
Sin (E)

according to §.

Therefore, when using the 3L2P configuration and assum-
ing a maximum phase difference in 0 < § < 180°, the voltage
utilization is the same as that of the 4L2P configuration in
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0 < § < 60°. The utilization gradually decreases after 60°,
and finally, at 180°, it reaches half of that in the 4L2P
configuration. Therefore, the maximum efficiency interval in
terms of voltage utilization is 0 < § < 60°. Fig. 6 shows
the pole voltages according to phase voltage at varying phase
differences from 0° to 60° based on (7).

C. PROPOSED DPWM FOR 3L2P VSI

For three-leg three-phase (3L3P) VSIs, power loss reduction
with DPWM was achieved in [15], [16]. The requirement of
clamping time depends on the power factor of the load con-
nected to the inverter output. Various types of DPWM have
been proposed; for example, DPWMMIN and DPWMMAX
for 120° clamping and DPWM1, DPWM?2, and DPWMO for
60° clamping, which reduce switching losses by unity, lag-
ging, and leading power factors, respectively [17], [18].
In [19], 3L2P VSIs with DPWM were used to generate asym-
metrical phase voltage outputs. However, these studies are
applicable only to fixed phase differences. Hence, a study on
the DPWM method considering a variable phase difference is
required. Therefore, we propose a DPWM method for a sonar
system.

The power factor of the load connected to the VSI is
important for selecting DPWM modality, that is, DPWMI,
DPWM2, or DPWMa3. We focus on sonar transducers that
have impedance matching circuits, and therefore, the power
factor of the load can be assumed to be unity. The proposed
DPWM method is thus based on DPWMI.
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For operation of the 3L3P VSI with DPWMI, the pole
voltage should be clamped to the DC rail in 60° intervals
of each half cycle. Thus, the center of each DC-rail clamped
segment is aligned with the cosine modulation wave peak.
For example, the pole voltage is clamped to V4. and —Vy, for
60° based on 0° and 180° (from —30° to 30° and from 150°
to 210°, respectively), which are the points where the abso-
lute value of V5 becomes the maximum. Thus, because the
switch total losses are proportional to the switch conduction
current [20], [21], it is advantageous in terms of switch losses
compared with other clamping points where the switch con-
duction current is not the maximum. However, in the 3L2P
configuration, because of the current superposition on the s
phase current, there is a difference between the conventional
DPWMI and the DPWM method for 3L2P VSI in terms of
centering the clamping position. The relation of each phase
current is given by

Iy = _(ia + ib) (14)

In (14), ig4, ip, and i5 are a, b, and s phase currents, respec-
tively. Therefore, if the phase voltage is equal to (6) and the
voltage and current are unity, (14) can be rearranged as

8
iy = —2I,, cos (8) cos (wot + 5) (15)

Optimal Operation Range
(0°<8<60°

<+

175 [
15[
125

0.75
051

Phase current ratio iy/i,, i}

0.25+

0 30 60 90 120 150 180

Phase difference [°]
FIGURE 7. Phase current ratio according to phase difference 5.

In (15), 1,;, is the magnitude of the phase current. Therefore,
assuming that 1, is constant, is is determined by the phase
difference of i, and i} according to (15). Fig. 7 shows the
ratio of iy and other phase currents according to the phase
difference when [, is constant. Therefore, is is larger than
other phase currents at 0° to 60°, which is the efficiency
operation range in terms of voltage utilization induced (13).
Therefore, the clamping point needs to be adjusted based on
the point where the maximum current is; occurs. According to
(15), this point is placed at the middle of the maximum points
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of iy and ip, (§ / 2); therefore, it should be selected considering
the value of §. Thus, even if the phase voltages and currents
are unity, the clamping points cannot be selected as in the
conventional DPWMI1 method.

Pole voltages that have the maximum or minimum value in
each leg have freedom for clamping to the DC rail (positive
clamping or negative clamping); however, the pole voltage
that has the middle value among the pole voltages cannot be
clamped to the DC rail. In particular, Vi can be clamped to
the DC rail only if both V,s and Vj, are positive as shown
in Fig. 8(a), or negative, as shown in Fig. 8(b). In other
case, the Vv has the middle value among the pole voltages;
therefore, it cannot be clamped to DC rail. Assuming that
V.s and Vp, references are cosine waveforms as in (6), Viy
can be clamped from —90°, which is the start angle for
Vs to become positive, to 90° — §, which is the start angle
for Vjs to become negative. Therefore, intervals that can be
clamped to the DC rail for Vg may exist depending on the
phase difference §, and the intervals to maintain clamping
decrease if the phase difference increases. For example, if §
is 0°, Vgy can be clamped to the DC rail at every moment
because both V s and Vj, have either positive or negative
values at all time. In contrast, if § is 180°, it cannot be
clamped because both V,; and V), have opposite signs. More-
over, if § exceed 120°, the interval where both V,, and Vp,
are positive or negative values decrease to less than 60°.
In other words, Vi cannot be clamped to DC rail for 60°.
Therefore, clamping intervals for each pole voltage cannot
be equally divided for 60°. Thus, the switching loss of the
leg responsible for Vgy at § > 120° gradually increases,
while the switching loss of the other legs gradually decreases,
thereby resulting in an unbalanced switching loss of the legs.
Therefore, the maximum available interval of the proposed
DPWMis0 < § < 120°, which corresponds to the maximum
angle to maintain 60° clamping. For clamping other pole
voltages, two cases can be considered. If the sum of Viax
and Vi, is greater than zero, as shown in Fig. 8(c), Viin
cannot be clamped to the DC rail due to constraint in (4).
Thus, Vv should be calculated such that Vi, is clamped to
the DC rail. In the second case, the sum of Vi« and Vi is
less than zero and Vv should be calculated such that Vi, is
clamped to the DC rail, as shown in Fig. 8(d). Therefore, the
conventional DPWM 1 method can be modified by adding the
phase difference as shown by the following equation

) )
Ve, ISOC’———E<0<180"——+E
2 2
V. ) 0 S—i-'B
_ ) Ve, —_————<f<—=+=
Vin=y 7 2 2 272
Vde — Vimax, Vmax + Vimin >0
—Vac—Vmin,  Vmax+ Vimin <0
(16)
where 0° < 6 < 120° and the clamping interval is

B = 60°. After determining Vi, other pole voltages can be
determined by (8).
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FIGURE 9. Phase voltage and pole voltage reference of DPWM according to phase difference (Vi = 2V4c, M = 1): (a) § = 15°, (b) § = 30°, (c) § = 45°,

and (d) § = 60°.

As the proposed DPWM method has the same constraints
as those of the CPWM method, the magnitude of the maxi-
mum synthesizable phase voltage is determined using (13),
which is similar to that for CPWM.

The maximum efficiency interval of the 3L2P configu-
ration is determined using the voltage utilization and the
operation method. Based on the small value, the maximum
efficiency lies in 0 < § < 60°. Fig. 9 shows the pole voltages
according to the phase voltage at varying phase differences
from 0° to 60°, based on (16).

199870

Ill. TOTAL HARMONIC DISTORTION ANALYSIS

DPWM1 uses an effective switching frequency that is approx-
imately two-thirds of the switching frequency fsw for CPWM
given the nonswitching interval. Thus, if the VSIs operate
using DPWM and CPWM at the same switching frequency,
the effective switching frequency falls under that in the case
of CPWM when using DPWM, thereby reducing switching
losses. However, switching losses can also be reduced by
reducing the switching frequency of CPWM to match the
effective switching frequency of DPWM. In this case, CPWM
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generates similar switching losses as in the case of DPWM.
The quality of VSI output voltage should be analyzed with
respect to THD as it is affected by the MI and §.

We analyze harmonic characteristics to determine the gain
interval for the proposed DPWM compared with that for
the conventional CPWM. For the theoretical analysis of har-
monic characteristics, we derive a complete harmonic solu-
tion of phase voltage for each control technique and evaluate
the normalized weighted total harmonic distortion (NWTHD)
according to the output method. The NWTHD is given by

17)

where V is the rms value of the fundamental component volt-
age, h is the order of harmonics, and V}, is the rms value of the
h-th harmonic component [22]. This criterion is qualitatively
equivalent to the factor introduced by Fukuda et al. [23] for
determining harmonic distortion.

Bowes and Bird [24] compared the low-frequency wave-
form to be realized with a relatively high-frequency carrier
waveform to determine the output value. If the carrier fre-
quency w, and fundamental frequency w, are determined,
when x = w.t and y = w,f, a double-variable-controlled
waveform f(x, y) is given by

A o0
f ey = % + Z [Aop cos by + Bop sin by]

b=1

o0
+ Z [Aco cos cx + Beg sin cx]

c=1

+ Z Z [Acp cos (cx + by)

c=1 b=—00
b#0

+ By sin (cx + by)] (18)

where

. 1
Acp + jBep = F Zf
i

ys@  Jxr @)

Ye(@)  pxr(i) .
f (. y) T dx dy

(19)

where ¢ and b are the carrier and baseband index variables
that define the frequency of each harmonic component of the
phase leg output voltage. For example, if ¢ and b are set to
2 and 4, respectively, it means that the fourth sideband har-
monic in the group of harmonics is located around the second
carrier harmonic. A., and B, are coefficients that represent
the magnitude of the harmonic components for each ¢ and b.

The first term in (18) represents the DC offset component
of PWM waveform where ¢ = b = 0(Aqg). The second term
corresponds to the output fundamental frequency waveform
called baseband harmonics where ¢ = 0 (xgp). The third term
defines the carrier wave harmonics where b = 0 (x.9). The
final double summation term, where ¢, b # 0 (xp), is the
ensemble of all possible frequencies between the carrier and
baseband harmonics.
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If we consider a continuous voltage reference waveform
as in the sinusoidal PWM method, ys; and y, are fixed at
—m and m, respectively. However, if the reference wave-
form is no longer continuous as in the proposed PWM
method, we need to re-define the integral limits based on the
change intervals of the voltage reference waveform. Thus,
the outer and inner double Fourier integral limits, y, (i) and
Ye (i), are determined using (7) and (16). After determining
vs (i) and y, (i), the rising and falling switching instants for
each sector according to i—x,(i) and x¢(7), respectively—
are determined. Tables 2 and 3 list the integral limits for
the conventional CPWM and proposed DPWM, respectively.
Therefore, if the phase voltages for each control method
are Vs, cpwM, Vis,cPWM, Vas,DPwM, and Vi ppwim, then the
complete harmonic solution can be expressed by (A.5)—(A.8)
in the Appendix. To calculate (18), we set ¢ and b from
—10to 10. As the Bessel function rapidly decreases beyond
10, it is reasonable to reduce the calculation time to achieve
accuracy. The NWTHD of the phase voltage according to the
MI and § for each control method is shown in Fig. 10. In this
case, the fundamental frequency, f1, is set to 20 kHz, and the
switching frequency of DPWM is 30 times the fundamen-
tal frequency, whereas the switching frequency of CPWM
is 20 times the fundamental frequency, which is similar to
the effective switching frequency of DPWM (two-thirds of
the switching frequency). The NWTHD in the conventional
CPWM increases as the MI and § increase. In contrast, in the
proposed DPWM, the NWTHD initially increases as that in
CPWM; however, it decreases at a high MI (>0.6) and high &,
according to (18). Therefore, the superiority between CPWM
and DPWM methods is determined in terms of the NWTHD
according to the combination of the two variables, MI and §.
Based on the results, the superiority map is provided in
Fig. 11. The MI increases in steps of 0.05 from 0.1 to 0.9,
and the phase difference increases in steps of 10° from 0° to
120°. If the 3L2P VSIs operate at an MI and a 6 of 0.8 and 60°,
respectively, the proposed DPWM operating at a 600 kHz
switching frequency is advantageous compared with the con-
ventional CPWM operating at 400 kHz. If a switching fre-
quency of 400 kHz is used for the CPWM, it is advantageous
for the proposed DPWM to start at approximately 22°. There-
fore, as the sonar system operates at fixed MI and § during the
emission of the acoustic signals, superior performance can
be achieved by selecting the PWM according to the MI and
8. Fig. 12 shows the analytical and simulation results for the
double-variable-controlled waveform.

IV. EXPERIMENTS AND RESULTS

A. EXPERIMENTAL SETUP

The following experiments were performed to verify the
NWTHD superiority map of the conventional CPWM and
proposed DPWM methods. The output voltage of the 3L2P
VSI was measured, and the NWTHD was calculated using
the fast Fourier transform implemented on MATLAB (Math-
Works); the validity of the proposed map was then verified
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TABLE 2. Outer and inner double fourier integral limits for CPWM.

i Leg hAO) Ye () x, (1) x (D)
A —%[1+2Mc05y—Mcos(y+6)] %[1+2Mc05y—Mcos(y+6)]
T T
| B _;n —n—g 211+ Mcos(y + )] 2 [1+Mcos(y +6)]
N —%[1 — M cos(y + 8)] %[1 — M cos(y + 8)]
A —%(1+Mcosy) g(1+Mcosy)
2 B v, (1) —%—5 —g[1+2Mcos(y+6)—Mcosy] g[1+2Mcos(y+6)—Mcosy]
T s
N —E(l—Mcosy) 5(1—Mcosy)
A —%[1+Mc05y—Mcos(y+6)] g[1+Mc05y—Mcos(y+6)]
Vs s T
3 B Y. (2) —3 —E[l—Mcosy+Mcos(y+6)] E[l—Mcosy+Mcos(y+6)]
N —g[l—MCOSy—MCOS(y+5)] g[l—MCOSy—MCOS(y+6)]
A P
4 B %(3) -2 x,(1) % (1)
N 2
A
T
5 B Ye (4) E -6 XT(Z) xf(z)
N
A Y
6 B Ye (5) E xr(3) xf(?’)
N
TABLE 3. Outer and inner double fourier integral limits for DPWM.
i Leg ys(l) ye(l) xr(i) xf(i)
A —n(1+ M cosy) w(1+ Mcosy)
7 8 5 8
1 B —em- —Zn-z —n[1 4+ M cos(y + 6)] m[1+ M cos(y + 6)]
N -1 s
A 0 0
2 B v,(1) —g —g —m[M cosy + M cos(y + &§)] n[Mcosy + M cos(y + 6)]
N M CoS y —nM CoSs y
A —n[1+ Mcosy — M cos(y + 6)] [l + Mcosy — M cos(y + 6)]
T 0
3 B 2 -2 — n
¥.(2) 573
N —m[1 — M cos(y + 6)] m[1 — Mcos(y + §)]
A —nM cosy M CoSy
)
4 B v.(3) _5+% —nM cos(y + &) M cos(y + &)
N 0 0
A -7 T
5 B ye(4) g—g —n[1— Mcosy + Mcos(y + )] n[1 = Mcosy + M cos(y + 6)]
N —m(1 — M cosy) (1 — Mcosy)
A —n[M cosy — M cos(y + 6)] n[M cosy — M cos(y + &8)]
B 5 Y 0 0
6 e (5) —m—=
2
N M cos(y + &) —nM cos(y + &)

by comparing the mathematical analysis and experimental
results. In addition, although the proposed method is advan-
tageous in terms of the NWTHD, it cannot be applied when

the switch losses increase, phase difference control is not
possible, or voltage utilization decreases. Therefore, under
the same load conditions, the heat sink temperature, phase
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FIGURE 10. NWTHD (analytical result) for (a) CPWM at fsw = 400 kHz and
(b) DPWM at fs\, = 600 kHz.

difference control ability, and voltage utilization were mea-
sured to verify the similarity of important evaluation factors
for sonar systems.

For our experiment, we considered system parameters as
summarized in Table 4. The switching frequency was set to
600 kHz for DPWM and 400 kHz for CPWM, and the phase
difference varied in increments of 10° between 0° and 60°,
which corresponds to the maximum efficiency range of the
3L2P configuration in terms of voltage utilization. Further,
the MI was varied in increments of 0.1 between 0.3 and 0.9.
All experiments were performed under the same load condi-
tions. Fig. 13 shows the experimental setup, which comprises
a module that connects one impedance matching transformer
to each sonar equivalent model. A total of five modules are
connected in series to create a set that is combined with a
lowpass filter to constitute the total load. The load is then
connected to the VSI to complete the sonar transducer power
system. The impedance magnitude and phase of the total
load are 398.6 €2 and —2.1°, respectively. Therefore, the total
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FIGURE 11. Optimal PWM extraction according to Ml and phase
difference.

TABLE 4. System parameters.

Parameter Value
DC link voltage (2V4.) 150V
Fundamental frequency 20 kHz
Low-pass filter inductance 120 uH
Low-pass filter capacitance 120 pF
Low-pass filter cut-off frequency 125 kHz
Transformer magnetizing inductance 260 uH
Transformer turn ratio 5
Load impedance magnitude @ 20 kHz 398.6
Load impedance phase @ 20 kHz —2.1°

load can be regarded as unity. The experimental configura-
tion consists of a control board implemented by the 32-bit
TMS320C28346 manufactured by Texas Instruments.

B. NWTHD MEASUREMENT RESULTS

To compare the NWTHD between the modulation meth-
ods, we measured the 3L2P VSI output voltage, as shown
in Fig. 14 and Fig. 15. Based on the above results,
the NWTHD of the CPWM method gradually increased as
the MI and § increased, whereas the NWTHD of the DPWM
method has similar characteristics to that in CPWM up to
an MI of 0.6. After the MI of 0.6, the NWTHD decreases,
resulting in a marked difference than in CPWM, as shown
Fig. 16. These characteristics are the same as the results of the
mathematical analysis presented in Section III. The average
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FIGURE 12. Analytical results of double-variable-controlled waveform
compared to simulation results: (a) conventional CPWM at fsw = 400 kHz
(solid line: analytical result; dashed line: simulation result) and

(b) proposed DPWM fsyy = 600 kHz (solid line: analytical result; dashed
line: simulation result).

errors between the analytical and experimental values for the
CPWM and DPWM methods are 2.4% and 1.9%, respec-
tively. These errors are caused by nonideal factors, such as
rising time, falling time, and dead time of the VSI output
waveform, in the actual experiment. In this experiment, SiC
MOSFET manufactured by ROHM was used, and the dead
time was set at 70 ns. This dead time corresponds to 4%
of one cycle (*1.67 us) based on a switching frequency
of 600 kHz. The dead time is expressed as a decrease in MI
compared with the MI set according to the inverter output
voltage reference, which can increase the NWTHD error.
Further, in this study, the dead time compensation method
was not used, and only the pure PWM method was compared.
There errors occur because the PWM is achieved using a
regular sampling method in a practical scenario, whereas the
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FIGURE 13. Experimental setup to evaluate VSI and proposed DPWM.

mathematical analysis in our study considered the natural
sampling method. However, the average error is below 2.5%,
which is sufficiently small to validate the real system. There-
fore, the complete harmonic solution derived from this study
is effective for deriving an advantageous method in terms of
the NWTHD between the conventional CPWM and proposed
DPWM methods based on the MI and phase differences.
Fig.17 shows the superiority map of CPWM and DPWM
methods according to the experimental results.

C. HEAT SINK TEMPERATURE MEASUREMENT RESULTS
Even if it is excellent in terms of the NWTHD, a significant
degradation in terms of switching losses causes an increase
in the volume because of the increase in the heat sink area.
Therefore, we measured the heat sink temperature to verify
whether the switching losses of the CPWM and DPWM are
similar. An MI of 0.9 was applied, and the initial and steady
temperatures were measured using an infrared thermometer.
In this case, it is important to choose the emissivity from a
material in the measurement target to obtain accurate results.
In this study, we selected anodized aluminum as the tar-
get material with emissivity set from 0.8 to 0.82 accord-
ing to the heat sink temperature during measurements [25].
Fig. 18 shows the temperature of the heat sink according to
the phase difference, where Sy denotes the upper switch of
the x leg. The average temperature increase (A7) of CPWM
and DPWM was 29.0 and 30.5 °C, respectively, with a dif-
ference of 1.5 °C that represents approximately 5.25% of
the average temperature increase than in the case of CPWM.
Therefore, the two methods are similar in terms of switching
loss, which suggests the feasibility to apply both CPWM and
DPWM with the same heat sink.

D. VOLTAGE UTILIZATION AND PHASE DIFFERENCE
MEASUREMENT RESULTS

In addition to switching losses, voltage utilization and phase
difference control ability were verified through experiments.
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FIGURE 15. Phase voltage of 3L2P VSl (filtered waveform by lowpass filter) using DPWM.

To confirm the phase difference, the 3L2P VSI voltage Thereafter, the measured values of the reference were com-
outputs were measured, and the fundamental component pared and verified. For verifying voltage utilization, the input
was obtained using the Fourier transform in MATLAB. voltage of the sonar equivalent model, which was lowpass
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FIGURE 16. NWTHD (experimental result) for (a) CPWM and (b) DPWM.

filtered, was measured as shown in Fig. 14 and 15; then,
the rms value was directly obtained from a function on an
oscilloscope. Tables 5 and 6 list the results for the phase dif-
ference between CPWM and DPWM, respectively. The mean
error of CPWM is 0.4°, which is equal to that of DPWM.
Thus, both methods enable variable phase differences. Table 7
lists the input voltage of the sonar equivalent circuit measured
under the 0-dB gain of the lowpass filter for the fundamental
frequency and all other harmonics below —30 dB, compared
with the magnitude of the fundamental frequency. In addition,
the MI was set to 0.9, and the output voltage reference was
95.5 Vims 2VycMI/ \/5), which corresponds to the voltage
utilization of the 4L2P VSI. The mean values of CPWM and
DPWM are 96.2 and 96.8 V5. Compared with the reference,
the errors are 0.8% and 1.4%, respectively. Therefore, it was
verified that both methods showed similar characteristics in
terms of voltage utilization and phase difference variability.

E. RESULT DISCUSSION
We provided the guidelines for the selection of the PWM
method to improve the output voltage quality in terms of the
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NWTHD. If MIs are set at 0.8—0.9 in increments of 0.05 and
& values set at 10-60° in increments of 10° (assuming that
the operating times for the points are the same), the average
NWTHD is 1.52% when CPWM alone is used. However,
when the PWM method is selected according to the guide-
lines, the average NWTHD is 1.46%, which is 96% of that
in the case where only CPWM is used; therefore, there is a
reduction of 4%. However, as the minimum value of the set
MI increases, the effect of the proposed method increases.
Therefore, when the MI is fixed at 0.9, the average NWTHD
is 1.52% for the conventional CPWM method and 1.41% for
the proposed DPWM method, which is 92.5% of that for the
conventional CPWM method; thus, a high reduction of 7.5%
can be expected. However, if the MI is below 0.75, PWM
selection is meaningless because the NTWHD reverses at this
point. This paper is significant in that it suggests the correct
selection criteria by creating the superiority map based on
mathematical analysis. In addition, through the experiment,
it is verified that the average error between the analyzed
and experimental values is approximately 2.2%, which is
meaningful in practical application. This reduces the time and
cost required to create a superiority map by measuring the
NWTHD through repeated experiments.

The results of the heat sink temperature measurement con-
firmed that the AT of the CPWM and DWPM methods were
29.0 and 30.5 °C, respectively. The results of the phase dif-
ference experiment confirmed that phase differences within
a mean error of 0.4° can be realized for both the methods.
For voltage utilization, we analyzed the sonar sensor input
voltage. The experimental results confirm that the voltage
error compared with the voltage reference was similar to
those of CPWM and DPWM, (0.8% and 1.4%, respectively).
As a result, it is verified that the characteristics (except the
NWTHD) are similar in both CPWM and DPWM methods.
This means that it is not required to change the hardware,
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FIGURE 18. Heat sink temperature measurements (M/ = 0.9) for
(a) CPWM and (b) DPWM.

TABLE 5. Phase difference measurement results for CPWM.

Phase CPWM ()

difference

reference MI MI MI MI
© 0.75 0.8 0.85 0.9
10 10.2 10.2 10.2 10.1
20 20.2 20.2 20.3 20.4
30 30.2 30.6 30.5 30.3
40 40.5 40.6 40.4 40.5
50 50.7 50.5 50.5 50.6
60 60.5 60.7 60.6 60.4

such as the heat sink of the inverter, to apply the proposed
DPWM method. Therefore, by selecting the PWM method
according to the proposed guidelines, the NWTHD can be
reduced without changing the hardware.
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TABLE 6. Phase difference measurement results for DPWM.

Phase CPWM (°)

difference

reference MI MI MI MI
©) 0.75 0.8 0.85 0.9
10 10.0 10.0 10.2 10.3
20 20.4 20.4 20.4 20.5
30 30.3 30.5 30.4 30.3
40 40.5 40.6 40.5 40.5
50 50.6 50.6 50.5 50.6
60 60.8 60.5 60.7 60.5

TABLE 7. Input voltage of sonar equivalent circuit.

Phase CPWM DPWM
difference
©) Phase A Phase B Phase A Phase B
(Vrms) (Vrms) (Vrms) (Vrms)
10 95.3 97.1 96.4 97.6
20 95.1 97.1 95.6 97.5
30 95.2 97.2 95.6 97.4
40 95.1 97.3 96.0 97.8
50 94.9 97.3 95.7 97.9
60 95.5 97.6 95.9 97.9
Mean value 95.2 97.3 95.9 97.7

Moreover, our proposed method reduced the THD in
the output voltage of 3L2P VSI. Therefore, if the 3L2P
structure is used, it can be extended not only to the
sonar system but also to any type of load directly without
modification.

V. CONCLUSION

We proposed a DPWM method to drive the 3L2P VSI of a
sonar system. If the sonar system is operated by selecting the
advantageous method in terms of the NWTHD among the
conventional CPWM and proposed DPWM methods based
on the proposed superiority map, the sonar systems can
be operated to achieve the NWTHD characteristics without
deteriorating the characteristics of switching losses, phase
difference variability, and voltage utilization. However, since
the THD reduction is determined according to the range of
the MI, the proposed method may be meaningless when the
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MI is below a certain level. Also, in the proposed DPWM, concentrates in the common leg depending on the phase
we assumed that the conduction loss was very small com- difference, which increases the conduction loss of the com-
pared with the switching loss owing to the small load. Con- mon leg switches. Therefore, in future research, we plan
sequently, we neglected the conduction loss and reduced to investigate the distribution of the nonswitching interval,

the switching

loss. Nevertheless, when the load increases considering both the switching loss and conduction loss due

due to the characteristics of the 3L2P configuration, current to phase difference.

Acb +chb =

Vas, DPWM

Aad +jBad =

Vbs,DPWM =

Apd + jBpg =
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As sonar systems are essential for the Agency for
Defense Development and thus national security, the pro-
posed method, which aims to increase the detection accuracy
of such systems, will contribute to enhanced security

APPENDIX

The relationship between the phase voltage and pole volt-
age of 3L2P is expressed using (1). Therefore, harmonic
solution of the phase voltage is obtained by determining
the difference between each pole voltage harmonic solution

after deriving the harmonic solutions for the pole voltages.
Therefore, general form of the Fourier integral given by (19)
must be solved for determining the coefficients of each pole
voltage. To derive the coefficient V,; for proposed DPWM
method, following cases should be considered. First, when
both the carrier index variable c and baseband index variable
b are zero; second, c¢ is zero and b is non-zero; third, ¢ is
greater than zero and b is zero; and fourth, ¢ is greater
than zero and b is non-zero. The first case represents the
DC offset component. The second case corresponds to the
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baseband harmonic components. The third case defines the
carrier harmonic components. The final case represents the
sideband harmonic components.

When ¢ = b = 0 in case 1, (19) can be expressed as:

) Vv d ye() ()
Aoo +jBoo = —5 / / dx dy
s JxrAQ)

Vdc /}e(l) /'Xﬂv U]
@O JxNQ)
=0 (A1)

where xf4 (i) and x4 () are inner double Fourier integral limits
for Van, xgv(@) and x,n(i) is inner double Fourier integral
limits for V.

When ¢ = 0, b # 0 in case 2, the coefficients are only
determined using b in this case because ¢ is zero. For this
case, (19) simplifies to

Aop + jBop
e [
n? s(D) JxrAQ@)
V Ye(@) pxmw ()
= / / MVdxdy = 2MVye  (A2)
ys(@)  JxN(D)

Forc¢ > 0, b = 0 in case 3, the carrier harmonics included
in the pole voltage are symmetrical to each other, and when
the difference between the pole voltages is obtained, they
cancel out.

When ¢ > 0,b # 0 in case 4, (19) can be expressed as

Acp + chb

e (1) @
_ Vdc Z / T erting xdy
ys(@)  JxrAQ)

Vv Ye(@) pxw(@)
=<3 f / I F dx dy
s@)  JxN(@)

2v veli)
- de Z / & [2sin (cM 7 cosy)
v(l)

+ sin (cM7r cos (y + 6)) + sin (cm + cMm cosy)

— sin (er — cM cosy) — sin (cr — cMm cos (y + 6))
+ sin (cMm cosy — cM cos (y + 8))

~+ sin(cwt +cMmcosy — cMmcos (y+8))]dy  (A.3)

To calculate the outer integral over y of (A.3), Euler’s
formula and Jacobi -Anger expansion needs to be used. And
then (A.3) is finally equal to (A.4), as shown at the bottom
of page 15. Applying the calculated coefficients for each
harmonic component to (18), the complete harmonic solution
can be expressed by (A.5), as shown at the bottom of page 15,
for a phase voltage of proposed DPWM method. Moreover,
the remaining complete harmonic solution for other phase
voltages can be derived in a similar manner and the results
are shown in (A.6), as shown at the bottom of page 15, (A.7)
and (A.8), as shown at the bottom of the previous page.
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