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ABSTRACT This paper introduces a novel non-integral method for calculating AC capacitor voltage in
shunt hybrid active power filters (SHAPFs). These filters commonly use passive power filters (PPFs) that
can introduce voltage containing harmonics into the AC capacitor, leading to overvoltage situations that
can be dangerous. To avoid accidents due to overvoltage, it is necessary to monitor the AC capacitor voltage
continuously. The proposedmethod enables the calculation of the voltage across the AC capacitor, using only
the sensor available in the SHAPF, without requiring additional sensors. By avoiding the use of integration to
calculate the voltage, the method effectively mitigates errors due to DC offset inflows. The effectiveness of
the proposed method was verified through simulations and actual experiments. Results demonstrate that the
proposed voltage calculation method improves the voltage calculation accuracy by approximately 1.93[%]
when compared to the general voltage calculation method. The proposed non-integral AC capacitor voltage
calculation method represents a significant advancement for SHAPFs, providing an effective means for
reducing overvoltage risks, without requiring additional sensors or costly equipment.

INDEX TERMS AC capacitor, active power filter, harmonics, integral, nonlinear load, passive power filter,
shunt hybrid active power filter.

I. INTRODUCTION
In recent years, there has been a significant increase in the
use of DC power due to the development of advanced tech-
niques for controlling high-power semiconductors and power
devices. This trend has resulted in an increase in the number
of harmonics flowing into power systems from inverters and
loads that use DC power [1], [2]. Harmonics are generated
primarily by rectifiers and AC/DC converters and correspond
to integer multiples of the fundamental wave. They can
cause malfunctions in communication devices and precision-
control equipment, as well as reduce the power factor of the
system and the performance and lifespan of the surrounding
systems through electromagnetic interference [3], [4], [5],
[6]. Therefore, implementing countermeasures to reduce har-
monics flowing into the power system is essential.

Passive power filters (PPFs) that absorb power system
harmonics using passive components have been extensively
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studied in the past. PPFs employ passive components such
as inductors, capacitors, and resistors to absorb harmonics,
and their performances can be improved by appropriately
configuring the passive components based on the character-
istics of the power system [7], [8], [9], [10], [11], [12], [13].
PPFs typically connect an inductor and capacitor in series
and adjust their capacities to target specific harmonics. They
offer a low installation cost because they use only passive
components; however, they are limited in their ability to
absorb harmonics other than the set harmonics. Additionally,
PPFs may be destroyed owing to power resonance, which can
negatively impact parallel resonance with the power system.

Active power filters (APFs) have been extensively studied
as an alternative to PPFs for compensating for power system
harmonics using active components [14], [15], [16]. APFs
utilize power semiconductors, mainly Insulated Gate Bipolar
Transistors (IGBTs), to compensate for voltage and current
harmonics of all orders. APFs have the advantage of being
able to compensate for all harmonics. However, they are more
expensive to install than PPFs because of the higher allowable
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voltage of the DC link capacitor and power semiconductor
used [17], [18], [19], [20], [21], [22].

In recent years, hybrid active power filters (HAPFs) that
simultaneously utilize PPFs andAPFs to compensate for their
respective disadvantages have been extensively studied [23],
[24], [25], [26], [27], [28], [29], [30]. HAPFs have the advan-
tage of being able to absorb single-order harmonics, while
also compensating for the disadvantages of PPFs, such as
the risk of parallel resonance, and the high installation cost
of APFs by lowering the allowable voltage of the DC link
capacitor and power semiconductor used.

In this paper, we explore the use of HAPFs to effectively
mitigate power system harmonics. Specifically, we investi-
gate the shunt HAPF (SHAPF) structure, which connects a
PPF and an APF in series to compensate for harmonics in
parallel with the power system.

Unfortunately, the capacitors used in PPFs within the
SHAPF have been found to have a higher failure rate com-
pared to other components [31]. Figure 1 illustrates the
causes and consequences of AC capacitor failure, revealing
that voltage, temperature, and current stresses are significant
contributors. Overvoltage, in particular, can lead to capacitor
breakdown and fire. Additionally, high peak current flow can
ultimately lead to film dielectric breakdown [31], [32], [33],
resulting in a shortened lifespan of the AC capacitor and
potential accidents such as explosions.

To address these issues, researchers have conducted var-
ious studies to monitor capacitor voltage and diagnose
failures [34], [35], [36], [37], [38], [39], [40], [41]. However,
most of these studies are focused on monitoring DC capac-
itors used in APFs, and are inadequate as methods for use
in PPFs. In addition, there are not many methods for calculat-
ing the voltage across theAC capacitor in a situation in which
an inductor and a capacitor are connected in series, such as
in SHAPF.

Recently, a sensorless AC capacitor voltage monitoring
methodwas proposed for use in the SHAPF [42]. Thismethod
integrates the currents flowing through the SHAPF to calcu-
late the voltage applied to the AC capacitor without requiring
an additional voltage sensor. However, if there is an error
between the measured current and the MCU calculation, the
voltage calculated by integrating the error may diverge.

To address this problem, this paper presents a non-integral
AC capacitor voltage calculation method that can accurately
calculate the voltage across the AC capacitor without requir-
ing integration. This method uses the data calculated for
harmonics compensation, and can overcome the problem of
error accumulation.

To evaluate the proposed method, simulations and verifi-
cation experiments were performed. The results indicate that
the proposed method can improve the accuracy of voltage
calculation by an average of 1.93[%] compared to the existing
method.

In this paper, Section II provides a detailed descrip-
tion of the AC capacitor voltage calculation method
using integration and highlights its associated problems.

Additionally, Section II describes the proposed non-integral
AC capacitor voltage calculation method and analyzes its
effect through simulations. In Section III, the effectiveness
of the non-integral AC capacitor voltage calculation method
is verified through experimental results. Finally, Section IV
presents the conclusion of this paper.

FIGURE 1. AC capacitor failure causes and consequences.

II. PRINCIPLE OF SHAPF AND THEORETICAL APPROACH
AND VERIFICATION OF THE NON-INTEGRAL AC
CAPACITOR VOLTAGE CALCULATION METHOD
A. CONFIGURATION AND PRINCIPLE OF SHUNT HYBRID
ACTIVE POWER FILTER
The SHAPF is typically connected in parallel to the power
system, with the PPF and APF configured in series. Figure 2
illustrates a circuit diagram in which the SHAPF is connected
in parallel to the power system. As depicted, we utilize a
rectifier on the load side to generate a three-phase balanced
nonlinear load that produces reactive power.We add an induc-
tor to the front end of the rectifier to further generate reactive
power and apply a nonlinear load that randomly generates
harmonics, mainly the fifth harmonic.

FIGURE 2. Circuit diagram of the shunt hybrid active power filter.

The SHAPF is connected in parallel between the power
system and nonlinear load to supply a waveform capable

VOLUME 11, 2023 67969



H. Lee, J. Shon: Non-Integral AC Capacitor Voltage Calculation Method for Shunt Hybrid Active Power Filter

of removing the harmonics from the power system. The
SHAPF used in this paper is 3-leg, 3-wire based HAPF.
Due to these characteristics, only harmonics and reactive
power from balanced three-phase loads can be compensated.
If the grid contains unbalanced currents, only the balanced
currents are compensated excluding unbalanced harmonics
by the SHAPF. If the measured SHAPF current(iSHAPF ) is
controlled to be the same as the calculated compensation
current, the SHAPF can effectively remove the harmonics
present in the power system. These steps are expressed in the
following formulas:

iU (t) = iL (t) + iSHAPF (t) (1)

iL (t) =

∞∑
n=1

ILnsin (nωt + θn) (2)

When the magnitude of the current compensated by the
SHAPF in Equation 2 is the same as the magnitude of the har-
monic current on the nonlinear load side and has an antiphase,
it can be rewritten as follows:

iSHAPF (t) = −

∞∑
n=2

ILnsin (nωt + θn) (3)

By substituting Equations (2) and (3) into Equation (1), the
system current (iU) can be obtained as follows:

iU (t) = IL1sin (ωt + θ1) (4)

Compensating for harmonics using the SHAPF, as shown
in Equation (4), eliminates the harmonics of the power sys-
tem, allowing only the fundamental wave component current
to flow.

B. CONVENTIONAL AC CAPACITOR VOLTAGE
CALCULATION METHOD AND PROBLEM
The general AC capacitor voltage calculation methods used
in the SHAPF calculate the voltage using iSHAPF in Figure 2.
In this case, the interaction formula between the current
flowing through the capacitor and the voltage across used.
The representative formula is as follows:

vC (t) =
1
C

∫
iSHAPF (t) dt (5)

Equation (5) means a formula derives the voltage (vC)
across the AC capacitor by integrating iSHAPF flowing
through the SHAPF and the capacity (C) of the AC capacitor.
Here, because integration has the problem that even the offset
can be integrated, the existing literature adopts the method of
removing the errors using the following formulas [42]:

ISHAPF_avg =
1
T

∫ T

0

(
ISHAPF0

+

∞∑
n=1

ISHAPFnsin (nωt + θn)

)
dt (6)

iSHAPF_AC (t) = iSHAPF (t) − ISHAPFavg (7)

vcap (t) =
1
C

∫
iSHAPFAC (t)dt (8)

Equation (6) indicates that all the currents measured in
one cycle are integrated to calculate the errors of the DC
component included in the measured currents. If pure sinu-
soidal waves that do not include errors are integrated for one
cycle, ISHAPF_avg will be 0[A], if DC component errors are
included, ISHAPF_avg will be measured as a certain value of
current. By subtracting this from iFSHAPF, the SHAPF current
(iSHAPF_AC ) of only the AC component can be calculated.
If iSHAPF_AC is used, the voltage (vcap) of the AC capacitor
with reduced error can be calculated. However, if the current
errors cannot be precisely removed, errors will persist in the
calculated value of the AC capacitor, and another AC capac-
itor voltage calculation method that can solve this problem
will be necessary.

C. PROPOSED NON-INTEGRAL AC CAPACITOR VOLTAGE
CALCULATION METHOD
This paper introduces a non-integral AC capacitor voltage
calculation method that does not accumulate errors. This
approach entails calculating the AC capacitor voltage using
data on the magnitudes and phase differences of harmonics
by order, which is determined for harmonic compensation,
without resorting to integration.

FIGURE 3. Harmonics compensation control block and proposed AC
capacitor voltage calculation method.

Figure 3 shows the control block diagram for harmon-
ics compensation of SHAPF and the method of the pro-
posed non-integral AC capacitor voltage calculation method.
To compensate for harmonics, SHAPF first measures the
reference phase(θ) using the common voltage(vPCC ). The
measured 3-phase load current(iL) is converted into d-axis
and q-axis current through DQ Transform. Afterwards,
through the High Pass Filter(HPF), it is converted into d-axis
and q-axis currents containing only harmonics components.
After that, it is compared with the measured d-axis and q-
axis currents of the SHAPF side(iSHAPF ) to generate an error
value. The controlled variable made through the PI controller
is converted into 6 PWM waveforms, and the SHAPF is
controlled to compensate for harmonics.

Upon examining the non-integral AC capacitor voltage
calculation method in Figure 3, the magnitude and phase
delay of harmonics for each order are used to calculate the
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voltage across the AC capacitor. It can be seen that this is
a method of calculating the voltage across the AC capacitor
using only the magnitude and phase values of the harmonics,
without using integration in the process.

FIGURE 4. Equivalent circuit diagram with the shunt hybrid active power
filter connected to the system.

Figure 4 shows the equivalent circuit of the SHAPF when
converted into a voltage source. where vPCC refers to the
common voltage between the power system and SHAPF.
vPPF refers to the voltage across the PPF in the SHAPF, and
Zppf refers to the impedance of the PPF. vINV refers to the
voltage generated by the APF in the SHAPF and iSHAPF refers
to the current of the common SHAPF flowing in the PPF
and APF, where only the voltages across AC capacitor can
be expressed as shown in Equation (9).

vC (t) = vC_F (t) + vC_H (t) (9)

Equation (9) expresses the voltage across the AC capacitor.
where vC_F represents the fundamental wave voltage and
vC_H represents all the voltages of the harmonic components
except for the fundamental wave. To determine the voltage
applied to the AC capacitor, the voltage can be divided into
the capacitor voltage and inductor voltage and is expressed as
shown in Equation (10).

vPPF (t) =
(
jXL − jXC

)
iC (t) (10)

In Equation (10), XL refers to the reactance of the inductor
in the PPF, and XC refers to the reactance of the capacitor,
where only the voltage of the AC capacitor is expressed as in
Equation (11).

vC (t) = −jXC iC (t) (11)

In Equation (11), iC can be expressed as a periodic function
and the equation for vC (t) can be transformed and expressed
as shown in the following Equation (12).

vC (t) = −jXC ICsin (ωt + θ) (12)

Equation (12) represents the equation in which the volt-
age across the AC capacitor is a periodic function of the
impedance and flowing current, where, ω means the angular
velocity and θ means the phase difference. IC is themaximum
value of iC . Because vC (t) is expressed as a complex number

and periodic function, if multiplied using a phasor operation,
it will be, as shown in Equation (13).

vC (t) = −XC ICcos (ωt + θ) . (13)

where XC can be expressed as a function of ω and C as shown
below.

XC =
1

ωC
(14)

If Equation (14) is substituted into Equation (13), the fol-
lowing Equation (15) can be derived:

vC (t) = −
Ic

ωC
cos (ωt + θ) (15)

By reviewing Equation (15), it can be seen that vC can be
calculated using all the known variables. The values calcu-
lated in advance to compensate for harmonics can be used
for IC and θ , and as ω and C are preset values, vC according
to t can be continuously calculated.

However, Equation (15) can only be applied to a sin-
gle order. Therefore, to consider the voltage characteristics
of an AC capacitor containing only various harmonics,
Equations (9) and (15) can be mixed and expressed as shown
in the following Equation (16).

vC_H (t) =

∞∑
2n+1

(
−

ILn
nωC

cos (nωt + θn)

)
(16)

Equation (16) is used to calculate the harmonic voltage
(vC_H ) across the AC capacitor using the magnitudes and
phase differences of the currents caused by the harmonics at
the nonlinear load end, where vC_H does not contain funda-
mental waves. If it is assumed that the APF used in SHAPF
does not generate any fundamental waves, then all vPCC are
across of the PPF. Therefore, vPPF is expressed as follows:

vPPF (t) = vPCC (t) (17)

where the voltage across the AC capacitor varies depending
on the capacities of the designed inductor and capacitor, as the
inductor and the capacitor are connected in series in the PPF.
Therefore, the vC_F across the AC capacitor according to the
capacities of the capacitor and inductor can be expressed as
shown in (18).

vC_F (t) =
vPCC (t)

1 − ω2LC
(18)

Equations (16) and (18) are substituted into Equation (9)
to obtain Equation (19), as shown below:

vC (t) =
vPCC (t)

1 − ω2LC
+

∞∑
n=2

(
−

ILn
nωC

cos (nωt + θn)

)
(19)

Equation (19) represents the nonintegral AC capacitor volt-
age calculation method proposed in this study, where n is the
harmonic order. When Equation (19) is examined, it can be
observed that all variables used are measured or set values.
The value of vC can be obtained by calculating the current
magnitudes and phase differences of the SHAPF measured
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for every n and utilizing the generatedwaveforms of all orders
along with the measured vPCC . In contrast to Equation (8),
which is used in existing methods, this approach does not
rely on integration, thus enhancing the accuracy of voltage
calculation by minimizing the accumulation of errors.

D. SIMULATION OF THE AC CAPACITOR VOLTAGE
CALCULATION METHOD
A simulation was performed to analyze the effect of the pro-
posed non-integral AC capacitor voltage calculation method.
The simulation was performed using a PSIM simulator; the
circuit diagram is shown in Figure 2. The various parameters
used in this case are listed in Table 1.

TABLE 1. Summary of the parameters of the utility and shapf used in the
simulation.

For the simulation, the three-phase voltage of the power
system is set to 380[V]. Because a SHAPF is a power device
that compensates for harmonics, harmonics must be gener-
ated in the power system. Therefore, as shown in Figure 2,
a nonlinear load was generated using a rectifier, an inductor,
and a resistor for the simulation. The capacity of the inductor
set for the nonlinear load was 28[mH ] and the resistance
was set at 50[�]. Because the nonlinear load created here is
a three-phase balanced nonlinear load, the 5th harmonic is
generated the most.

Accordingly, the resonant frequency of the PPF in the
SHAPF was designed to be 300[Hz], which is the 5th har-
monics. The parameters of the LC filter are selected based
on the resonance frequency and the amount of reactive power
required for target power factor. In this case, the capacity of
the capacitor in the PPF was set at 30[µF] and the inductor
capacity was designed to be 9.38[mH ] .
The capacitance of the DC link capacitor must be of

sufficient value for the SHAPF to generate harmonics. There-
fore, the capacity of the DC link capacitor was designed
to be 10,000[µF], and the applied voltage was maintained
at 200[V]. An IGBT was used as the power semiconduc-
tor constituting the APF, with a switching frequency set at
20,000[Hz], in this instance.

Figure 5 displays the simulation results of the measured
3-phase voltage and the calculated 3-phase voltage across AC
capacitor in the SHAPF. In this context, Figure 5(a) illustrates
themeasured 3-phase voltage of the AC capacitor. Figure 5(b)
depicts the 3-phase voltage of the AC capacitor calculated by

FIGURE 5. Simulated voltage waveforms when (a) measuring voltage,
(b) using conventional method, (c) using proposed method.

applying the existing voltage calculation method. Figure 5(c)
presents the 3-phase voltage of the AC capacitor calculated
by implementing the proposed voltage calculation method.

Upon examining Figure 5, it becomes apparent that the
voltage shapes in Figure 5(b) and Figure 5(c) are identical
to those in Figure 5(a). This observation indicates that the
proposed AC capacitor voltage calculation method can yield
performance similar to that of the conventional method.

However, in Figure 5, it can be seen that the measured
voltage and the calculated voltage value are different among
the voltage values of about 0.53[s]. The voltages of phase A,
B, and C measured at 0.53[s] in Figure 5 were -287.86[V],
61.3[V], and 226.5[V], respectively. The voltages of phase A,
B, and C across the capacitor calculated by the conventional
method were -288.9[V], 58[V], and 230.8[V], respectively.
The voltages of phase A, B, and C across the capacitor
calculated by the proposed method were -287.9[V], 60[V],
and 228.7[V], respectively. Comparing the voltage calculated
based on the voltage measured at 0.53[s], it can be seen that
the error of the voltage value calculated by the proposed
method is smaller than when the conventional method is
applied.

It can be seen that an average error of 2.88[V] occurred
compared to the measured voltage when the general method
was applied. When the proposed method was applied,
an average error of 1.18[V] occurred compared to the mea-
sured voltage. This means that there is an error between
the measured voltage value and the calculated voltage value
according to the sampling time even if the form of the mea-
sured voltage and the form of the calculated voltage are the
same.Therefore, in order to verify the effectiveness of the
proposed AC capacitor calculation method in detail, it is
necessary to analyze the error between the measured voltage
and the calculated voltage in real time.

Accordingly, to evaluate the performance of the proposed
AC capacitor voltage calculation method, the error between
the measured voltage and the calculated voltage was ana-
lyzed. In this paper, Mean Absolute Error (MAE) and Mean
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Absolute Percentage Error (MAPE) were utilized to assess
the error between the measured voltage and the calculated
voltage [43]. The respective formulas for these metrics are
as follows:

MAE =

∑k
i=1

∣∣yi − ŷi
∣∣

k
[V ] (20)

MAPE =
100
k

k∑
i=1

∣∣∣∣yi − ŷi
yi

∣∣∣∣ [%] (21)

Accuracy = 100

(
1 −

1
k

k∑
i=1

∣∣∣∣yi − ŷi
yi

∣∣∣∣
)
[%] (22)

Equation (20) represents the formula for calculating MAE.
When the MAE is used, the degree of voltage error between
the measured and calculated voltages can be determined.
Therefore, the measured voltage was used for yi, and the
calculated voltage was applied to ŷi to calculate the MAE.
Equation (21) represents the formula for calculating

MAPE. When using the MAPE, the error between the
measured and calculated voltages can be expressed as a per-
centage. Therefore, the measured voltage was used for yi,
and the calculated voltage was applied to ŷi to calculate the
MAPE, where the k commonly denotes the total number of
samples.

Equation (22) represents a formula for calculating accu-
racy. This is the opposite of MAPE and expresses the
accuracy between the measured voltage and the calculated
voltage. The results of calculating MAE,MAPE and accu-
racy using the general voltage calculation method and the
proposed voltage calculation method are shown in Figure 6.

FIGURE 6. Simulation results of MAE, MAPE and accuracy according to
the voltage calculation method used.

Figure 6 shows the graphs of MAE, MAPE, and accuracy
when the general calculation method and proposed method
were applied to the calculation of the voltage across the AC
capacitor. When the MAE in Figure 6 is examined, it can be
seen that the proposed method has a lower MAE value than
the general method. The proposed method also exhibited a
lower MAPE value than the general method. Consequently,
when the accuracy was examined, the proposed method

showed higher accuracy than the conventional method. The
detailed values are listed in Table 2.

Table 2 summarizes the results of the calculations of the
MAE, MAPE, and accuracy when the voltage across the AC
capacitor was calculated by applying the general calcula-
tion method and the proposed method. When examining the
MAE in Table 2, it was found that the MAE value obtained
using the proposed method was approximately 0.38[V] lower
than that obtained using the general method. In the case
of MAPE, the proposed method showed a value approx-
imately 1.31[%] lower than that of the general method,
and as a result, the accuracy of the proposed method was
approximately 97.6[%].

TABLE 2. Simulation results table of mae, mape and accuracy according
to the voltage calculation method used.

In other words, by employing the proposed non-integral
AC capacitor voltage calculation method, accuracy can be
improved by roughly 1.31[%] compared to the conventional
voltage calculation method.

III. EXPERIMENT AND ANALYSIS
An experiment was conducted to evaluate the performance
of the non-integral AC capacitor voltage calculation method.
The SHAPF circuit used in the experiment was designed as
depicted in Figure 2, and the experimental setup was config-
ured as illustrated in Figure 7.

FIGURE 7. The overall view of the experiment.

Figure 7 shows the experimental setup arranged to verify
the practical performance of the non-integral AC capaci-
tor voltage calculation method. The system was constructed
using three-phase power, and a nonlinear load was created
with inductors, resistors, and rectifiers. The SHAPF was
connected in parallel to the assembled power system, and
data transmission and reception between the SHAPF and a
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personal computer was enabled through SCI communica-
tion. An oscilloscope was employed to measure the voltage
across the AC capacitor in the SHAPF. The results obtained
when using the conventional AC capacitor voltage calculation
method were compared to those obtained when applying
the proposed non-integral AC capacitor voltage calculation
method, and both sets of results were transmitted to the
computer through SCI communication. Table 3 provides a
summary of the conditions and parameters used in the power
system and SHAPF designed for the actual experiment.

TABLE 3. Summary of parameters of the utility and shapf used in the
experiment.

The inductor used for the nonlinear load was set to
28[mH ], and the resistance was adjustable between 0[�] and
50[�]. The resonant frequency of the PPF in the SHAPF
was designed to target 300 [Hz], corresponding to the 5th
harmonics. In this case, the capacitor capacity within the
PPF was 30[µF], and the inductor capacity was designed
to be 9.38[mH ]. The capacity of the DC link capacitor con-
structed in the APF within the SHAPF was designed to be
10, 000[µF], with the applied voltage set to remain constant
at 200[V]. An IGBT served as the power semiconductor
composing the APF, and an F28377 was utilized as the
MCU. In this instance, the switching frequency was set at
20,000[Hz]. A 2-level inverter structure was employed in the
APF, and the voltage of the DC link capacitor used in the
inverter was controlled to maintain a steady 200[V].

Figure 8 displays the waveforms of the voltage across the
AC capacitor, as measured with an oscilloscope when the
SHAPF was operating normally. The first set of measured
voltage waveforms simultaneously exhibits the A, B, and C
phase voltages across the AC capacitor. The second set of
waveforms presents only the A-phase voltage across the AC
capacitor, the third set depicts the B-phase voltage across
the AC capacitor, and the fourth set illustrates the C-phase
voltage across the AC capacitor.

Figure 8(a) demonstrates the voltage waveforms when the
load factor of the nonlinear load was set to 10[%]. In this
instance, the voltage of the AC capacitor appears slightly
distorted due to the presence of a small number of harmonics.

Figure 8(b) reveals the voltage waveforms when the load
factor of the nonlinear load stage was set to 50[%]. In this

FIGURE 8. Experimental waveforms of the measured AC capacitor voltage
when (a) load rate is 10[%], (b) load rate is 50[%], (c) load rate is 100[%].

case, the voltage of the AC capacitor is more distorted
than in Figure 8(a). This distortion occurs because the AC
capacitor contains more harmonics than when the load factor
was 10[%].

Figure 8(c) presents the voltage waveforms when the load
factor of the nonlinear load stage was set to 100[%]. In this
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situation, the voltage of the AC capacitor is more distorted
than in Figure 8(a) and Figure 8(b). This increased distortion
is also due to the presence of more harmonic components in
the AC capacitor, and the voltage of the AC capacitor can
flexibly change according to the magnitude of the harmonics
current generated by the SHAPF.

Figure 9 presents the experimental results of the measured
3-phase voltage and the calculated 3-phase voltage across
the AC capacitor in the SHAPF. The first set of waveforms
displays the three-phase voltage of the AC capacitor as mea-
sured with an oscilloscope. The second set of waveforms
illustrates the 3-phase voltage of the AC capacitor calcu-
lated using the existing voltage calculation method, and the
third set of waveforms depicts the 3-phase voltage of the
AC capacitor calculated by applying the proposed voltage
calculation method. To simultaneously compare and analyze
the measured voltage and the calculated voltage, both data
sets were extracted through SCI communication and their
waveforms were displayed using SIMVIEW.

Upon examining Figure 9, it becomes evident that the
shapes of the measured voltage waveforms differ depending
on the load factor. When comparing the shapes of the voltage
calculated with the general voltage calculation method and
the proposed voltage calculation method, they are found to be
consistent with the shapes of the measured voltage. However,
the voltage measured at 0.14[s] and the calculated voltage
value are different.

The voltages of phase A, B and C measured at 0.14[s]
in Figure 9 (a) when the load was 10[%] were -253.8[V],
-11.32[V], and 269.3[V], respectively. The voltages of phase
A, B, C across the capacitor calculated by the conventional
method were -260.7[V], -14.69[V], and 274.2[V], respec-
tively. This means that an average error of 5.05[V] has
occurred compared to the measured voltage. The voltages
A, B and C across the capacitor calculated by the proposed
methodwere -254.9[V], -13.6[V], and 268.7[V], respectively.
In this case, an average error of 1.32[V] occurred.

The voltages of phases A, B and C measured at 0.14[s]
in Figure 9 (b) when the load was 50[%] were -265[V],
-14.6[V], and 282.7[V], respectively. The voltages of phase
A, B, C across the capacitor calculated by the conventional
method were -264[V], -25.4[V], and 274.9[V], respectively.
In this case, an average error of 6.53[V]. The voltages A,
B and C across the capacitor calculated by the proposed
method were -263[V], -17.4[V], and 277[V], respectively.
Here, an average error of 3.5[V] could be seen.

The voltages of phases a, b, and c measured at 0.14[s]
in Figure 9 (b) when the load was 100[%] were -259.9[V],
-31.6[V], and 294.1[V], respectively. The voltages of phase
A, B, C across the capacitor calculated by the conventional
methodwere -267.2[V], -17.1[V], and 284.3[V], respectively.
The average error was 6.86[V]. The voltages A, B and C
across the capacitor calculated by the proposed method were
-260.8[V], -27[V], and 288.5[V], respectively. This means
that an average error of 3.7[V] has occurred compared to
the measured voltage. This consistency indicates that the

FIGURE 9. Experimental waveforms of the AC capacitor voltage when (a)
load rate is 10[%], (b) load rate is 50[%], (c) load rate is 100[%].

performance of the proposed method is more suitable for
calculating the voltage of an AC capacitor than when the
general method is applied.

To further investigate the impact of the proposed method,
the errors between the measured voltage and the calculated
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voltage were analyzed according to load factor. The calcu-
lated MAE, MAPE, and accuracy were then displayed in a
graph.

Figure 10 displays a graph of the calculated MAE results
based on the applied AC capacitor voltage calculation meth-
ods. In this figure, the MAE values are calculated while
varying the load factor in increments of 10[%] from 10[%]
to 100[%]. Upon examining Figure 10, it is evident that
the resulting values are lower when using the proposed
non-integral AC capacitor voltage calculation method than
the general voltage calculation method across all load factors.
When the general methodwas employed, themaximumMAE
was approximately 10.49[V] at a load factor of 80[%], and
the minimum MAE was approximated to be 5.24[V] at a
load factor of 100[%]. In contrast, when the proposed method
was applied, the maximum MAE was approximated to be
7.45[V] at a load factor of 90[%], and the minimum MAE
was approximated to be 4.57[V] at a load factor of 40[%].

Figure 11 illustrates a graph of the calculated MAPE
results according to the applied AC capacitor voltage calcula-
tion methods. In this figure, the MAPE values are calculated
while varying the load factor in increments of 10[%] from
10[%] to 100[%]. Upon examining Figure 11, it can be
observed that the resulting values are lower when using
the proposed non-integral AC capacitor voltage calculation
method compared to the general voltage calculation method
across all load factors. When the general method was used,
the maximum MAPE was approximated to be 9.17[%] at a
load factor of 80[%], and the minimum MAPE was approx-
imated to be 5.81[%] at a load factor of 10[%]. Conversely,
when the proposedmethodwas applied, themaximumMAPE
was approximated to be 7.52[%] at a load factor of 90[%],
and the minimum MAPE was approximated to be 4.41[%] at
a load factor of 10[%].

Figure 12 presents a graph of the resulting calculation
accuracy based on the applied AC capacitor voltage calcu-
lation methods. This figure displays the voltage calculation
accuracy achieved while altering the load factor in increments
of 10[%] from 10[%] to 100[%]. Upon examining Figure 12,
it is noticeable that higher calculation accuracy is attained
when the proposed non-integral AC capacitor voltage calcula-
tion method is applied compared to when the general voltage
calculation method is used across all load factors.

When employing the general method, the maximum volt-
age calculation accuracy was approximately 94.2[%] at a
load factor of 10[%], and the minimum accuracy was around
90.8[%] at a load factor of 80[%]. Conversely, when the
proposed method was used, the maximum voltage calculation
accuracy was about 95.6[%] at a load factor of 10[%], and the
minimum accuracy was approximately 92.5[%] at a load fac-
tor of 90[%]. Table 4 provides a detailed breakdown of these
values by load factor.Table 4 displays the calculated MAE,
MAPE, and voltage calculation accuracy levels for each load
factor. Upon examining Table 4, it is evident that the proposed
non-integral AC capacitor voltage calculation method exhib-
ited smaller voltage errors and higher voltage calculation

FIGURE 10. MAE result graph according to the voltage calculation
method used in the experiment.

FIGURE 11. MAPE result graph according to the voltage calculation
method used in the experiment.

FIGURE 12. Voltage calculation accuracy result graph according to the
voltage calculation method used in the experiment.

accuracy than the general calculation method across all load
factor conditions. Specifically, when analyzing the average
MAE results across all load factors, the average MAE was
approximately 7.8[V] when using the general method and
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TABLE 4. Experimental results table of mae, mape and accuracy according to the voltage calculation method used.

about 5.65[V] when employing the proposed method. Sim-
ilarly, when examining the average MAPE results across all
load factors, the average MAPE was approximately 7.39[%]
with the general method and around 5.46[%] with the pro-
posed method.

Furthermore, when considering the average voltage cal-
culation accuracy levels across all load factors, the average
accuracy was approximately 92.6[%] when using the gen-
eral method and approximately 94.5[%] when applying the
proposed method. Since the existing method calculates the
voltage by integrating the current, the larger the current flow-
ing through the SHAPF, the larger the voltage error due to
the current offset. On the other hand, the proposed method
can reduce the voltage error according to the current size
because it does not use integration. For this reason, the MAE
difference gradually increases as the current flowing through
the SHAPF increases. Therefore, in the voltage calculation
method using current, the size of the current flowing through
the SHAPF is more important than the size of the voltage of
the power system.

In summary, the results demonstrate that the non-integral
AC capacitor voltage calculation method has smaller volt-
age errors and higher accuracy compared to the general AC
capacitor voltage calculation method that utilizes integration.

IV. CONCLUSION
This paper introduces a non-integral AC capacitor voltage
calculation method suitable for use in SHAPF systems. Var-
ious factors can cause the AC capacitor in the PPF of an
SHAPF to be exposed to voltages exceeding permissible lim-
its, which may lead to a reduced capacitor lifespan and even
accidents such as explosions. Consequently, this paper pro-
poses a non-integral AC capacitor voltage calculation method
that allows voltage computation across the AC capacitor,
utilizing only the sensor already present in the SHAPF system
without requiring additional sensors. This method calculates
the AC capacitor voltage using only the magnitude and phase
difference data of harmonics needed to drive the SHAPF, thus
eliminating error accumulation associated with integration.

In this study, an equivalent circuit for the SHAPF was
created, and a method for calculating AC capacitor volt-
age using a current sensor installed at the load end was
developed through formula derivation. The effectiveness
of the proposed method was then verified through sim-
ulations and experiments. The results demonstrated that
the proposed non-integral AC capacitor voltage calculation

method improved voltage calculation accuracy by approx-
imately 1.31[%] compared to the conventional calculation
method. In the actual experiment, a positive outcome indi-
cated an improvement in voltage calculation accuracy of
around 1.93[%]. These results can be applied to various fields
where SHAPF systems are utilized, and the impact can be
further enhanced when these findings are employed for fault
diagnosis of capacitors equipped with current sensors.
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