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Abstract—Previous researches on space vector modulation
(SVM) in active power filters (APFs) topologies find that compared
with sinusoidal pulse width modulation, the SVM offers a better
harmonic spectrum and has 15.47% more voltage utilization. The
article not only proposes SVM for hybrid active power filters
(HAPFs) but also answers the following questions. 1) Under what
conditions both filters are equivalent to one another? 2) Which
filter can enhance better tracking ability and better performance?
3) How the coupling component parameters and dc voltage affect
the performance of both filters? The representative simulation
and experimental results are given to verify the discussions. The
conclusions can be application guidelines for the design of inductive
and capacitive coupling inverters (e.g., APFs and HAPFs) in smart
grids and development of energy internet due to their generalities
to applications.

Index Terms—Comparative error and loss analyses, dc voltage,
hybrid active power filters (HAPFs), pulse width modulations
(PWMs), space vector modulations (SVMs).

NOMENCLATURE

A. Abbreviations
SVM Space vector modulation.
PWM Pulse width modulation.
CB Capacitor bank.
PPF Passive power filter.
APF Active power filter.
HAPF Hybrid active power filter.
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SVC Static Var compensator.
StatCom Static synchronous compensator.
UPFC Unified power flow controller.
TCLC Thyristor-controlled LC.
THD Total harmonic distortion.
PF Power factor.
rms Root mean square.
TCR Tracking current ratio.
ESR Equivalent series resistance.
IGBT Insulated gate bipolar transistor.
QF Quality factor.

B. Symbols
x a, b, or c phase in three-phase sys-

tem.
L, R Coupling inductor and resistor of

APF.
LC , CC , RC Coupling inductor, capacitor, and

resistor of HAPF.
Tx, T̄x Upper and lower IGBT in one arm.
Vdc, VCdc DC capacitor voltage of the APF and

HAPF, respectively.
Cdc, CCdc DC capacitor of APF and HAPF,

respectively.
sx Switching states of IGBT.
p, q Load active and reactive powers.
isx, iLx, icx, Source current, load current,
iCcx, Icx, ICcx injected compensating currents

from the APF and from HAPF and
their corresponding rms values,
respectively.

i∗sx, i∗cx, i∗Ccx Reference source current, compen-
sating currents from the APF and
from HAPF.

vLx, vRx Coupling inductor and resistor volt-
ages in APF, respectively.

vCLx, vCCx, vCRx Coupling inductor, capacitor, and
resistor voltages in HAPF, respec-
tively.

vsx, vinv , vCinvx, Coupling point system voltage,
Vsx, Vinvx, VCinvx inverter voltages of APF and HAPF,

and their corresponding RMS values
respectively.

T, K Digital sampling period or switch-
ing time and the sampling instant.
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icx(0), vCCx(0), iCcx(0) Initial APF coupling inductor cur-
rent, initial HAPF coupling capac-
itor voltage, and inductor current,
respectively.

ICcmax, ICM , ICN HAPF maximum injected current,
maximum collector current, and
rated collector current, respectively.

ε HAPF current slope change rate or
acceptance non-linearity.

tcr, tcr0, ton, toff The critical switching time, the crit-
ical switching time when all initial
conditions are ignored correspond-
ingly, switching turn-on time and
turn-off time.

f, fs, fsw, fcr, fcr0 The LC coupling resonance fre-
quency, system frequency, switch-
ing frequency, the critical switching
frequencies corresponding with and
without initial conditions, respec-
tively.

icex, iCcex The current difference between icx
and i∗cx and, the current difference
between iCcx and i∗Ccx, respectively.

Ploss(sw), Ploss(L), Switching loss, component conduc-
Ploss(LC), Ploss(CC) tion power losses of coupling L,LC ,

and CC .
Ke, Kloss, KTCR Ratio of error, power loss, and track-

ing current ratio between APF and
HAPF.

I. INTRODUCTION

THE uses of APFs to mitigate reactive current and harmonic
problems have drawn much attention since the 1970s [1].

For the sake of reducing power filters cost, HAPFs are developed,
which combine active inverters and/or CBs, PPFs, and SVCs,
and allow high power applications with reduced initial, opera-
tion, and maintenance costs. These active power compensators
are all controlled by PWMs. In the PWMs control processes,
the reference compensating current values are transferred to the
IGBTs trigger turn-ON and turn-OFF signals [2].

Different PWMs are developed in [3]–[18] for controlling
APFs and HAPFs. PWMs can be divided into two categories,
unfixed switching frequency PWMs [3]–[9] and fixed switching
frequency PWMs [10]–[14]. In the unfixed switching frequency
PWMs, the carrier frequencies are varying. These PWMs can
apply with the phase-shifting control [3], [4], fuzzy control [5],
or soft-switching method [6] to reduce the switching loss. The
hysteresis PWM as one of the representative unfixed switching
frequency PWMs was first proposed in 1979, which is widely
applied in power quality compensators. This method limits the
compensating current within the hysteresis error bands [6]–[9].
The unfixed switching frequency PWMs have the advantage of
relatively lower switching loss, but the switching ripples are
difficult to filter out. In contrast, with fixed switching frequency
PWMs [10]–[14], the ripples can be easily filtered out. Among
fixed frequency PWMs, deadbeat PWM was discovered with the

feedback control in 1996 [10], [11] to reduce error. However,
it needs specially designed feedback control, which increases
the control complexity. The classical SVM PWM was proposed
in 1985, and its main purpose is to improve PWM dc voltage
utilization [12]–[14]. In [14], it is stated that the upper limit
of the phase-to-center voltage for the sinusoidal modulation is
theoretically modulation to be 1. The maximum modulation
index of SVM is 1.15 (M = 2/�3), which is larger than the
conventional sinusoidal PWM modulation (M = 1). The flat-top
SVM was developed in 2009 [15] to reduce the loss of the
classical SVM.

However, all the above PWMs are based on inductive systems
like APFs, StatComs [3]–[15]. Different from inductive systems,
the capacitive systems normally have more complex coupling
circuits such as LC-HAPFs [16]–[18] and TCLC-HAPFs [20],
[21]. For the capacitive systems, the nonlinear hysteresis PWM
and capacitive deadbeat PWM are proposed in [16]–[18], respec-
tively. Specifically, an adaptive nonlinear hysteresis PWM is pro-
posed in [16] for HAPFs to reduce switching loss and keep THD
acceptable. In [17], the nonlinear current PWM characteristic is
studied, in which nonlinear, quasi-linear, and linear operation
regions are defined for the determination of the hysteresis band.
In [18], an improved deadbeat control method is proposed for
the HAPFs system with less steady-state error and fast dynamic
response. All the above different PWMs algorithms [16]–[18]
help capacitive compensators improve their performance, by
increasing response speed and/or reducing the THD.

Table I is given to show the development of PWMs in APFs
and HAPFs. It indicates that SVM is not investigated for con-
trolling HAPFs, no matter it is classical or flat-top SVM. The
advantages of classic SVM in APFs are high dc utilization and
small steady-state error comparing to sinusoidal and hysteresis
PWMs. In this article, it is an attempted trail to apply SVM in
HAPFs.

APFs are inductive coupling impedance connecting with
power electronic inverters, which are the general structures
of flexible ac transmission devices, such as StatComs, SVGs,
as well as UPFCs. Whereas HAPFs are capacitive coupling
systems. Due to the lower operating dc voltages and lower losses
comparing with inductive coupling inverter systems, HAPFs
are further developed into such as the capacitive-coupling grid-
connected inverters [19] and TCLC-HAPFs [20], [21] to inject
active power as well as reactive power and to enhance high
power quality in a grid. As a result, capacitive coupling inverter
systems can be used to improve inductive coupling inverters
performance, for example, reducing loss and system rating.
Their studies are essential for smart grid development.

In Table II, there are several review papers [22]–[29] for APFs
and HAPFs, which show that almost all of them are concerning
configurations, topologies, ratings, controls, applications, etc.
However, the below three questions are not included among
existing literatures.

1) Under what conditions are two filters equivalent?
2) Which filter has better tracking ability or/and better per-

formance?
3) How the coupling parameters and dc voltage affect the

performances?
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TABLE I
PWM COMPARISONS IN APFs AND HAPFs

TABLE II
SUMMARY OF EXISTING REVIEW RESEARCH WORKS FOR APFs AND HAPFs

Due to the smart grid development, there are many types of
research focusing on low cost, low loss, high efficiency, and
multifunction inverters for microgrids. At this moment, most
of them are inductive coupling inverters, while the capacitive
coupling inverters are seldom discussed. Therefore, the pros and
cons of both inverters are discussed, compared, and summarized
in the article. Furthermore, to the best knowledge of authors’
understanding, it is the first investigation to apply SVM in
HAPFs.

The contributions of this article are summarized as follows.
1) Develop SVM for HAPFs.
2) Compare SVM differences between APFs and HAPFs in

terms of
a) maximum injected current in a switching period;
b) dc operating voltage under the same injected current;
c) nonlinear current operation characteristics;
d) error under overmodulation and undermodulation;
e) power loss;
f) dynamic tracking ability.

Through comparing APFs and HAPFs, HAPFs SVM limita-
tions and operational boundaries are discussed in terms of max-
imum injected current, determination of dc operating voltage,
and switching frequency. Operational differences are compared
through error performance, power loss, and dynamic tracking
ability. Based on those, this article provides engineers with the
inductive (APFs) and capacitive (HAPFs) coupling inverters
application guidelines for the design of inductive and capacitive
coupling inverters in smart grid development.

The layout of this article is as follows. In Section II, the math-
ematical model of SVM is provided for APFs and HAPFs. In
Section III, comprehensive comparisons between inductive cou-
pling systems (APFs) and capacitive coupling systems (HAPFs)
are given to address the above questions. Experimented results
are provided in Section IV to verify the results. The conclusion
and application guidelines are summarized in Section V. Finally,
flat-top SVM, influences of coupling components variation,

compensating, and reference currents in experiments are pro-
vided in Section VI. An appendix is finally given before the
References.

II. APF AND HAPF CIRCUIT CONFIGURATIONS AND SPACE

VECTOR MODULATIONS

Fig. 1 illustrates the circuit configuration of the two-level
three-phase three-wired APF or HAPF when the coupling
impedance is inductive or capacitive, respectively. In Fig. 1,
“Ground” is given in the figure as the zero-voltage reference.

A. Inverters Instantaneous Voltage Space Vectors and
Compensating Currents

To control the IGBT turn-ON and turn-OFF states, switching
function sx is employed as (1).

sx =

{
1, when Tx are open, T̄x are closed

−1, when Tx are closed, T̄x are open.
(1)

By taking Park transformation [16], the instantaneous voltage
vector can be transferred from a-b-c frame into α-β frame as
given in (2), where B = {�nα, �nβ} is a space base to spin with

�vinvx = Vdc

[√
2

3

(
Sa− 1

2
Sb− 1

2
Sc

)
�nα+

1√
2
(Sb−Sc)�nβ

]
.

(2)

A mixed coordinate instantaneous compensation [16], [17] is
used. Its instantaneous active power p of the load can be deter-
mined by (3). Equation (4) shows the instantaneous injected ref-
erence current from the power filter, where B′ = {�na, �nb, �nc}is
a base in a-b-c frame. The B and B’ can be transferred from one
to another by (5). The time function of current to be compensated
(i∗cx) is defined, which consists of reactive and harmonic power
components. i∗cx can be expressed as

p = vsaiLa + vsbiLb + vsciLc (3)
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Fig. 1. Circuit configurations of the APF and HAPF.

�i∗cx =
(
iLa − p̄

Δ
vsa

)
�na +

(
iLb − p̄

Δ
vsb

)
�nb

+
(
iLc − p̄

Δ
vsc

)
�nc (4)

where Δ = v2sa + v2sb + v2sc, �nx is the per-unit vector, and p̄ is
the average value of p.

The intended compensation result (i∗sx) is defined as only
the average active component appears in source current isx.
The reactive and harmonic components of the source current
isx are compensated by controlling icx (= iLx − isx) to track
its reference i∗cx. The intended compensation result i∗sx can be
expressed as⎡
⎣ isa∗isb

∗

isc
∗

⎤
⎦ =

⎡
⎣ iLa

iLb

iLc

⎤
⎦−

⎡
⎣ ica∗icb

∗

icc
∗

⎤
⎦

=

⎡
⎣ iLa

iLb

iLc

⎤
⎦−

√
2/3

⎡
⎣ 1 0

−1/2
√
3/2

−1/2 −√
3/2

⎤
⎦[ icα∗

icβ
∗

]
. (5)

In (3)–(5), it can be seen that, if the icx (= iLx − isx) is
exactly equal to its reference i∗cx, the intended compensation
result can be obtained as the source current isx contains only p̄
component.

To carry out fair comparisons, in this article, the loads used
for APF and HAPF are exactly the same. In experimental case
studies, the six-pulse rectifier loads are constructed as Fig. 1
with harmonic and inductive reactive power. The six-pulse

rectifier nonlinear loads are selected since they are widely used in
speed-controlled dc motors, and steel hardening machines, etc.
[30], [31].

For better understanding, the relationship among ica in APF
and iCca in HAPF and their reference i∗ca, the zoom-in wave-
forms of ica in APF, and iCca in HAPF and their reference i∗ca
in experiments are shown in Fig. 19.

B. Required Reference Voltage Vector of APF

Referring to Fig. 1 with APF consideration, its inverter voltage
vector has the following relationship as given in

�vinvx = �vsx + L
d�icx
dt

+R�icx. (6)

The required inverter voltage vector by APF and its corre-
sponding required injected compensating current are accord-
ingly given in

�vinvx [KT ] = �vsx [KT ] +
R

X

{
�i∗cx [KT ]− (1−X)�icx [KT ]

}
(7)

where X = 1 − e−(R/L)T. For simplicity, when R = 0, (7) can
be expressed as

�vinvx [KT ] = �vsx [KT ] + L

{
�i∗cx [KT ]−�icx [KT ]

}
T

. (8)

C. Required Reference Voltage Vector of HAPF

Referring to Fig. 1 with HAPF consideration, its inverter
voltage vector has the following relationship as given in

�vCinvx = �vsx + LC
d�iCcx

dt
− 1

CC

∫
�iCcxdt+RC

�iCcx. (9)

After solving (9) for getting inverter reference voltage vector
based on its required compensated current, HAPF voltage vector
can be expressed as

�vCinvx [KT ]

= �vsx [KT ]− �vCCx [KT ]

+ LC

�iCcx [KT ]ω0e
−δT sin (ωT − β) + ω�i∗Ccx [KT ]

e−δT sinωT
(10)

where δ = RC

2LC
,ω =

√
1

LCCC
− ( RC

2LC
)
2
,ω0 =

√
δ2 + ω2, and

β = arctan(ω/δ). For simplicity, when RC = 0, (10) can be
expressed as (11). It should be noted that fs is 50 Hz and
f = ω/2π

�vCinvx [KT ] = �vsx [KT ]− �vCCx [KT ]

+ LC
−�iCcx [KT ]ω cos (ωT ) + ω�i∗Ccx [KT ]

sinωT
.

(11)

D. Space Vector Modulation

The SVM procedure consists of section selecting, decompos-
ing into basic vectors, determining switching sequence and time
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Fig. 2. Control block of SVM for APF or HAPF.

(from t1 to t6 depending on the determined basic vectors), and
finally producing sx switching states. The control block of SVM
from reference current i∗cx or i∗Ccx to inverter trigger signals can
be drawn as Fig. 2.

In three-phase two-level inverter SVM PWM, since zero
vectors in eight different switches states do not affect the mean
output voltage, the total duration of the zero states may be dis-
tributed in several ways. According to zero vectors distribution
methods, it yields two types of equivalent modulation functions,
resulting in two types of SVM.

1) In classic SVM [12], [13], each switch of the inverter is
switched only once during one sampling interval.

2) In flat-top SVM [32], the zero vectors can be chosen freely
(one time or more/less than one time during one sampling
interval) to reduce the power losses.

In this article, the comparisons between APF and HAPF
are provided under the same conditions. Therefore, classical
SVM with the same fixed switching frequency is compared. In
contrast, the flat-top SVM is analyzed under varying switching
frequencies in Section VI.

III. PERFORMANCE COMPARISONS BETWEEN APF AND HAPF
UNDER SVM PWM

In this section, APFs and HAPFs are comprehensively com-
pared in terms of: 1) maximum injected current in a switching
period; 2) dc operating voltage under the same injected current;
3) nonlinear current operation characteristics; 4) error under
overmodulation and undermodulation regions; 5) power loss;
and 6) dynamic tracking ability. The advantages and appropriate
operational environments of APF and HAPF are concluded
based on those comparisons.

A. Comparsion of Maximum Injected Current in a Switching

Figs. 3 and 4 show APF and HAPF voltage vectors and their
corresponding compensating currents. Undermodulation region
of SVM is defined when the targeted reference voltage is laid
within the hexagon area bounded by space voltage vectors as
shown in Fig. 3.

The injected current range of APF in one switching period
can be calculated by

icx =
1

L

∫ T

0

(vinvx − vsx) dt =
vinvx − vsx

L
T. (12)

Fig. 3. APF vectors in SVM operation.

Fig. 4. HAPF vectors in SVM operation.

Comparing Figs. 3 and 4, current directions are different; one
is leading voltage and another is lagging voltage. Equation (13)
is the injected current by HAPF

iCcx =

(
vCinvx − vsx + vCCx(0)

LCω

)
sin (ωt)

+ iCcx(0) cos (ωt) . (13)

Unlike the injected current by an APF, the injected current by a
HAPF consists of two oscillating sinusoid functions. Assuming
all initial values are ignored, then its maximum injected current
is

ICcxmax = (vCinvx − vsx + vCCx(0))

√
CC

LC
. (14)

The equivalent circuits for the APF and HAPF can be mod-
eled, as shown in Fig. 5. In the APF, Vinvx > Vsx. However,
VCinvx < Vsx in the HAPF. In the APF, the injected current is
straightly increased due to its L coupling andVinvx > Vsx within
switching instant. On the other hand, the HAPF generates a sinu-
soidal current due to its LC coupling within switching instant.
Unlike APF, in a switching period, HAPF current amplitude
may not be linearly increased to the end of the switching period,
which is controlled by LC resonance parameters as (14).
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Fig. 5. Comparison of injected current between (a) APF and (b) HAPF under
one period.

Fig. 6. DC voltage relationship between APF and HAPF.

B. DC Operation Voltage Under Same Injected Current

To compare an APF and a HAPF, the first step is to figure out
what situations both systems can be equivalent to one another.
Their compensating currents are assumed to be the same as (15),
by referring (6) and (9)

icx = iCcx =

(
vinvx − vsx

L

)
t

=

(
vCinvx−vsx+vCCx(0)

LCω

)
sin (ωt)+iCcx(0) cos (ωt)

(15)

whereR = RC = 0,L = LC , and t is considered as an accumu-
lated value. By simplification, (15) can be written as (16). For
initial conditions, vCCx(0) is almost equal to vsx and iCcx(0)
is zero. Considering line-to-line peak value and rms value, as a
result, (16) can be expressed as (17)

vCinvx ≈ vinvx −
(
vCCx(0) +

LiCcx(0)

t

)
≈ vinvx − vsx

(16)

VCdc = Vdc −
√
2 ·

√
3 · Vsx. (17)

Fig. 6 shows the required dc voltage for APF in the horizontal
axis and for HAPF in the vertical axis. In more general, Fig. 6 can

Fig. 7. Compensating current error in alpha-beta domain. (a) APF with
650 Vdc. (b) HAPF with 1189 Vdc.

Fig. 8. Current slopes in (a) APF and (b) HAPF when switch changes states.

link up the inductive and capacitive coupling inverters required
dc voltage relationship.

During the turn-OFF period, both VCdc and Vdc are negative,
e.g., −650 V is required for APF, whereas −1189 V is required
for HAPF when rms Vsx is 220 V. Therefore, when VCdc is set as
1189 V, HAPF can inject the same amplitude of current into the
system comparing with an APF. The simulation proof is given
in Fig. 7. APF and HAPF get almost the same shaded error area
in the alpha-beta domain.

Fig. 6 is the theoretical outcome linking up the required dc
voltage of an APF and a HAPF. It shows that when the coupling
voltage is 220 V, an APF needs to use 650-V dc for the inverter to
operate. However, that is equivalent to use 111 or 1189-V dc for
a HAPF to operate. The system designer may choose either one
of them to operate a HAPF. In order to reduce operation loss, the
lower dc voltage should be chosen. Corresponding simulation
and experimental results are given to show its validity by Figs. 7,
13, and 14.

C. Current Slope and Linearization

In the APF, the current slope is determined by the voltage
between the coupling inductor as shown in (18) and Fig. 8(a)

dicx
dt

=
vLx

L
=

vinvx − vsx
L

. (18)

In the HAPF, the current slope in Fig. 8(b) is controlled
by (19). APF current is linearly increased up to the end of
the switching period as a linear straight line. However, HAPF
current amplitude may not be linearly increased up to the end of
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Fig. 9. Comparisons among icx, vLx, iCcx, vCCx, vCLx in different fsw triggers using 5 kHz (linear), 3 kHz (quasi-linear), 1 kHz (critical), and 0.66 kHz
(nonlinear).

Fig. 10. vCLx changes with switch states changing in critical condition.

the switching period. Therefore, HAPF operation modes can be
classified into linear, quasi-linear, and nonlinear by its switching
frequency

diCcx

dt
=

(vCinvx−vsx+vCCx(0))

LC
cosωt− iCcx(0)√

LCCC

sinωt.

(19)

1) Critical Situation and Critical Switching Frequency:
Fig. 9 shows the switching characteristics and their correspond-
ing system parameters, in which vLx and vCLx are coupling
inductor voltages of the APF and the HAPF. Fig. 10 is an
enlarged part of Fig. 9 at the critical case. It should be noted that
the system line-line peak voltage is 539 V (

√
2 · √3 · 220 V). In

Fig. 9, it is found that initial capacitor voltage vCCx(0) is almost
equal to system line-line peak voltage.

In Fig. 10, the inductor voltage vCLx shows a critical case
from time 1.5 to 3.5 ms. In this critical case, the switch states

of one HAPF arm changes from upper one turn-ON to lower one
turn-ON at 2.5 ms. The current slope polarity is critical to be
changed from positive to zero (diCcx/dt = vCLx/LC = 0) at
2.5 ms without switch states changing

tcr = tmax

=
√

LCCCtan
−1

(
vCinvx − vsx + vCCx(0)

iCcx(0)
·
√

CC

LC

)
.

(20)

The critical switching time tcr is defined when the slope of
HAPF injected current is equal to zero, based on (19) in the
article. When (19) equals 0, (20) can be obtained to calculate
tcr. Under this tcr, the injected current reaches the maximum
amplitude. At this condition, the switching frequency is defined
as the critical switching frequency. After this tcr, the injected
current decreases, although it is a turn-ON situation, as shown
in Figs. 9 and 10 after the cross signs. As a result, under such
conditions, the PWM is out of control to reduce compensation
error. Those out of control conditions are needed to be avoided
in HAPF applications.

Table III summarizes the key equations and critical situations
of the APF and HAPF.

In order to get a stable value, the inductor current icx(0)
and iCcx(0) are taken out. The tcr without initial influence can
be defined as (21). Thus, in one switching period, its critical
switching frequency fcr0 is defined in (22)

tcr0 =
π
√
LCCC

2
(21)

fcr0 =
2

π
√
LCCC

= 4f. (22)
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TABLE III
KEY EQUATIONS COMPARISONS BETWEEN APF AND HAPF BY INJECTED CURRENT

Notes: NA means not available, because no critical switching time and frequency exist in APFs.

As shown in Fig. 9, the APF part has a linear slope current
with a positive slope when the upper switch of an arm is ON and
negative slope when the lower switch is ON.

2) Linear Region and Linear Switching Frequency: For the
nonlinearity situation, ε is defined as the change rate of current
slope or nonlinearity of the current as given in (23), where
iCcx(t1) is the current at the time that the switch changes its state,
namely, at the beginning of the interval. In contrast, iCcx(t2) is
the current at the end of the interval.

For simplicity, no initial voltage and current are considered.
Under ε acceptance linearity, one can define the switching fre-
quency for HAPF having a linear slope current, which is defined
by (24)

ε =

∣∣∣∣∣
(
diCcx(t2)

dt
− diCcx(t1)

dt

)/
diCcx(t1)

dt

∣∣∣∣∣ = |1− cosωt|

(23)

fsw =
2πf

cos−1 (1− ε)
. (24)

3) Quasi-Linear Region and Switching Frequency: The cur-
rent slope of the HAPF inverter iCcx can be classified as “quasi-
linear” if 5% < ε < 100%. Its quasi-linear switching frequency
can be defined by (24) when ε � (0.05, 1.00).

4) Nonlinear Region: The slope of the HAPF inverter iCcx

can be treated as “nonlinear,” if its slope or polarity changes from
positive to negative or vice versa without changing switching
states. In this region, the requirement is ε% ≥ 100%. Moreover,
the iCcx appears obviously bending when its switch frequency is
lower than the critical switching frequency (22). In Fig. 9, when
the upper arm switch is still turned ON, the polarity of iCcx

with 0.66-kHz slope has already been changed from positive to
negative before the trigger changed, which is shown in Fig. 9
with the cross signs in the nonlinear region.

Finally, several simulations are performed in Fig. 11 to sum-
marize the compensation performance with different fsw, such
that HAPF can be operated under nonlinear, quasi-linear, and
linear regions with different fsw. It can be found that perfor-
mance has been improved from low to high fsw.

Fig. 11 shows the HAPF characteristics of nonlinearity. The
uncontrollable PWM current tracking reference operation can-
not occur in an APF within a switching period, but it happens in

HAPF when fsw is too low, and it cannot be controlled to track
reference.

D. Error

The analyses are based on general equivalent models of
inductive and capacitive coupling systems, as shown in Fig. 5.
Related simulation and experimental results are given to show
their validity. However, the values for error ratio, power loss
ratio, and tracking ability ratio are varied case by case due to the
changing of the system parameters. However, their performance
trends can be concluded by these analyses.

The comparison results of error between APF and HAPF are
concluded based on the conditions that APF and HAPF are op-
erated both in overmodulation or undermodulation conditions.

When (17) is fulfilled, the HAPF equivalent currents can
be considered under two cases: Turn-ON (111 V) and turn-OFF

(1189 V) situations. Under the equivalent turn-OFF case, it re-
quires a higher dc voltage, which is not preferable and favorable.

Fig. 12 shows current waveforms icx for APF, iCcx, and iCccx

for HAPF, where icx is the APF current, iCcx and iCccx are
the HAPF currents at lower dc voltage and higher dc voltage,
respectively. In Fig. 12, iCccx represents the turn-OFF case for
HAPF, which requires a higher dc voltage. As a result, the current
iCccx has a higher capability to track icx current at tLL. iCcx

is the HAPF current with lower dc voltage. There are points
a, b, and c at t1 for error analyses. The error is defined as
the difference between icx (iCcx) and the targeted reference
currents i∗cx (i∗Ccx) in (25) and (26), respectively. Considering
the practical applications, the HAPF is selected to operate at the
lower equivalent voltage to reduce the loss and cost. Thus, only
the iCcx is analyzed below

icex = icx − icx
∗ =

1

L
(vinvx − vinvx

∗)T (25)

iCcex = iCcx − iCcx
∗

=
1

LC
(vCinvx − vCinvx

∗)
√

CC

LC
sin (ωT ) . (26)

Case 1. Equivalence: Case 1 occurs when the dc voltages
of HAPF and APF are satisfied (17) under the linearization
switching situation, as stated in (24). As shown in Fig. 12
before the tL time, the ability to produce injected current by
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Fig. 11. Comparative waveforms of tracking current icx or iCcx and its sinusoidal reference i∗cx (i∗Ccx). (a) HAPF with fsw = 0.5 kHz (nonlinear). (b) APF
with fsw = 0.5 kHz. (c) HAPF with fsw = 1 kHz (critical). (d) APF with fsw = 1 kHz. (e) HAPF with fsw = 3 kHz (quasi-linear). (f) APF with fsw = 3k Hz.
(g) HAPF with fsw = 5 kHz (linear). (h) APF with fsw = 5 kHz.

APF and HAPF can be treated the same. Therefore, in this case,
icx = iCcx by ignoring all initial conditions during switching.
There is no compensation performance difference between APF
and HAPF. The simulation results are given in Fig. 7 and Fig.
11(g) and (h).

Case 2. Both Undermodulation (Point a): Case 2 occurs when
a is the targeted reference. Both APF and HAPF can generate
the targeted current at t1. By referring Fig. 12, APF can generate

a larger current (icx) difference comparing to HAPF current
(iCcx) because HAPF injects nonlinear slope current, whereas
APF current is linear. As a result, HAPF has a better performance
in undermodulation.

Case 3. Under and Overmodulation (Point b): Case 3 occurs
when point b is the targeted reference. The APF is in the
undermodulation region, whereas HAPF is in overmodulation
at t1 with a lower dc voltage (turn-ON) case. APF has enough
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Fig. 12. Currents comparison between APF and HAPF.

capacity to track the current by SVM as a result. The tracking
ability by APF in undermodulation region is better than HAPF
under the overmodulation case. After several step operations,
HAPF may turn from the overmodulation (Case 3) into the
undermodulation region (Case 2) (Case 3→Case2).

Case 4. Both Overmodulation (Point c): Case 4 occurs when
point c is the targeted reference. Both APF and HAPF currents
cannot be generated within a switching period to such a high
level at t1. However, the difference between APF and HAPF
is the amplitudes of the current, and the HAPF one is smaller.
When dc voltage of HAPF is not enough, HAPF iCcx cannot
reach point c. The tracking ability of APF is better than HAPF
as icx is nearer to point c. However, as discussed in the above
cases, after several steps of operations, HAPF may turn the cases
from overmodulation into undermodulation situations (Case4→
Case 3→Case 2)

Ke =
1
T

∫ |icex| dt
1
T

∫ |iCcex| dt

=
1
T

∫
1
L |vinvx − vinv

∗|dt
1
T

∫
1

LC

∣∣∣(vCinvx − vCinv
∗)
√

CC

LC
sin (ωT )

∣∣∣ dt (27)

Ke ≈ LC

L

∫ |Vdc − vinv
∗| dt∫ ∣∣Vdc −

√
6Vsx − vCinv

∗∣∣ dt . (28)

In summary, all modulation conditions can be summarized as
a procedure starting from overmodulation and into undermod-
ulation or directly starting from undermodulation. To further
compare their error performances, an error ratio between the
average absolute current difference of APF and HAPF in a cycle
is defined as Ke and given in (27). By referring (17) into (27),
it can be simplified as (28). When Ke > 1, HAPF performance
is better than APF.

Table IV is a simulation summary for Ke, in which APF is
operating with 650 V dc voltage at 10 kHz switching frequency,
whereas HAPF is with 111 V dc voltage at 10 kHz. It shows
that HAPF has a better compensation performance than APF
about 3.81 times when the same coupling inductors are taken.
However, its compensation performance can be further adjusted
by taking different coupling inductance values. If the LC is
chosen as two times of L, the Ke will increase to 6.95 times,

TABLE IV
ERROR RATIOS COMPARISONS WITH DIFFERENT COUPLING INDUCTORS

TABLE V
QUALITY FACTOR AND ESR OF APF AND HAPF

Notes: QF stands for the quality factor, and ESR stands for equivalent series resistance.

and when LC is chosen as half of L, the Ke will reduce to
1.97 times.

E. Power Loss

Less operating dc voltage means less power loss. As a result,
it is suggested that HAPF should be operated in consideration
of turn-ON mode so that less dc voltage can be taken, as shown
in the first quadrant of Fig. 6.

According to the power loss studies, the switching loss [29],
[35], and the component conduction loss [36], [37] contribute
to the major power loss of the system.

1) Switching Loss: The switching loss of the switching de-
vice can be classified as turn-ON and turn-OFF losses. Equation
(29) is the total turn-ON and turn-OFF power losses.

Thus, the higher of the Vdc, VCdc, and fsw of the APF and
HAPF, the higher the switching loss is obtained and vice versa

Ploss(sw) = VdcIloss

= VdcICMfsw

(
1

8
ton

ICM

ICN
+ toff

(
1

3π
+

1

24

ICM

ICN

))
.

(29)

2) Component Conduction Loss: For APF, the component
conduction power loss of coupling inductor can be expressed as

Ploss(L) = ESRL · I2cx. (30)

For HAPF, the component conduction power loss of coupling
inductor and coupling capacitor can be expressed as

Ploss(LC) = ESRLC
· I2Ccx (31)

Ploss(CC) = ESRCC
· I2Ccx (32)

where ESRL/ESRLC and ESRCC are equivalent series re-
sistance of coupling inductor L/LC and coupling capacitor CC ,
respectively. According to the measurement results, the QF and
ESR of APF and HAPF are given in Table V. Tables VI–VIII
below summarize the switch power loss, component conduction
power loss, and the total power losses of APF and HAPF in
simulations, respectively.
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Fig. 13. Waveforms of load voltage, load current, source current, reference current, compensating current, dc voltage, and error current, before and after load
case changed from first load to first and second loads compensated by: (a) APF (fsw = 10 kHz, L = 6mH); (b) HAPF (fsw = 5 kHz, LC = 6mH); (c) HAPF
(fsw = 10 kHz, LC = 3mH); (d) HAPF (fsw = 10 kHz, LC = 6mH).

By combining power loss consideration in (29)–(32), it is
obvious that the loss is proportional to dc voltage and switching
frequency. The power loss ratio between Ploss(APF ) for APF
and Ploss(HAPF ) for HAPF is defined as Kloss in (33)

Kloss=
Ploss(APF)

Ploss(HAPF)
=

Ploss(swAPF) + Ploss(L)

Ploss(swHAPF)+Ploss(LC)+Ploss(CC)
.

(33)

F. Dynamic Tracking Ability

In this section, only undermodulation operations of APF and
HAPF are considered. It means that enough dc voltage should
be supported to APF and HAPF simultaneously following (17)
dc voltage requirement. The dynamic tracking ability can be
considered by the change rate of currents between APF and
HAPF, and it is discussed as follows.
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TABLE VI
SWITCHING LOSS OF APF AND HAPF IN SIMULATION

TABLE VII
COMPONENT CONDUCTION LOSS OF APF AND HAPF IN SIMULATION

TABLE VIII
TOTAL POWER LOSS OF APF AND HAPF (SWITCHING LOSS AND CONDUCTION

LOSS) IN SIMULATION

Comparing (19) and taking the first term of Taylor’s series
expansions for sin and cos functions, the change rate of current
of a HAPF can be given in (34). The second term of (34) acts as
a damping factor to reduce the change rate of current. The initial
capacitor voltage vCCx(0) is near or equal to vsx. It reduces the
change rate of current

diCcx

dt
=

(vCinvx − vsx + vCCx(0))

LC
− iCcx(0)

LCCC
t. (34)

Then, its change rate of TCR comparing with APF can be
given in (35). If it can fulfill (17), it can be further simplified
into (36)

KTCR =
dicx
dt

diCcx

dt

≈ LC

L
· vinvx − vsx

vCinvx
(35)

KTCR =
LC

L
. (36)

When KTCR is equal to 1, it means that the dynamic tracking
ability of APF and HAPF can be treated as the same.

A simulation is performed, and the results are shown in
Fig. 14. It shows that when the L and LC are the same as shown
in Fig. 14(b), tracking current and ratio are the same. When the
L or LC is reduced to the half as shown in Fig. 14(a) or (c), the
tracking current and ratio can be two times than before. Equation
(36) defines the current tracking ability relationship between
APF and HAPF. It shows that coupling inductors between APF
and HAPF are the key to control the current tracking ability in
undermodulation cases.

IV. EXPERIMENT RESULTS

In this section, a 220 V–5 kVA experiment prototype of
APF/HAPF is built in the laboratory, as shown in Fig. 15, to
provide experimental results and to verify the above discussions.
The digital control system of APF/HAPF is a digital signal

Fig. 14. Comparison between current and TCR. (a) vinv = 650V, vCinv =
111V, L = 3mH, LC = 6mH, C = 70µF; (b) vinv = 650V, vCinv =
111V, L = 6mH, LC = 6mH, CC = 70µF; (c) vinv = 650V, vCinv =
111V, L = 6mH, LC = 3mH, CC = 70µF.

Fig. 15. Experimental hardware platform setup of the 5-kVA prototype of APF
and HAPF.

processor TMS320-F28335 controller. The switching devices
for the inverter are Mitsubishi IGBT intelligent power modules
PM300DSA060. Among these experimental results, waveforms
are recorded by the YOKOGAWA DL850 oscilloscope. The
power loss and THD are measured by YOKOGAWA WT1800
PRECISION ANALYZER and Fluke 435.

According to [16], [17], and (23), the fsw for the HAPF is
selected to be 10 kHz.

Hardware experimental components parameters and the test
loadings are listed in Table IX. The experimental waveform
results are shown in Fig. 13 includes transient and steady-state
conditions from first load to first and second loads. Finally, the
results are summarized in Tables X and XI.

Tables X and XI illustrate APF has faster tracking ability
than HAPF with equivalent parameters, but HAPF has a less
steady-state error, and Ke is 2.94 times (nearly three times).
APF has the largest power loss, and Kloss with the same fsw
between APF and HAPF is 2.78 times (almost 3 times).
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TABLE IX
SIMULATION/EXPERIMENTAL PARAMETERS FOR APF AND HAPF

TABLE X
EXPERIMENTAL RESULTS OF TWO SETS OF LOADS BEFORE AND AFTER

COMPENSATION OF APF OR HAPF

∗Notes: Only the different parameters have been marked.

TABLE XI
RATIOS RELATIONSHIP BETWEEN CORRESPONDING COMPARATIVE FILTERS

AND THE HAPF (10 kHz, 6 mH) IN EXPERIMENT

Notes: The shades areas mean outstanding results. Error ratio is defined by comparing
the average absolute current difference in a cycle under steady-state situation and taking
HAPF (10 kHz, 6 mH) compensation performance as the ratio relationship reference.

V. CONCLUSIONS AND APPLICATION GUIDELINES

In this article, several important characteristics and applica-
tion guidelines between APF and HAPF are concluded as below.

1) HAPF voltage vector is given in (11), and its correspond-
ing SVM in HAPF is proposed and verified by Figs. 11,
13, Tables X, and XI.

2) In a switching period, unlike APF, HAPF current am-
plitude may not be linearly increased up to the end of
switching period, which is controlled by LC resonance
parameters. Sometimes, under nonlinear situations, its

TABLE XII
COMPARISONS BETWEEN ADVANTAGES, DISADVANTAGES, AND

CORRESPONDING OPERATIONAL ENVIRONMENTS OF APF AND HAPF

amplitude will be decreased within a switching period.
These phenomena are given in Figs. 5, 9, and 10.

3) The inductive-coupled inverter (like APF) and the
capacitive-coupled inverter (like HAPF) can be equivalent
to one another when dc voltage relationship in (17) is
fulfilled. The required dc voltage of HAPF is about six
times lower than APF, as verified by Figs. 7, 13, and Tables
X and XI.

4) The critical switching frequency is defined by (22). If the
switching frequency is lower than this critical value, the
HAPF has a nonlinear current slope, which may worsen
compensation performance. This critical switching fre-
quency is verified by Figs. 9 and 11.

5) The HAPF switching operation modes can be classified
into linear, quasi-linear, and nonlinear according to its
current slope changing rate ε in (23). The HAPF is rec-
ommended to operate under quasi-linear or linear mode,
as proved by Fig. 9.

6) When APF and HAPF are both in the overmodulation
region, APF has better tracking ability. When APF and
HAPF are in the undermodulation region, HAPF has better
compensation performance and less steady-state error.
HAPF is recommended to operate in undermodulation
region, which is verified by Fig. 13 and Tables X and XI;

7) Power losses are affected by the dc voltage and switching
frequency. The HAPF can choose to have lower dc voltage
and lower switching frequency, as verified by Tables X and
XI.

8) The coupling inductors in APF and HAPF affect not
only the compensation performance but also the dynamic
tracking ability by (28) and (36). With smaller coupling
inductance, HAPF has better-tracking performance but
larger steady-state error, as shown in Fig. 13 and Tables X
and XI.

APF and HAPF have their advantages and disadvantages. In
general, APF has better tracking ability, but it has a higher loss
and relatively larger compensation error. Thus, APF is suitable
for the system with frequent load changing. On the other hand,
HAPF has a lower loss and better compensation error. Therefore,
HAPF is suitable to apply in a relatively steady and stable load
system. Table XII expresses the advantages, disadvantages, and
corresponding appropriate operational conditions of APF and
HAPF. Besides, HAPF switching frequency, dc operating volt-
age, and system components should be determined accordingly
in this article.
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TABLE XIII
INFLUENCES OF COUPLING PARAMETERS VARIATION TO DIFFERENT ITEMS

Notes: NA means not available, because no critical switching frequency exists in APFs.

VI. DISCUSSIONS

A. Parameters Influences

The influences of the parameters (L, R, CC , LC , and RC)
variation in the current error and in the overall control perfor-
mance can be summarized by the aspects of Vdc (VCdc), Icmax

(ICcmax), critical switching frequency, steady-state error, and
tracking ability. The analyses are all based on the functions of
each above items from (37) to (42).

When R and RC are considered, the Vdc and VCdc are calcu-
lated as follows:

Vdcmin = vinvxmax = vsx +
R

X
{icx∗ − (1−X) icx} (37)

VCdcmin = vCinvxmax = vsx − vCCx

+ LC
iCcxω0e

−δT sin (ωT − β) + ωiCcx
∗

e−δT sinωT
(38)

where X = 1 − e−(R/L)T, δ = RC

2LC
, ω =

√
1

LCCC
− ( RC

2LC
)
2
,

ω0 =
√
δ2 + ω2, and β = arctan(ω/δ).

When the R and RC are considered, the current steady-state
error functions are calculated as follows:

icex = icx − icx
∗ =

1− e−(R/L)T

R
(vinvx − vinvx

∗)T

(39)

iCcex = iCcx − iCcx
∗ = (vCinvx − vCinvx

∗)
sin (ωT ) e−δT

ωLC
.

(40)

Tracking ability is another aspect of performance, which
respects the maximum current slope can be tracked. The com-
pensating current slope can be expressed as follows:

dicx
dt

= e−
R
LT /L · (vinv − vs) (41)

diCcx

dt
= e−δT (vCinvx − vsx + vCCx(0))

ωLC

· (ω cosωT − δ sinωT ) (42)

Based on the deduced (37)–(42), the influences of the parame-
ters (L, R,CC ,LC , andRC) variation in different corresponding
items can be summarized in Table XIII.

B. Overmodualtion and Flat-Top SVM

1) Overmodulation: The modulation rate M for APF andMC

for HAPF are defined as the ratio between inverter voltage vinvx

Fig. 16. Comparison between vinvx and vCinvx in the simulation.

and the dc voltage Vdc (VCdc) as

M = vinvx/Vdc (43)

MC = vCinvx/VCdc. (44)

According to the definition in SVM [33], when 0.907 <
M(MC) < 1, the modulation is considered as overmodula-
tion. When 0 < M(MC) < 0.907, it can be treated as under-
modulation. When operating at undermodulation, a modulated
voltage vector can reach its reference voltage. However, when
the 0.907 < M(MC) < 1, since the modulated voltage cannot
reach the reference, the M(MC) should be replaced by another
one based on the overmodulation look-up table [34]. On the
other hand, if APF and HAPF operate in SVM overmodulation
region, the required voltage reference for compensation is close
to or higher than dc voltage.

As shown in Fig. 16, the vinvx for APF changes from +420
to −420 V, with the 65% maximum M. The vCinvx for HAPF
changes from +75 to −75 V, with the 68% maximum MC .

Therefore, there is no overmodulation occurs in both APF and
HAPF.

2) Flat-Top Modulation:: Since in SVM voltage vector is al-
ways synthesized by two neighboring voltage vectors, reference
v∗ can be expressed as

⇀

v
∗
= tk · ⇀

vk + tk+1 · ⇀

vk+1 (45)

where tk is the turn-ON constant time of
⇀

vk.
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Fig. 17. Equivalent voltage vector output switch states. (a) Classical SVM.
(b) Flat-top SVM.

Fig. 18. Switch sequences comparison. (a) Classical SVM. (b) Flat-top SVM.

In classical SVM, each leg of the inverter must switch once
in a period, which means every switching period must start with
v0 and end with v0. v7 appears in the middle. The time functions
of every voltage vector constant time are arranged as{

T = t0 + t7 + tk + tk+1

t0 = t7.
(46)

In flat-top SVM, the changes of switch states are arranged as
less as possible to reduce the power loss, which means in every
switching period v0 or v7 can be chosen freely to reduce the
number of switch states changes as

T = tk + tk+1 + t0 or T = tk + tk+1 + t7. (47)

With the equivalent voltage vector output and different switch-
ing sequences, the schematic diagram comparison between clas-
sical SVM and flat-top SVM in this article is shown in Fig. 17.

Simulations are provided to show the differences between
classical SVM and the flat-top SVM under the same compensa-
tion condition. The switch sequences of these two SVM methods
are shown as Fig. 18.

Compared with classical SVM in Table XIV, the flat-top SVM
can reduce the power loss but with larger THD compensation
results. However, the switching frequency is varying for flat-top
SVM. Therefore, users can choose SVM methods classical or
flat-top based on main demand. The flat-top SVM has lower
power loss, whereas classical SVM has better THD performance.

TABLE XIV
COMPARISONS BETWEEN COMPENSATION RESULTS USING CLASSICAL SVM

AND FLAT-TOP SVM IN HAPF

Fig. 19. Zoom-in reference current i∗ca and compensating current ica/iCca.
(a) APF (10 kHz, coupling 6 mH). (b) HAPF (10 kHz, coupling 6 mH).

C. Relationship Between Compensating and Reference
Current in Experiment

It can be seen from Fig. 19, ica in APF and iCca in HAPF
have been controlled to track their reference i∗ca. Therefore, the
source current isx (= iLx − icx) can be considered close to the
intended compensation result (i∗sx).

APPENDIX

The following Table XV gives the summary for extraction
of the article information, which includes the corresponding
sections and verifications.
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