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1. Introduction

Nowadays power electronics converters are used in
a wide variety of applications [1-4]. Among them,
the Voltage Source Converters (VSCs) are used in
applications like electric drives, uninterruptible power

Abstract. Parabolic carrier Pulse Width Modulation (PWM) method is considered
as one of the direct current control methods for the Voltage Source Converters (VSCs).
This method has an excellent dynamic response. Besides, it offers a constant switching
frequency by employing a pair of parabolic PWM carriers. However, it suffers from some
drawbacks and limitations. The major drawback of this method is its sensitivity to the
inductance variations. In other words, in grid-connected applications, the exact value of
grid inductance should be known to achieve a proper performance. Moreover, it is essential
that during each switching cycle, the voltage at the point of common coupling remains
constant. In grid connected applications such as active power filter, these drawbacks may
lead to operation at variable or non-expected frequencies. Therefore, this paper provides
suggestions to deal with the situation. In this paper, by applying the conventional method,
the aforementioned problems are examined in a grid-connected active power filter. It
is shown analytically that by using the proposed method, the problem of sensitivity to
inductance is overcome and the necessity for a constant voltage at the point of common
coupling in a switching period will be solved as well. The simulation and experimental
results are presented.
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supplies, and active power filters. Due to the increased
use of VSCs in power electronic systems, current
control strategy for them has become one of the topics
of interest to researchers [5-19).

To implement a current loop with fast response
and high tracking precision in VSCs, different methods
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including the conventional hysteresis control [1-9],
adaptive hysteresis control [11], carrier-based Pulse
Width Modulation (PWM) control [5-7], delta mod-

E-mail address: mardaneh@sutech.ac.ir (M. Mardaneh) ulation control [5], different types of Space Vector
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Modulation (SVM) like the conventional SVM [6] and
three-dimensional SVM [13,14], space vector current
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control on the rotating zy-coordinates [15], etc. have
been proposed. All of the mentioned methods can be
categorized into the following two general groups:

e Indirect current control;

e Direct tracking error control through PWM.

In the first group of methods, the current error is
imposed on a controller to generate the reference
voltage signal. Due to the limited band-width of the
current control loop, these methods do not have good
dynamic and stable performance in comparison with
the second group of methods [16].

Among the second group of methods, the con-
ventional hysteresis method is known as the most
popular one due to its implementation simplicity,
current loop fast response, inherent ability of limiting
the current peak, and independency of knowing the
system parameters. Notwithstanding the mentioned
merits, the major drawback of the hysteresis method is
its switching frequency variation, which increases the
system switching losses. Variable switching frequency
causes problems in designing the passive filter elements
in some applications such as active power filters as well
as some Electro-Magnetic Interference (EMI)-related
problems [11].

To overcome these problems, different methods
have been proposed to generate varying hysteresis band
by using the Phase-Locked Loop (PLL) [12], receive
feedback for the peak current error, or digitally imple-
ment the predictive or the adaptive control. However,
these methods make the controlling system compli-
cated and deteriorate the dynamic responses [16].

One method in the second group, which combines
some features of the hysteresis and non-linear carrier-
based controlling methods, is the current controlling
method by using parabolic PWM [16-20]. In addition
to excellent dynamic response, the parabolic PWM
method offers a constant switching frequency by uti-
lizing a pair of parabolic PWM carriers. Consequently,
it does not need any complicated feedback controlling
scheme to make its frequency constant. Besides, this
method has better stability and easier implementation
than other hysteresis methods [16]. However, this
method also has the following drawbacks and limita-
tions, which will be explained below:

e Sensitivity to the inductance value;

e Necessity of constant voltage during a switching
period.

The major drawback is the sensitivity of the method
to the inductance variations, which leads to the ne-
cessity of knowing the exact value of the inductance.
Knowing the exact value of the inductance is crucial
for adjusting the parabolic carrier amplitude by the
controller. Moreover, one of the constraints of this
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Figure 1. Simplified schematic of a VSC with parabolic
PWM control.

method is the necessity of constant voltage at the point
of common coupling (u, in Figure 1) in a switching
period. The output voltage of a PWM inverter has a
switching behaviour in nature. However, the voltage
at the point of common coupling can be considered
as a sinusoidal one, provided that the output voltage
of the inverter is filtered ideally or an ideal AC voltage
source is connected to it. Without these two conditions,
voltage at the point of common coupling will follow
the pulse width modulated voltage waveform and it
will not be constant during a switching period. This
situation is common in practice, because of the non-
ideally performed filtering and the presence of grid
impedance. Since the mentioned voltage is varying in
a switching period in some applications, for example
in active power filters, this problem can disrupt the
strong performance of the method and lead to variable
frequency in the mentioned applications.

To overcome these problems, it is proposed to
use a well-known LCL filter between the inverter
bridge and the grid. By means of an LCL filter, the
dependency to the grid side inductance goes away and
the necessity for constant voltage is diminished. How-
ever, using an LCL filter affects the operation of the
parabolic PWM controller. Therefore, to be assured
about utilizing parabolic PWM control along with an
LCL filter, the relations should be revised completely.
The obtained structure is called Improved VSC with
Parabolic PWM Current Control (IVSCPCC) in this
paper.

In the remaining parts of the paper, for conve-
nience, CVSCPCC will be used instead of the Conven-
tional VSC with Parabolic PWM Current Control. To
evaluate the effects of the mentioned drawbacks on the
performance of the CVSCPCC and IVSCPCC, both of
them are utilized to generate compensating current for
a voltage converter three-phase four-wire Shunt Active
Power Filter (SAPF) and the related analytical discus-
sion is provided. Before introducing the main issue, it
is necessary to give an explanation of the SAPFs.

The desire to utilize active power filters is increas-
ing due to increasing harmonics pollution in power
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grids [21] and problems associated with the passive
filters [22].

The main task of APFs is to compensate for the
current or voltage harmonics. However, nowadays,
these filters can do some other tasks as well. In this
regard, more information is provided in [23].

Until now, different topologies have been pro-
posed for APFs. Among them, the SAPFs with the
VSCs are frequently used to compensate for the current
harmonics and resolve the reactive power issue.

The performance of the SAPF is as follows: at
first, it samples the load current, the line voltage, or
the phase voltage concerning the used algorithm or
method. Then, by applying the mentioned algorithm,
it extracts the compensating current. Finally, the com-
pensating current is injected into the point of common
coupling by sending the necessary orders through the
current controller to the gates of the switches.

In this paper, to extract the compensating sig-
nals, the Synchronous Reference Frame (SRF) method
[24,25] is used.

2. Parabolic PWM principles

To explain parabolic PWM principles, a simplified
controlling diagram of the VSC with parabolic PWM
current control for a single-phase inverter is shown in
Figure 1. In this figure, L; is the converter output
inductor, U, and U, are the voltages at the positive
and negative DC rails, respectively, S, and S,, are the
upper and lower switches of the inverter leg, ¢ is the
inductor-current, i,.¢ is the reference current, and A¢
is the current error, which is defined as follows:

Ai =i — iyes. (1)

Moreover, the Parabolic PWM Current Controller
(PCC) block is considered as the parabolic PWM
modulator. A typical current waveform in one PWM
cycle of the mentioned converter is given in Figure 2 in
which T, and T, are the conduction periods of S, and
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Figure 2. Converter output current waveforms.

S, switches, respectively. T is the switching period,
which is equal to T' = T), + T;,. In addition, Aty peqk,
Aty peak, and Ai, , are respectively the values of
positive peak, negative peak, and peak-to-peak of the
current error, respectively.

Besides, it is supposed that U,, U,, u,, and the
tres slope are all constant in one switching period and
the inverter current ¢ follows the reference current ¢,.s
symmetrically and continuously, that is:

AZ'P_P
2 »

(2)

when the S, switch is on, it is possible to justify the
following relationship:

Aip,pea/c = _Ain,peak =

di
Lf%zUp_“S' (3)
Substituting Eq. (1) within Eq. (3) yields:
dAi diyes Ay
Li— =U,~u,—L;—1 =L PP 4
T p—us = Ly— =T, (4)

Besides, when the S, switch is on, the following
relationship is satisfied:

dives Aiy
U, —us— Ly dtf Ly jf L. (5)
Subtracting Eq. (5) from Eq. (4) yields:
, T T, (T,\°
Aip_p = E(Up = Un) Tp - (;)
- L -v |- (%) (©
TLyr T T AT

Consequently, it is possible to write the A, peqr and
Aty peak relationships as follows:

Aip,pealc = _Ain,peak
T vy B (B
oL, U T\
T vy B (T o
oL, TP AT

Therefore, if the converter seeks to follow the reference
current %,.¢, the instantaneous current errors must be
limited between Aty pear and Aip pear. In fact, in
this method, controlling the current error is done by
comparing it with a pair of parabolic PWM carriers (a
positive carrier and a negative one). Noticeably, when
the current error meets these carriers, the states of
the switches can be determine. The positive parabolic
function fpa(t) shown in Figure 3 can be defined as
follows:
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2
t t
=K |— -1 — <t<T*
fPA(t) K T~ (T*) for O_t T, (8)
=Tl (9)
2L,

In the above equations, T is the reference switching
period, which determines the switching frequency. It is
apt to mention that the negative carrier waveform can
then be easily generated as —fp (7).

As seen in Figure 3, when the current error cuts
the positive parabolic waveform in ¢t = 7, the upper
switch of the inverter phase leg .S}, turns off; simultane-
ously, the lower switch S, turns on; and the negative
carrier waveform starts from zero. Consequently, the
switch modes are determined in this PWM method.
Noticeably, this plan comes true for the ideal mode,
which has no dead time.

Since the dead time leads to decrease in switching

Ay peak
..........
\w\ ~~\
\\‘ \S\
\ \
fra(t) \ \,
y, .
\ \
hY 3
. . \
\ \
\ \
. Ay
‘\ ‘\
Y N\ t
\
A K, ll
/ /
L2 / /
l’ l'
? ’
/ /
ll Il
/ ¢
l, f’
I' I’
. S
/ Py
° e
Tp " Azn,pcak
< > < >
S,ON S5pOFF | | ¢
-

< >

T
Figure 3. Operation principle of the parabolic PWM.

frequency in comparison with the desired quantity,
as mentioned in [18], to compensate for the dead
time effect, the improved fpa_offset(t) function must
be used instead of applying the conventional fpa(t)
function for the carrier waveform Eq. (10):

fra—ofsset(t) = fra(t) — Avy
= fra(t) = fra(tpr)
JPa—offset(T) = =(fPa(T) — Avy)
= —(fpa(r) — fra(tpr))

where fpa(t)is the same as Eq. (8) and ¢ pr is the dead
time.

Ao is the offset of improving fpa(t), which is
calculated from the following relation:

tpr (tDT>Z
T+ T+
K is calculated based on Eq. (9).

A more comprehensive analysis of the parabolic
PWM method and its modes is presented in [16].
Despite the benefits of this method, it has some
drawbacks and limitations, as mentioned in the section
on introduction. These drawbacks can cause some

problems in applications like APFs; as evaluated in the
following sections.

(10)

A, =K

2

= fra(tpr)- (11)

3. Applying the PCC to the three-phase
four-wire SAPF

To investigate the claimed problems of the CVSCPCC,
it is applied for generating the compensating current
for the SAPF with the topology shown in Figure 4.
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Figure 4. Three-phase four-wire SAPF.
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Figure 5. Single-phase equivalent circuit of the three-phase four-wire SAPF with CVSCPCC related to phase A: (a) S is

on and Sy is off and (b) S} is off and Sy is on.

For a closer look, the single-phase equivalent
circuit of the mentioned APF related to phase A, which
is shown in Figure 5, will be analyzed. To ensure the
correct operation of this method here, the governing
relationships in this case must be matched with the
relationships obtained in Section 2.

From Figure 5, the following relations can be
established:

1SA =1LA — 14, (12)
in =154 +1isB tisc, (13)
Iln =154 — 14 +15B + 150 (14)

Considering the paths shown in Figure 5 and con-
cerning the aforementioned procedure for extracting
relationships, when S; is on (Figure 5(a)) or Sy is on
(Figure 5(b)), the following relations can be written:

A, di
(Lf +L5+Ln)7;f Lo Up—usa+ (Ls+ L) ,LstA
P
(LytLs+Ly)treta g Do), (15)
f S n di ndt SB SC )
—At,_
(Lf + Ls +Ln) (;pp) 22U, —usa
diLA diref,A
L,+L, —(Ly+Ls+L,)———
HE+ L) M (g gy,
d . .
+Ln%(lsB+Zsc). (16)

By comparing the above relations with Eqgs. (4) and

(5), it can be deduced that the terms (L, + L, )%La

and Ln%(igg +i5c) are added and in the coeflicients of

Af‘,’i’P, 7A73"’”’, and di&ff, Ly is changed into (Ly+ L.+
v n
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Figure 6. Simplified proposed topology of IVSCPCC: (a) General scheme, (b) S, is on and S,, is off, and (c) .S, is off and

S, 1s on.

L,). Here, there are some problems. Given the sensi-
tivity of the parabolic PWM method to the inductance
variations, it is necessary to know the precise values of
the grid and neutral inductances (Lg, L,,) to set prop-
erly the parabolic carrier amplitude. It should be men-
tioned that finding the precise value of the grid induc-
tance is a difficult task. On the other hand, the time re-
lated load current changes did% as well as igp and igc.
Consequently, the voltage at the point of common cou-
pling (vocvscpcc(t)) is not constant during a switch-
ing period and it has some oscillations with the APF
switching frequency, which is also verified by the simu-
lation results. Therefore, by subtracting Eq. (16) from

Eq. (15), as in Section 2, (Ls—f—Ln)did@A and Ln%(i53+

isc) are not omitted and the ultimate forms of the
relationships are different from the main parabolic
PWM method relationships. Hence, even if Lg and
L,, are precisely determined and (Ly+ L+ L,) is used
instead of L; in the computations, the oscillation of
11,4 causes the switching frequency not to be constant.

To overcome the mentioned problems, the
IVSCPCC has been proposed in this paper as shown
in Figure 6.

4. proposed Improved VSC with Parabolic
PWM Current Control (IVSCPCC)

To analyze the IVSCPCC, the relationships are derived
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based on the procedure mentioned in Section 2. Also,
this time, for derivation of the relationships, the
constraint on the voltage constancy of uorvscpcco(t),
which is a limitation for the parabolic PWM method,
is omitted. Given the value of R; is small and so its
influence is insignificant, the following relations can be
established for both the S, on and 5, off states:

di
Ly 5 = Uy — (), (17)
di

Now, by substituting Eq. (1) in Egs. (1
is possible to write:

dA7

7) and (18), it

diye s

(A
L1 dt Up — ’Lbs(t) — L1 dt y (19)
dAi diyes
L1 dt = Un — Us(t) — Ll dt . (20)

By multiplying the two sides of Eq. (19) by dt and by in-
tegrating over (0,7p) and supposing that [ us(¢).dt =
Us(t), we have:

/lem :/Updt—/us /lelreﬁ (21)
0 0 0 0

therefore:
Ll(AZ’pvpeak - Ain,peak) =T,Up — US<TP> + U,(0)

= Ly [ires (Tp) = ires (0)]- (22)

By dividing the two sides of Eq. (22) by T}, it is possible
to write:

p TP TP
Ly [ires(Tp) — ires (0)]
- o . (23)

By repeating the above procedure for Eq. (20) and
given, in this mode, the integral is calculated over the
(Tp,T) interval, we have:

Aipp ) _ Us(T) | Us(Tp)
_Ll ( Tn ) - Un - Tn + Tn

L [iref (T) = tive s (T3)]

T, '

Since the i,.; slope in a switching period is supposed
constant, it is possible to write:

L, [iref(Tp)_iTef(O)] — Ly [iref(T)_iref(Tp)]
T, T, '

(24)

(25)

Considering Eq. (25
Eq. (23), we have:

), by subtracting Eq. (24) from

29 (2022) 3288-3303

(26)

By simplifying Eq. (26) and supposing that H =
_Us (T) + U0 U (T) _U(Ty)
T Ty

T T
By comparing Eq. (27) with Eq. (6), it is possible to
observe that if H equals zero, the parabolic PWM

principles mentioned in Section 2 continues to hold.
H will equal zero in case:

, we have:

T

Aty = fl

U, - U, +H). (27)

Us(Tp) = Us(0) _
T - T . (28)

In other words, if the slope of the waveform obtained
from the integral of the capacitor voltage (us(t))
remains constant in a switching period, it is possible to
apply the discussed parabolic PWM method principles.

By choosing the proper capacitors (C,Cy), the
us(t) voltage waveform will have quasi-sinusoidal os-
cillations in a switching period and these oscillations
can be estimated by a sinusoidal function as:

us(t) = —A. cos(t). (29)

Then, by integrating Eq. (29), there can be:

Us(t) = /us(t).dt = —A.sin(¢). (30)

Eq. (28) is satisfied for the above function if
sin(7},)—sin(0) sm(T) sm(T)

T = Since T, and T are
P
known as very small quantities by applying trigono-

metric equivalent equations, it is plausible to write:

T,-0 T-T,
T, = T,

=1. (31)

Therefore, in this case, Eq. (28) holds and it is
possible to use the parabolic PWM method principles
mentioned in Section 2.

Generally, by using the IVSCPCC, if u4(t) voltage
in Figure 6 has a quasi-sinusoidal oscillation during
switching or if oscillations behave such that it is
possible to make H in Eq. (27) equal to zero, it is
possible to apply parabolic PWM method principles
and thus, there is no need for vorvscpcoc(t) or even
us(t) voltage constancy in a switching period, which
was one of the constraints and therefore, a limitation
for the parabolic PWM method.

Unlike the CVSCPCC, in the IVSCPCC, to
achieve the specific frequency, it is sufficient to set
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Figure 7. Three-phase four-wire SAPF with IVSCPCC: (a) Si is on and Sy is off and (b) S1 is off and Sy is on.

the inductance value in the controller with the value
of L, and the precise value of the inductance that
the controller sees in the output is not necessary for
adjusting the parabolic carrier magnitude.

The IVSCPCC is used in the mentioned SAPF
and the relationships are derived (Figure 7). If
Kirchhoff Voltage Law (KVL) equations are written for
the paths shown in Figure 7 and the relationships are
derived based on the procedure mentioned in Section 2,
by noticing the fact that the value of Ry is small, the
following relationships can be established for both the

states of S; on and 57 off:

Ai, di
Ly =22 = U, —u(t) — Ly —L 32
VSR U, — () - L (3)
JAV I ~ diref
Ll% = Up — Us(t) — L1 dt . (33)
As observed, some extra terms of Eq. (15) and (16) are

removed in this case. Moreover, the grid and neutral
inductances are not used. Also, by choosing the proper
capacitor for €y and Cy, voltages across capacitors
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will be quasi-sinusoidal and IVSCPCC will work as
expected.

5. Designing the elements of the proposed
PCC

Since the output of the IVSCPCC is in fact an LCL fil-
ter, to calculate its elements by means of the discussed
methods in [26-28], it is plausible to act as follows.

At first, the total apparent power of system 5, is
calculated by the following equation:

Sy =3V, 1. (34)

In the above equation, I, and V, are the line current
and line voltage, which are considered as the base
values.

The base values of impedance 7, inductance Ly,
and capacitance Cj, are calculated by the following
equations [28]:

V2
Zy = 4 35
b Sb ) ( )
Zy
Ly=2t
b= (36)
1
Cy = Zoon (37)
wp = 27(50)rad/sec. (38)

In the above equation, w is the line angular frequency.
After determining the switching frequency and the
resonance frequency, which is usually selected between
10 times the line frequency and a half of the switching
frequency, and by taking the best advantages of the
passive damping scheme, per unit quantities of induc-
tance, capacitance, and the resistance are measured by
the following equations [26]:

1
Lpu = T i . w2 (39)
wsw|fi||1 - fgw
4
Cro = ——, 40
p Lpuwf ( )
L
Rypu = PZ (41)
P Cpu

In the above equations, ¢, is the switching ripple
current at the point of common coupling to the grid
at the switching frequency. IEEE-519 recommends
that the maximum current distortion for an ich < 20
for current harmonics > 35th is 0.3%. igc refers
to short-circuit current and 7; is the nominal load
current. Besides, u; is the inverter pole voltage ripple
at the switching frequency, which is considered equal

to VZ—C, and wgw and w, are the switching frequency

and resonance frequency, respectively. Note that all of
these quantities are per unit [26].

At the end, quantities of L, C, and Ry are
calculated as follows:

L=1L,,L, (42)
C = C,py.Cy, (43)
Ry = RapuZ. (44)

Moreover, in the above relations, L = L; + Lo and
C = C1+Cy. Noticeably, the best filtering performance
is achieved when Ly = L, and Cy = (. Regarding the
capacitance value C, an important point that must be
taken into account is that the capacitance has to be big
enough to satisfy the condition of H = 0. Otherwise,
the switching frequency is irregular.

While designing, if the quantity of C' is too small,
it is possible to increase it and calculate the new
quantity of L by Eq. (40) and keeping w, constant
[26]. Additionally, it must be taken into account
that generally, due to the voltage drop limitation, the
maximum quantity of L must be smaller than 0.1 per
unit. Besides, due to the limitation of the maximum
power coeflicient decrease, the quantity of C' must be
smaller than %5 Cy [27].

6. Simulation and experimental results

In order to verify the mentioned theoretical analysis,
simulation and experimental results are presented.
Simulation results for using the IVSCPCC and the
CVSCPCC to generate compensative current for the
three-phase four-wire SAPF (Figures 4 and 7), which
was attained using MATLAB-simulink software, are il-
lustrated in this section. In this simulation, a balanced
sinusoidal three-phase source with internal impedance
was used as the grid and a three-phase rectifier with an
inductive-resistive load was used as a non-linear load.
The system parameters are shown in Table 1.

Figure 8 illustrates high-frequency oscillations of
iL,A, 1sB, and igc currents with their switching signals
at the state in which CVSCPCC with Ly of 470 pH
is used for SAPF, where all have oscillations and are
not constant in the switching period. Moreover, the
voltage at the point of common coupling of CVSCPCC
wocvscpco(t) with the switching signal is shown
in Figure 9. As seen in Figure 9, high-frequency
oscillation exists at the output of the CVSCPCC that
is in contrast with the voltage constant constraint
in a switching period and leads to varying output
frequency.

Figure 10 shows high-frequency oscillation of the
IVSCPCC output voltage. Comparing Figure 11(a)
and (b) shows that despite the high-frequency oscil-
lation of the IVSCPCC, the output frequency in the
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Table 1. Simulated system parameters.
Symbol Description Value

Vi Phase to phase rated voltage 380 (V)

ls Source inductor 1 (mH)
R, Source resistor 0.1 ()
Ly Neutral wire inductor 1 (mH)
R, Neutral wire resistor 0.1 (Q)
Ly Inductor of CPCC 0.47 (mH)
Ry Resistance of inductor of CPCC 0.01 (2)
fs System rated frequency 50 (Hz)

Vie,res Dec link voltage 900 (V)

Cp Dc link-up capacitor 2200 (puF)
Cr Dec link-down capacitor 2200 (uF)
Ch Lcl filter capacitor 6.8 (uF)
Cy Lcl filter capacitor 6.8 (uF)
Ly Converter-side lcl filter inductor 0.47 (mH)
R Resistance of converter-side Icl filter inductor 0.01 ()
Lo Grid-side Icl filter inductor 0.47 (mH)
Ry Resistance of grid-side lcl filter inductor 0.01 (2)
Ry Damping resistor of lcl filter 9 ()
L1 Smoothing inductor 4.7 (mH)
Rra Resistance of smoothing inductor 0.1 ()
Lo Inductor of star connection of nonlinear load 10 (mH)
Ri» Resistance of inductor of star connection of nonlinear load 30 ()

L Nonlinear load inductor 10 (mH)
R Nonlinear load resistor 30 (22)
fow Switching frequency 20 (kHz)
fr Resonance frequency 2.8 (kHz)
tpr Dead time 2 (psec)

IVSCPCC will be constant while it is not constant for
the CVSCPCC.

The switching frequency analysis of the A;a
waveform is done by MATLAB-simulink and the results
are shown in Figure 11, which indicates the switch-
ing frequency distribution for the CVSCPCC and

IVSCPCC. It can be seen that unlike the CVSCPCC,
the IVSCPCC presents a constant switching frequency.

To show ineffectiveness of the quantity and even
the changes of the grid inductance Lg, on the correct
performance of IVSCPCC, simulation was done with
two different values of Lg (Ls = 1mH,Ls = 2mH)
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Figure 8. High-frequency oscillation of currents with
switching signals when CVSCPCC is used: (a) iz, (b)
isB, and (c) igc.

without changing the setting for the inductance value of
the controller. The results are illustrated in Figure 12.
As can be seen, despite the doubling of the Lg
value, there is no change in the IVSCPCC switching
frequency.
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Figure 9. High-frequency oscillation of voltage at the
point of common coupling of CVSCPCC with switching
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Figure 10. High-frequency oscillation of voltage at the
point of common coupling of IVSCPCC with switching
signals.

The capacitor voltage oscillations of the
IVSCPCC with switching frequency are shown in
Figure 13. It can be observed that oscillations are
semi-sinusoidal as discussed previously. Also, the
integral of the capacitor voltage waveform with
switching signal is illustrated in Figure 14. As
observed, the waveform slope obtained from the wu(t)
capacitor voltage integral is constant in a switching
period.

The waveforms of the load current ¢74 , compen-
sation current ic 4, and the source current, all of which
are related to phase A of the SAPF with IVSCPCC,
are shown in Figure 15.

Finally, a 40VA prototype hardware of the men-
tioned SAPF, by using IVSCPCC to generate the
compensating current and without applying dead time
compensation, was implemented by TMS320F28335
DSP and ARM STM32 F746ZGT6 Cortex M7 (Figure
16). STMicroelectronics GW38IH130D IGBTs were
used as the main switches in the experiment and
prototype parameters are indicated in Table 2. As seen
in Figure 17(a), IVSCPCC tracked the compensating
current properly and it well matched the simulated
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Figure 11. Spectra of current tracking error A;4: (a)
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Figure 14. Capacitor voltage integral us(¢) and switching
signal when IVSCPCC is used.

one, as shown in Figure 15(b). Also, to check con-
stancy of the switching frequency, FFT analysis of the
switching and current tracking error waveforms was
performed, separately, the results of which are shown
in Figure 17(b) and (c¢). It can be observed that the
switching frequency of IVSCPCC was constant and
with respect to the effect of the dead time on the
switching frequency, it can be said that it was equal
to the expected frequency (21.15 kHz).
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7. Conclusion

To overcome the problems of the Conventional VSC
with Parabolic PWM Current Control (CVSCPCC),
Improved VSC with Parabolic PWM Current Con-
troller (IVSCPCC) was presented in this paper. De-
spite the advantages of the CVSCPCC, the sensitivity
to inductance variations and the necessity of constant
voltage at the point of common coupling in a switch-
ing period, which are drawbacks and limitations of
the CVSCPCC, can lead to variable or non-expected
switching frequency in some applications such as APF's.
This problem was tackled by applying IVSCPCC and
it was observed analytically that the IVSCPCC had no
sensitivity to inductance changes. Furthermore, it not
necessary for the voltage to be constant at the point of
common coupling of IVSCPCC in a switching period

Figure 16. Prototype hardware of SAPF using
IVSCPCC.
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Figure 17. Experimental results: (a) Compensating
current generated by IVSCPCC, (b) spectra of switching
wave form, and (c) spectra of current tracking error A;4.

and hence, it was observed that the application domain
of the parabolic PWM method was far beyond what
has been known so far. Finally, the presented simula-
tion and experimental results confirmed the discussed
theoretical analysis.
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Table 2. Prototype system parameters.

Symbol Description Value
Vi Phase to phase rated voltage 15 (V)
fs System rated frequency 50 (Hz)

Vie,reg Dc link voltage 34 (V)
Ch Dc link-up capacitor 2200 (uF)
Ch Dc link-down capacitor 2200 (pF)
Ch Lcl filter capacitor 2.2 (uF)
Cyq Lcl filter capacitor 2.2 (uF)
Ly Converter-side Icl filter inductor 1.5 (mH)
Ry Resistance of converter-side lcl filter inductor 1(Q)
Lo Grid-side Icl filter inductor 1.5 (mH)
R Resistance of grid-side Icl filter inductor 1(Q)
Rq Damping resistor of lcl filter 27 (Q)
L Smoothing inductor 20 (uH)
Ria Resistance of smoothing inductor 0.005 (22)
Rio Resistance of inductor of star connection of nonlinear load 220 ()

L Nonlinear load inductor 0.467 (mH)
R Nonlinear load resistor 11.8 (92)
few  Switching frequency 21.15 (kHz)
fr Resonance frequency 2.766 (kHz)
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