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PWM TECHNIQUE WITH VARIABLE CARRIER WAVE FREQUENCY
TO REDUCE SWITCHING LOSS IN GRID-CONNECTED PV INVERTER
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NOI LUOI PE GIAM TON HAO CHUYEN MACH
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TOM TAT

Nguon dién phén tan la mét trong nhitng nguyén nhan anh hirong dén chdt lrong dién nang.
Viéc sir dyung ngay cang nhiéu cdc nguon dién phan tan trong hé théng dién doi héi tiéu chuan
néi lwdi ngdy cang nghiém ngat. Pé giam séng hai dong dién trong cdc bg nghich lu néi luéi
nham théa man tiéu chuan néi i thiong sir dung phirong phdp ting tan sé chuyen mach
nhung ciing lam ting t6n hao chuyen mach trong bo nghich heu. Bai bdo ndy de nghi mot ky
thudt diéu ché do réng xung véi tan sé chuyén mach thay doi trong nira chu ky luéi de gidm ton
hao chuyén mach cia nghich luu. Két qua mé phong cua mot hé thong nghich luu néi ludi trén
Matlab/Simulink cho thay rang ton hao chuyén mach cia ky thudt dé nghi thap hon truong hop
tan s6 chuyen mach co dinh.

Tir khéa: Diéu ché dj réng xung (PWM), d méo dang hai toan phan (THD), nguén dién phdn
tan (DG).

ABSTRACT

The increasing application of distributed power generations into the power system leads to a
grid interconnection requirements of THD stricter and stricter. The reduction of current THD
of grid-connected inverters to satisfy the grid code by increasing of switching frequency in
PWM ofinverters is one of popular methods but increases switching loss. The aim of this paper
is to propose a PWM technique with variable switching frequency to reduce switching loss in
inverters. The simulation results of a grid-connected inverter system in Matlab/Simulink show
that the switching loss of the proposed technique is lower than the constant switching frequency.

Keywords: pulse width modulation (PWM), total harmonic distortion (THD), distributed
generation (DG)

I. INTRODUCTION IEEE standard 929-2000 [3], 1547-2009 [4],

The increasing application of distributed
generations into power system such as wind,
solar energies, and fuel cells thanks to strong
development of grid-connected inverter
systems [ 1] for sustainability and environment
with enormous potentials [2]. However, the
grid-connected inverters inject significantly
current harmonics into power network and
effect adversely on power quality of system.
So, the harmonic attenuation is expected to be
significantly more stringent in order to meet

[5].

The inverters with sine pulse width
modulation (SPWM) are used very popular
in renewable energy converters [6]-[9]. The
increase of inductance in filters is one of
popular methods to reduce output current
harmonics of grid-connected inverters. But it
also has disadvantages of costs, dimensions
of devices. The higher switching carrier
frequency to reduce current harmonic content
of inverters results in the higher switching



loss and overheating in components [10].

The technique in [11] used the Hoo controller
instead of conventional PI controller in
conditions of grid impedance variations
with enough high frequency attenuation to
keep the control loop stable. However, the
determination of weighting function has
complex and calculation burden. It also
requires time and parameters of grid to track
the weighting functions.

The variable switching frequency technique
proposed in [12] to reduce switching loss in
inverters also requires the accurate model of
ripple current and the complicated calculations
cause robustness and dynamic response low.
In addition, the usages of fixed load and very
high switching frequency are not suitable
for real grid-connected inverters. Moreover,
very low switching frequency of current at
the vicinity of zero is a big obstacle to digital
electronic meters and electric motors.

A different technique with variable switching
frequency in [13] based on the estimated
model of TDD. However, the requirements
of parameters of filter, time of computation
to select the optimal switching frequency and
level variation of switching frequency make
the strategy with poor dynamic response and
robustness performance.

The multi-level inverters are also used [14]
to reduce current harmonic content. But they
also have complicated control and many
power switches. To reduce switching loss and
current THD, the hysteresis technique in [15]
exposed the dependence of measured current
error, current sensor. So, it is also not robust.

This paper proposes the technique of SPWM
with variable switching frequency to reduce
switching loss in grid-connected inverters.
The aim of paper is to determine the optimal
switching frequency of inverter in every
fundamental period to reduce switching loss
with subject to constant current THD.

II. ANALYSIS OF CURRENT RIPPLE

The relationship between current THD and
switching loss in inverter is very close. The
selection of optimal switching frequency to
reduce current THD of inverters is complicated
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problem and has a very important meaning.

An H-bridge grid-connected single phase
inverter with unipolar PWM as shown in
Figure.1 is used to analyze in this paper. The
power factor is always kept as unit because of
injecting active power into grid source.
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Figure 2. Output current waveform of unipolar
H-bridge single phase inverter.

It is assumed that the switching frequency of
inverter is much higher than the frequency of
control signal, effect of dead time is negligible
and the inductance of filter is fixed.

The loss of IGBTs and diodes consists of
switching loss, conduction loss, and other
losses. It is also assumed that the conduction
loss is not dependent on switching frequency
of inverter and the switching loss is linearly
dependent on the switched current and
switching frequency for one switching cycle.

The output current waveform of unipolar
H-bridge single phase inverter is shown in
Figure.2.

Based on the superposition principle, the
inverter output current consists of the
fundamental current and the ripple current.
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Figure 3. Current waveforms.

The wave forms in Figure.3 show that inverter
output current increases and decreases in
every half of the switching cycle of carrier
wave. In the positive half cycle of carrier
cycle, duty cycle d(t), the increase of peak-to-
peak current ripple 1, can be calculated as (1):

iL] — Vdc _Edcd(t) d(t)];,

f

Where L, is inductance of output filter of
inverter, V,_is the DC input voltage value
of inverter and Ts is the half of carrier wave
period. Equation (1) can also be rewritten as:

(1)

VT,

= (1=d®)d () 2)
f

The similar calculation for the decrease of
current ripple 1, is (3) and (4).

In=

|_ Vie + Vae (=d (1))

i = L, (=dO1) (3
Equation (3) can be rewritten as:
. _VaT
iy ===+ d(O](=d () (&)

f

Adding (2) and (4) for both the positive and
negative half cycles of d(t) yields (5):

. VC S
Aip =251 d(1)|d (1)
(%)
The control 51gna1 d(t) is expressed as:
d(t) = m.sin(at)
(6)

Where m is the modulation index of amplitude
and o is the velocity frequency of grid source.
Replacing (6) into (5), yields the peak-peak
current ripple (7) as:

V,.T.

4, = "4 (1= msin(or | mJsin(er) (7)

P

Ly
The root mean square value of every half of
switching cycle equals the peak value divided

by /3 as:
Al =—"— Vacl, (l—m.|sin(a)t)|)m.|sin(a)tx

1,23

The normalized equation for the peak-peak
current ripple is

Al * = (1 - m.|sin(a)t])m.|sin(a)t] ©)
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Figure 4. The normalized peak-peak current
ripple with different values of m in every half of
fundamental period.

The equation (9) shows the time variation
of normalized peak-peak current ripple with
different values of modulation index m in
condition of constant carrier frequency as
Figure 4.

As assumed above, the switching loss in
every switching cycle is linearly dependent
on the switched fundamental current and the
switching frequency. It is also assumed that



the effect of current ripple on switching loss is
neglected. The switching loss is expressed as:

AP, = Cliy(wrt)|.f,,, (er) (10)

Where the constant C, depends on the DC
voltage V_  and the inductance of filter
L, and 1(0)t) is value of the fundamental
1nstantaneous current flowing in the power
device. The equation (10) can be rewritten as:

(1|ﬁ(a”ﬂ ) (11)

Where T, (wt) is the sw1tch1ng function

The average switching loss in one half of
fundamental period is

AP, = C 2.1, —j's e )|d<mt) (12)

1. The constant frequency carrier wave

When the frequency of carrier wave is constant,
the switching cycle Ts(wt) is calculated by
using (8) as

Al 243.L,

Is(ar) = Vel —m.sin(cot }.m]sin(cot ) (13)

The RMS value of current ripple in the half of
fundamental period is

17[
A]:/ﬁ{A@d@w):

szH%<1_m.sm<wtx)m-sm<wrﬂ (@)

(14)
The current THD has the following relation to
RMS current ripple as:

rrp = AL (15)

Where [ is the RMS value of fundamental
current of the inverter.

Substituting (13) into (12) yields the switching
loss as:
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_GA20 v,
2\/§Lf V4

W

x]i 1—m. sin(a)t).m.|sin(a)t)|2 (o)

0 AIP

(16)

2. The proposed variable frequency carrier
wave

The active power is normally injected into the
utility by the grid-connected PV inverter. So,
the voltage and current of inverter output are
always in phase. In addition, the phase angle
is also ignored in this paper by the technique
of current control.

The Figure 4 shows that the normalized
peak-peak current ripple varies in the
half of fundamental period with constant
frequency carrier wave. So, the current
ripple of inverter can be reduced by Varylng
appropriately frequency of carrier wave in
half of fundamental period. The frequency
of carrier wave needs to increase in areas of
high current ripple to reduce current THD and
to decrease in areas of low current ripple to
reduce switching loss.

Based on equations (14) and (15), they show
that it is possible to reduce current THD by
varying appropriately frequency of carrier
wave f . So, the optimal frequency of carrier
wave 1s based on equation (8) and keep
switching loss AP, minimum according
to (12) and under the constraint thatAlis
constant according to (14).

The equation (8) shows that the current
ripple is a variable quantity in every half of
fundamental period. To ensure current THD
(%) constant, the current ripple is also relative
constant to fundamental current. It means that

AT, (%) =——~(100%)

i\ (ct)

———éi————OOOW)
I V2 sm(a)t) ’

(17)
Substituting (8) into (17) yields:
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V,.Is
L,2V3
(1 - m.|sin(a)t)|)m.|sin(a)t)

le/zsin(a)t)

Al (%)=

(100%)
(18)

The switching cycle is inferred as
0,
T (or)= AL (%)L, 261,
(100%)V,,
‘sin(a) t)‘
' (1 - m.|sin(a)t))m.|sin(a)t]

(19)
The switching cycle is also rewritten as:

T, ()= C Al ,(%)

‘sin(a) t)‘

(1= mlsin(er ) Jm|sin(wr) (20)

Where the constant C, depends on L, and
V.. and RMS value of fundamental current
I,. So, the switching cycle must vary as (20)
with a given constant current THD (%). The
normalized switching frequency is calculated
as (21) from equation (20) and shown as
Figure 5.

(1 - m.|sin(a)t))m.|sin(a)t)|
‘sin(a) t)‘

Sfoler)=
@1

The normalized switching loss is determined
as

AP;, = fsin(w,0)]. £, (1)
= (1 - m.|sin(a)t)|)m.|sin(a)t)|

(22)

However, the switching frequency could
not exceed the limit of maximum switching
frequency of power IGBTs and need to be
limited as (23) and Figure 6.

Lo @) < frons (23)
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Figure 5. The normalized switching frequency in
half of fundamental period.
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Figure 6. The normalized switching frequency
with limit of f _in half of fundamental period.

III. SYSTEM DESCRIPTION

The proposed control scheme of single
phase grid-connected system that has been
simulated in Matlab/Simulink and shown as
Figure 7 includes power circuit of H-bridge
inverter with unipolar PWM technique
and the reference signal is based on current
controller. The phase angle ot of grid voltage
Vv, is determined by phase lock loop PLL.

I, =1 sin(wr + dec) (24)

ref _max

ref

Where dec regulated by PI controller of
reactive power Q_. The current L, injected into
grid source is regulated by current controller
PI as (25).

1
Vier =(Iref _Ig{Kp_I +§K1_1J (25)

The parameters of PI controllers

determined by PSO method.

arc
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Figure 7. The simulated inverter system in Matlab/Simulink.

The carrier wave signal is calculated by block
Var carrier with inputs of measured grid
current I, THD and required current THD.

The sw1tch1ng loss of simulated cases is
calculated by block loss cal and the simulated
results are displayed in block scope. Table 1 is
the summary of the system parameter values.

1. Simulated results with I =5A

ref_max

The simulated results for the first performance
with the reference current I . =5A are

shown in figures from Figure 8a to Figure 8c.

6

Table 1. The system parameters
Parameter Description Value
L, Grid inductance 0.1mH
Rg Resistance of Lg 0.01W
L, Inverter inductance 2.2mH
R, Resistance of L, 0.01W
Vdc DC voltage value 320V
Vg Grid voltage 220VAC
£ cl;uélf(‘l;lilgmal frequen- S0Hz
IV. SIMULATED RESULTS AND

DISCUSSION
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The simulated results of the two switching
frequency cases will be compared in this
section for the performances of I , ~ =5Aand
15A. The required current THD i1s always held
lower than 5% for all cases. The parameters of
table 1 are the same for both cases.
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Figure 8c. Switching loss with Iref max=5A.



Journal of Technical Education Science (No. 29/2014) 37
Ho Chi Minh City University of Technology and Education

The current THD is the same for both cases
of constant switching frequency and proposed
variable switching frequency as Figure 8a.
The switching frequency in half of
fundamental period of the proposed technique
is also shown in Figure 8b and the constant
switching frequency is 20.5 kHz. The
switching losses in Figure 8c are 7.48W for
the constant frequency case and 6.57W for the
proposed one. It means that the switching loss
of proposed technique saves 12.16%.

2. Simulated results with I =15A
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Figure 9a. Current THD with Iref max=15A.
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Figure 9b. Switching frequency in half of
fundamental period with Iref max=15A.
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Figure 9d. Switching loss with Iref max=15A.

The simulated results of with the reference
current I - =15A are also shown in figures
from Flgure 9a to Figure 9f.

The current THD is also held lower than 5%
for both cases as Figure 9a. The switching
frequency in half of fundamental period
is also shown in Figure 9b and Figure 9c.
The constant switching frequency of this
performance is 7.8 kHz.
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Figure 9f. Grid current.

The switching losses in Figure 9d are 8.664W
for the constant frequency case and 6.179W
for the proposed one. It also means that the
switching loss of proposed strategy saves
up to 28.68%. In addition, the quantities in
Figure 9e also show that responses of active
power Pg, reactive power Qg injected into the
grid source, synchronization of grid current Ig
and voltage Vg are very good (<0.06s).

Moreover, the grid currents for both cases in
Figure 9f also show that current ripple at the
vicinity of zero of the proposed technique is
better than the constant one.

V. CONCLUSION

It is very difficult to select the switching
frequency in the grid-connected inverters
by balance between reducing switching loss
and current THD. The proposed technique
of variable switching frequency in half of
fundamental period of this paper showed that



switching loss reduces significantly compared
with the constant switching frequency with
the same given current THD. In addition,
the usage of current signal to control in this
technique allows regardless of phase angle
between voltage and current. The analysis of
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ripple at the vicinity of zero of the proposed
technique is better than the constant one. The
higher power application results in the higher
switching loss saving. The current THD can
also reduce significantly with the same given
switching loss in this technique.

simulated results also showed that the current
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