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ABSTRACT

This paper presents a new pulse width modulator control method using the offset function
to reduce switching loss in five-level Cascade inverter. The proposed technique is based on
the offset function being 3™ harmonic voltage. The offset voltage will be added to the control
voltages so that the voltage of phase which has absolute of load current largest move into top
or bottom of the carriers. So reducing the intersection of control voltage in that phase and the
carriers and then reducing the number of switching losses. With the proposed PWM control
method, switching loss in a cycle will be decreased. The results of simulations and
experiments are provided in order to validate the proposed method. Theoretical, total
switching losses applying the proposed technique are 33% lower than standard sine PWM
technique. Simulation and empirical results show that applying the proposed algorithm is
feasible and meets the ME standards.

Keywords: Carrier based pulse width modulation; offset function; reducing the number of
switching losses; Cascade inverter; five-level.
TOM TAT

Bai bao nay trinh bay phwong phap diéu khién dg réng xung (PWM) méi thong qua viec
stz dung ham offset nham giam tén hao do si chuyén mach cuia cac khéa cong suat trong
nghich luu Cascade 5 bdc. Kj thudt dé xudt ndy siz dung ham offset Ia thanh phan &p bdc 3.
Pién dp offset dwoc thém vao dién dp diéu khién sao cho dién ap pha tdi co trj tuyér doi dong
dién 1a 16n nhadt di chuyén Ién hogc di chuyén xuéng cia séng mang. Viéc giam giao cat giza
dién dp diéu khién va séng mang sé giam so lan chuyén mach & viing ton hao do si chuyén
mach nhiéu. Véi phirong phdp diéu khién PWM dé xudt, ton hao sé giam trong mat chu ky.
Két qua md phong va thyc nghi¢m se kiém chitng cho phiwrong phap dé xuat. Vé mat ly thuyet,
khi ap dung gidi thudr dé xudat tong tén hao do sir chuyén mach giam 30% so véi khi &p dung

ky thugt sin PWM tiéu cr]Uan‘ Cac két qua mo phong va thuc nghiém ciing cho thay sw kha thi
va dap ung cac tiéu chuan vé nhiem dién tir - ME.

Tir khéa: Piéu ché séng mang; ham offset; giam so lan chuyén mach; nghich lwu Cascade; 5
bdc.

to electrical grids. Space-vector pulse width

1. INTRODUCTION modulation and carrier based pulse width

Multilevel inverters are power electronic
converters that play important roles in
applications of mechanical-electrical
systems, transportation, power quality
management, renewable energy conversion
such as solar energy, wind energy connected

modulation are the typical control techniques
of inverters [1]-[3]. Because of industrial
requirements, the inverters made with the
capacity greater than [4]. Due to the increase
in capacity of the inverters, the power loss
becomes a problem that needed to solve.
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It causes power losses in inverter
including a loss in power source (Ps), loss in
wires (Pv), loss in control circuit (Pp), and
loss in switches (Psw) [5]. Of the power
losses mentioned above, loss in switches is
the largest, depending on modulation
algorithm and topology [6]. The loss on
switches of the inverter on a period of control
voltage can be determined as (1):

Psw = Pss + Pcs (1)

Where Pcs and Pss are conductive and
switching loss of switches.

14
Pgs = z PS,i )
i=1

Ps; is switching loss on the i switch; p are
number of switches in topology.

According to [7], the switching loss on
the i switch (Ps,) depends on the number of
switching in a control voltage cycle and is
determined by the formula (3).

n m
Psi= ) Eox-Verla+ ) Eore Veyrlg  (3)
i=1 j=1

Where n is the number of times of status
changed from OFF to ON; m is the same
from ON to OFF. Eon and Eopr are the
energies for switching ON and OFF,
respectively. Vcgi and I are the voltage
across power switch before conducting and
the current after conducting at ON state |,
respectively; Vcg and Ig; are the voltage
across power switch after being OFF and the
current before being OFF conducting at OFF
state j, respectively.

Because Vcei, Vcgj, and supply voltage are
equal, so that, reducing the switching or the
switching takes place at a smaller of Ic, it
will reduce switching losses. There is the
base of the algorithm to reduce switching
loss. The study [7] shows reducing switching
frequency often has the side effect is
increased THD, so content paper proposes a
new modulation technique reduces the
number times of the switching on the phase
that absolute of load current value is

maximum. The proposed algorithm based on
the use of the offset function put voltage
control (which has a maximum of absolution
load current) on the top or bottom level of the
carrier. Because the duration of each phase,
reaching its absolute of load current on
maximum, are the same and equal 1/3 cycle
of the control voltage, the number of
switching will decrease to about 33 percent.
Proposed algorithm will be simulated and
experimental by PSIM with the help of a
laboratory prototype.

2. TOPOLOGY OF FIVE-LEVEL
CASCADE INVERTERS
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Figure 1. Five-level Cascade inverter.

Structure of a phase of five level
Cascade inverter is in figure 1 [8]. Hence, the
voltage from phase to pole (Uyg) Iis
determined by (4):

Usgi = (Tsxi)-Uxi = (Tsxj - Toxpj). Uy 4)
Where Tsyen IS defined in (5) with Ch=T, P
(showed by left side branch and a right side
branch, respectively).

Tsxj = Tsxpj = Toxi (5)

Where j is the index of switches (1 to 4) and
T is the state of the switch.



29 Journal of Technical Education Science No.49 (09/2018)
Ho Chi Minh City University of Technology and Education

So, the phase to pole voltages is given
by (6):

U ag TSa
u by | = U Ts, (6)
U cg TSc

The phase voltages and line to line
voltages of five-level Cascade inverter is
given by (7) and (8):

an 2 -1 -1 Uag
bn |~ % -1 2 -1 Ubg (7)
_UCn -1 -1 2 ch
IS ab i 1 -1 0|y,
U.|=|0 1 -1}U,, (8)
_U ca | -1 0 1]}y,

Thus, phase to pole voltages U,y and
line to line voltages Uy, have the third
order harmonic while the phase voltage Uy,
do not. Therefore, it can be seen that if the
offset function in the proposed algorithm of
inverter control which is the third order
harmonic will not affect the magnitude of
the third order harmonic of the load.
Besides, the phase to pole voltage Uyg will
have 5 level including two positive levels,
two negative levels and zero. There are
+2U, zU, and 0.

3. CARRIER PWM ALGORITHM TO
REDUCE THE NUMBER OF
SWITCHING

This CPWM algorithm proposed in [9].
The main idea in this algorithm is to add a
third order harmonic, called offset voltage, to
control signal, with the aim of reducing the
switching of the leg phase has a difference
between the control voltages and nearest
carriers is the smallest. Call vy is voltage to
control x phase, and vy is calculated to
control voltage from the PWM modified
algorithm to reduce switching frequency. The
principle of this algorithm was shown in Fig
2[9].
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Figure 2. Principle of the CPWM algorithm
to reduce the number of switching [9]

The simulation results show that this
algorithm allows reducing the switching of
the leg phase that different of control
voltages of it with the nearest carrier is
smallest. Therefore switching can do on the
phase that has load current (absolute) being
smallest. So switching loss is not minimums.
Then it is necessary for the proposed
algorithm to reduce switching in the phase
which loads current (Ic) none smallest. This
is the ideal solution to reduce energy losses
due to switching without sacrificing THD as
prescribed.

4. PROPOSED ALGORITHM
4.1. The principle of algorithm

On 3-phase five-level Cascade inverter,
because the voltage across the switchVcg;
and Vg is always Upc / 2, so the switching
loss depends on the current through power
switches and the number of switching in the
period of the control voltage. Thereby
reducing the switching on the phase has
maximum (priority first-if can) or medium
(priority second) of absolution load current.
Define: vy is control voltage initial phase X,
Vix IS calculate to control voltage from the
algorithm. Select 0 is the bottom of the
carrier with the smallest amplitude and peak
amplitude of the triangle carrier waves are
equal and equal to 1, then this time the
threshold comparison of the carrier will be 0,
1, 2, 3 and 4. The control voltage of phase x
IS Vy is determined by (9).

Uy = V1, COS(WE + jx) + 2+ Vosrser 9)
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Define Ly and &y as follows:

_ [int(vy) if int(vy) < 4
* | int(vy)—1 else

(10)
(11)

Call lyags is the absolute value of current
across phase X.

And define the matrixes as (12 to 17)

ex = Uy — Ly

[Imax] = [amax, bmax, cmax] (12)
max = {1 if Lyaps = max(laags, Ipags, lcaps)
0 else
[Inin] = [amin, bmin, cmin] (13)
xmin = {1 if Lyaps = min(loaps, Ipags lcass)
0 else
[[neal = [amed, bmed, cmed] (14)
xmed = 1 — xmax — xmin
[Emax] = [eamax, ebmax, ecmax] (15)
exmax = {1 if ex = max(eq, ey, €c)
0 else
[Epin] = [eamin, ebmin, ecmin] (16)
exmin = {1 if ex = min(eq, ey, €c)
0 else
[Epneq] = [eamed, ebmed, ecmed] (17)
exmed = 1 — exmax — exmin
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Figure 3. Principle of the proposed algorithm

So that with v,, vy, and v, showed in fig
3a, there are four cases and then we can
decide offset voltage as in table 1

Table 1. Conditions and selected offset
voltage

Case Conditions Fig | Offset

bmax=1;
3 ebmed=1; 3b
amed=1

l'ea

bmax=1;
4 ebmed=1; 3c -€c
cmed=1

Case Conditions Fig | Offset
1 amax=1; 3b | 1-e,
eamax=1
cmax=1;
2 ecmin=1 3¢ -

So general offset function is determined
as (18).

Voffset = —Cmin- ([Imax]- [emin]T

+ [Imax]- [emed]T- Umeal- [emin]T)
+ (1 - emax)- ([Imax]- [emax]T
+ [Imax]- [emed]T- [Imed]- [emax]T)

(18)

The control voltage (vix) after added
offset will move to the new location inside
phase has a minimum of offset and the
absolute value of the load current being
maximum or medium. (Figure 4).
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Figure 4. Controlled Voltage initially and
after applied the proposed algorithm m=0.9.

Formula (18) may seem complicated, but
the elements of the matrixes are only valid
"0" and "1" so the calculation will be very
fast and easy.

4.2. Flow chart

From 4.1.1, the flow chart of proposed
algorithm built as figure 5. The flow chart
shows that the proposed algorithm uses
simple commands as a plus, minus,
comparison of the program.
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Figure 5. The proposed flow chart a)

The comparison of the phase currents
can be done by comparing circuits (hardware
and does not require the use of expensive
sensors). Thus, calculation time is low,
suitable for closed-loop control or other
control methods.

5. SIMULATION AND EXPERIMENTAL

Van [100V/div]

= Sms/div

RESULTS. b)
Table 2 Parameters Used in Simulation and Tk L @ -
Experiment Source
Parameter/Component Attributes Harmonic: G Bl
Freq S0.0Hz %Fund 00,0%
Input voltage Ve 100V hRMS 15584 o 0.00°
Desired output Von 200 Vrms
phase voltage
Output frequency f, 50 Hz
Save
Carrier frequency | f; 10 kHz =t R
. . CH2 1.004 M 10.0ms
Modulation index m 0.9 CH3 1004 16-Feh—17 13:42
Capacitors C,=GC, 4700 uF/300 V C)
ITh:jee'phase RL RioagsLioad | 40 0-20mH Figure 7. Experimental results of the
oa proposed algorithm.
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Figure. 6 shows the simulation results of
the proposed algorithm when Vdc = 100 V
and m = 0.9. As shown in Fig. 6, the top
waveform is the pole voltage (Vag) has five
levels: 200 V, 100 V, 0 V, -100 V and —200 V,
the middle waveform is the three-phase
output current equal 1.6 A and the bottom
waveform is output phase voltage Vg, The
simulation results show that when the
absolute of phase current “A” reach

maximum (some time medium) — Ty, then
switching on the phase is lower than it when
phase current near zero (T>).

Figure 8. A laboratory prototype of the
proposed algorithm.

A prototype based on the DSP
TMS320F28335 microcontroller is built in
the laboratory to verify the effectiveness of
the proposed PWM control technique. Fig. 8
presents a photograph of the laboratory
prototype. The input voltage is 100 V. The
desired RMS output phase voltage is 200 V.
The output frequency is 50 Hz. The
switching frequency of the inverter circuit is

10 kHz. All FGL40N150D IGBTs in the
prototype are controlled by TLP250
amplifiers. The modulation index in the
proposed algorithm is 0.9.

In Figure. 7(a) the pole voltage (Vag)
and the three-phase output current, Figure.
7(b) output phase voltage Van and Figure.
7(c) shows the harmonics of the load current.

Compares the values of the voltages
from the simulation and experimental results
of the proposed algorithm. The simulated
values are close to the measured values. The
proposed algorithm reduces the switching
about 30%. So certainly, losses due to the
switching will be smaller too. The total
harmonic distortion (THD%) of phase
current go respectively 4.37%.

6. CONCLUSIONS

The paper presents the carrier based
pulse width modulation algorithm by using
offset function to reduce the number of
commutations of power switches in Cascade
five-level inverters special reduced switching
positions of the phase having a maximum of
absolute of phase current, therefore, the
proposed algorithm can reduce switching
losses. This algorithm can not only reduce the
number of switching, but also select phase
having larger current for reducing of
switching. A laboratory prototype was
constructed to demonstrate the operating
principle of the proposed algorithm.
Simulations and  experimental  results
confirmed the accuracy of the theoretical
analysis.
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