ENMO061
Power Electronic Converters =X Electric Power Engineering
Demonstration 9 — HT2017 ) Chalmers University of Technology

Solution of demonstration 9

Problem 1

Consider the cascaded three phase full bridge inverter with a purely resistive load below. Each H-bridge
is connected to an ideal DC-source, V. The switching angle is 10°, 20° and 50° respectively.
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a) Draw the waveform of voltages v onp: Vag, Ungypand va,.

b) Calculate the THD of the phase voltage v,,.
Perform the same calculation for the phase voltage v,,, in Problem 2 in Demonstration 8 (P8-9 in
Undeland book).
Compare these two values.

c¢) Calculate the RMS value and average value of the DC-source currents in phase A.
Compare the RMS value and average value.
Perform the same calculation and comparison for the DC-source current in Problem 2 in demonstration
8 (P8-10 in Undeland book).
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Solution
a) Draw the waveform of voltages v ¢np, Vag, Vnenvp@nd van.

We can directly draw the phase potentials with respect to GND, as the switching angle is 10°, 20° and 50°
respectively
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The line to line voltage, v,5, can be drawn as the difference between the two phase potentials with
respect to GND above as

Vap = Van — Vpn = VagND — VBGND
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In a similar way as for an ordinary three phase inverter (2-level), we can express as set of equations for
the three phase voltages

Van = VagND — VnGND
Vpn = VpGND — UnGND
Uen = VeeNp — UnGND

If we sum the equations together and solve for v,,oyp
3VneND = VagNDp — Van + VeeNp — VBn + Veenp — Ven =
= Vaenp + Veenp + Veanp — (Van + Vpn + Ven) =

-0
3VneNp = Vaenp + Veenp + Veenp
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We can now draw the neutral to ground voltage

__ Vagnp + VBenD t VcanD
Unenp = 3
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Finally, we can calculate
Van = VaGND — UnGND

Van A
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Please, observe the phase shift of 30° between the phase voltage and the line to line voltage (which was
also shown in Demonstration 1).
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b) Calculate the THD of the phase voltage vg4,,.
Perform the same calculation for the phase voltage vy, in Problem 2 in Demonstration 8 (P8-9 in
Undeland book).
Compare these two values.

In terms of RMS values, the THD is defined as

\/VAnz - VAn(1)2

Vancn)

%THD = 100

why we need to calculate the RMS value of the phase voltage as well as the fundamental of the phase
voltage.

The phase voltage, v,,, is odd half wave so according to the formula sheet
a, =0
and

4 /2
b, = — f(t) sin(n@) d6
TJo

which applied to our case where we only need the fundamental component gives

R on/18
Ty == | F@)sin(@)do =

/18

-

21/18 4m/18 5y 57/18
f V,;sin(6) d6 + f Tsin(e) do + f 2V,;sin(6) d6 +

/18 2m/18 41/18
8m/18 9 /18 v,
+ j 3Vysin(0) d6 + J sin(6) d@) =
5m/18 8m/18 3

Va 5
— 2 ([=cos(@2713" + 3 [~cos(O)137/15 + 2[—cos(O)551e + 3[—cos(O)]Em/as

10
+ 3 [—cos(@)]g%ﬁ) =

4V,
= 761 (0.579 + 1.407 + 0.24 + 0.289 + 0.045)
- VA‘l’l(l) = 2311Vd

The RMS value of the phase voltage can be calculated according to the definition as

1 2T
Vanrms) = P f Van? dO
0

and applied to our case
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1 /2
Vanrms) = 7_[_/2 f Vgn? dO =
0

= F((lov") @R vy (L) 2 + TG -

\\"3 /) 18 3) 18
- /146/27
2

<Vd /146/27) — (2.311V,)?

2.311V,

%THD = 100 =11.03%

In Demo 8 Problem 2, we got the following relation between the DC-link voltage and the fundamental
phase voltage

V,2
\/— 2V -V -2
An(1) An(1) = T \/E
VAn
A
2Vd/3 RN L
VAn,l
V3
T T T T > wt
60° 120° 240° 300°
V3
-2V,/3 ~—1

The total RMS-value of V,,, in Demo 8 Problem 2 is then

| 240 — since we NS 240 —
Vin-rms = ﬂj;) Van™=A0 = {integrate the square} - ﬁfo Van -

- () 5+ (D) oy v
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2 v2\2
V 6 _( d )
(va¥rar) - (%2 ~
=100 |5 —1=311%

%THD =100

The total harmonic distortion in the output voltage is considerably lower for the
cascaded three phase multilevel inverter compared to the ordinary three phase inverter
that is operated in square wave mode. Note that both converters are switched with the
fundamental frequency. See slides from lecture for the difference between fundamental
switching and PWM.
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c) Calculate the RMS value and average value of the DC-source currents in phase A.
Compare the RMS value and average value.
Perform the same calculation and comparison for the DC-source current in Problem 2 in
demonstration 8 (P8-10 in Undeland book).

Since each phase consists of three H-bridges, which connect the DC-sources during different intervals,
the DC-currents from the three sources are not the same. In phase A, we can denote three source currents,

laa1, Lagz and iyg3 as

GND |_+ A laar |_ |_+ N lgar |_ |__|_ N iggs |_
v, = Vv, o [

S AR A | AY AF | AF

Due to the resistive load, the phase current will have the same shape as the phase voltage. The currents
from the DC-sources will always be positive as active power is supplied to the load. If the same source is
assumed to supply during the same interval during a full period (both half periods are the same), the three
different source currents can be drawn as

laa1 laaz Laaz

| | | )
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The RMS value of the source connected during the 160° intervals can be calculated the same way as

Van(rms) Previously
. VAn(RMS) Va Va
lad1(RMS) = ~—fr "R 146/27 = E2'33

while the RMS values of the two remaining currents can be calculated by removing the intervals where

the sources are not connected.
1 1 /2
lad2(RMS) = R n_/Zf Van? d0 =
0
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1 |2/ /10V, T SVp\22m\ V, v
—_ = 2_ 2 27y 14 (143 __4a
R\/n (( 3 ) (V) g+ @V ( 3 ) 18) R /27 =7 230
1 1 /2
Lad3(RMS) = n/Zf Vpn? dO =

1 |2 (/10V, Va 333, _Va
= — [— 2 = — = —
R\/n(( 3 ) + (V) ) R /81= R 2:06

The average DC-source currents can be calculated in a similar manner

, 11 (2
laa1(ave) = Eml Vyp dO =
0

_12 (10Vd) 3Vs Loy T (svd)2n+v s _1/(156_1/0120
Rm 3 )18 7% 713 a1\ 3 )18 18| TR 27T R

, 11 (2
Laa2(ave) = Rn/2 j Vyp dO =
0

" Rm 3 18 d18 d18 3/18)] R27 R

] 11 (2
ladaz(ave) = Eml Vgp dO =
0

~ Rn\\ 3 /18 a98) " R27 R

Note that there is a difference between the RMS values and the average values and only
the DC-component of a current from a DC-source contributes to the active power. The
ripple corresponds to reactive power and will cause extra conduction losses.
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In Problem 8.10 in Demonstration 8, we concluded that the source current is a pure DC-current. The
average and the RMS value of the current is therefore the same.
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In this demonstration, we have shown that it is possible to lower the THD in the output voltage when
using a cascaded three phase full bridge inverter. At the same time the ripple current from the DC-
sources was increased compared to the ripple current in the DC-source of an ordinary two level
inverter. Observe that the switch intervals were not chosen to minimize the THD for the multilevel

inverter in this demonstration.

In more general terms, the multilevel converters can offer a greater degree of freedom compared with
the two level converters. It is possible to utilize this extra degree of freedom to:

e Minimize THD in the AC voltage and/or current.

e Cancel some specific harmonics on the AC and/or DC-side. See selective harmonic
elimination in slide 34 in lecture 11.

e Minimize zero-sequence (V,cnp)-

etc, etc...




