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GYINSTEK Introduction

I ntroduction

As the figure 0.1 shown, PEK-130, the Three
Phase Inverter Module, is based on the structure
of Three Phase Three Wire Inverer with fully
digital control system. The purpose of this it, as
shown in the figure 0.2, is to provide a learning
platform for power converter of specifically
digital control, having users, via PSIM software,
to understand the principle, analysis as well as
design of power converter through simulating
process. More than that, it helps convert, via
SimCoder tool of PSIM, control circuit into digital
control and proceed to simulation with the circuit
of DSP, eventualy burning the control program,
through simulating verification, in the DSP chip.
Also, it precisely verifies the accuracy of designed
circuit and controller via control and
communication of DSP.

Figure 0.1
Experiment

module of three
phase inverter
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Figure 0.2 Realization
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Thre are 4 experiments can be fulfilled by PEK-130 as follows:

1. Three Phase SVPWM Inverter
Three Phase Standalone Inverter
Three Phase Gridconnected Inverter

AW

Single Phase Threearm Rectifier-Inverter

In addition to PEK -130, it is required to utilize PEK -005A auxiliary
power module as figure 0.3 shown and PEK-006 JTAG burning
module as figure 0.4 shown for experiments. Also, PTS-3000
experiment platform as figure 0.5 shown is necessary for
completing the experiments.

Figure 0.3

Auxiliary power
module
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Figure 0.4

JTAG burning
module

e s

cco3 (MDusor ¢




GUYINSTEK PEK-130 User Manual

Figure 0.5
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Refer to the appendix A for the circuit diagrams of PEK -130, which
can be divided into power circuit, sensing circuit, drive circuit and
protection circuit. The sensing circuit is further divied into 2
sections; one is for test point measurement, and the other one is for
feedback DSP control, both of which have varied attenuation
amplification s individually as the following table 0 -1 and table 0-2
shown.

Table 0.1 PEK130 test point measurement ratio

Sensing item Sensing ratio

1 DC link voltage (VDC) 0.037

2 Inverter A phase output current 0.8
(10-A)

3 Inverter B phase output current 0.8
(10-B)

4 Inverter C phase output current 0.8
(10-C)

5 Inverter A phase load current (\L | 0.8
A)

6 Inverter B phase load current (L | 0.8
B)

7 Inverter C phase load current (IL | 0.8
C)

8 Inverter output AB arm line voltag¢ 0.019
(VO-AB)

9 Inverter output BC arm line 0.019
voltage (VOBC)

10 Inverter output CA am line 0.019
voltage (VOCA)

11 Grid-connected AB arm line 0.019
voltage (VSAB)

12 Grid-connected BC arm line 0.019
voltage (VSBC)

13 Grid-connected CA arm line 0.019
voltage (VSCA)
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Table 0.2 PEK130 DSP feedback ratio

Sensing item Sensing ratio

1 DC link voltage (VDC) 0.02

2 Inverter A phase output current | 0.3
(10-A)

3 Inverter B phase output current | 0.3
(10-B)

4 Inverter C phase output current | 0.3
(10-C)

5 Inverter A phase load current (1L | 0.3
A)

6 Inverter B phase load current (1L | 0.3
B)

7 Inverter C phase load current L | 0.3
C)

3 Inverter output AB arm line 0.01
voltage (VOAB)

9 Inverter output BC arm line 0.01
voltage (VOBC)

10 Inverter output CA arm line 0.01
voltage (VOCA)

11 Grid-connected AB arm line 0.01
voltage (VSAB)

12 Grid-connected BC arm line 0.01
voltage (VSBC)

13 Grid-connected CA arm line 0.01
voltage (VSCA)
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The Description on Chapters

See the chaper arrangements as follows

Introduction Briefly describes the experimental method,
experimental items and cir cuit setup of the
teaching aid. It also explains the contents of each

chapter.
Experiment 1 Learns the theories of threephase SPWM and
Threephase Space Vector PWM, the measuring method of

SVPWM inverter voltage and current for open -loop of three-phase
inverter module, the pin layout of Tl F28335 DSP
IC, the setting for PWM and A/D module of
DSP and themethod of monitoring DSP internal
signal by RS232.

Experiment 2 Learns the modularization method for three -

Threephase phase inverter, axis conversion method for abc-

individual inverter dgq, controller design of current and voltage
loops, RMS voltage loop design, hardware
layout of inverter and SimCoder programming,
etc.

Experiment 3 Learns the method of phase-lock loop of three-

Threephase grid  phase grid connected inverter, the controller

connected inverter design of current loop and voltage loop, the
hardware layout and the grid -connected
SimCoder programming, etc.

Experiment 4 It is available to be used for single-phase online
Singlephase three UPS due to the circuit with 3-arm. This

arm rectifier experiment helps you learn the working mode of
inverter UPS, controller design of current loop and

voltage loop for Rectifier and Inverter, the
hardware layout and the SimCoder
programming, etc.
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Experimentl é Three
PhaseSVPWM Inverter

The purpose of experiment

Learns the principle of three-phase SPWM and Space Vector PWM,
the measuring method of open-loop voltage and current for three -
phase inverter module, the pin layout of TIF28335 DSP IC,the A/D
and PWM module settings of DSP, the DSP internal signal
monitored by RS232, etc.

The principle of experiment

1.1 Threephase SPWM

The principle of sinusoidal pulse width modulation (SPWM) is to
compare the three-phase sinusoidal voltage command by controller
wi th the triangular wave followed by comparator to produce PWM
signal drive interver, the output from which will be akin to

sinusoid with voltage waveform of equivalent frame and
inequivalent width. Based on the scale and frequency of sine wave
voltage and triangular wave, 2 indexes below can be defined, one
of which is Modulation Index as the following description:

= \Econtrol (11)

\E

tri

In the above equation where Vcontrol is voltage peak scale of three-
phase sine wave, whist Vtri indicates peak scde of triangular wave.

10
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The other one is Frequency Modulation Ratio with the definition
below:

f fl

In the above equation where fsis triangular wave frequency,
whereas f; indicates sine wave voltage frequency.

11
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Figure 1.1

Threephase | TM) o T,} o ) o
inverter circuit 2 + B+
ve {o
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SN Y ) )
N
A B ocC
Figure 1.2
SPWM
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Take A phase in the figure 1.1 for example, the peack value of basic
waveform of voltage Van is illustrated below:

(B =m 2 a3

Basic waveform line subtracts line voltage scale (RMS):

A _ \/§ =
(line - line, rms)_ ﬁ(\EN)l
7 (14)
Tz

@.612myV, (ma¢1.0)

When ma " 1, from the known linear modulation zone of inverter;
that is, when peak value of input sinusoidal voltage command is
smaller than that of triangular wave, the input voltage scale will be
directly proportional to that of the b asic waveform line of output
voltage of inverter subtracting the line voltage scale.

1.2 PWM (Space Vector PWM, SVPWM)

Space Vector PWM utilizes the concept of voltage space vector,
which produces rotational voltage vector space via switch change
for six power components of inverter. The typical three -phase
inverter is shown as the figure 1.3, each phase of which has 2
switch components that are S;, S, Slocated in the upper arm and
S, S, Slocated in the lower arm, respectively. In the control mode
of space vector PWM, the conduction state of each switch
component of inverter is complementary, which means that when
upper arm is in conduction state lower arm will close and vice
versa. In general, a delay time is added prior to switch conduction
for comtrol in case of damage to the power components due to
simultaneous conduction of upper and lower arms power
components. The delay time is callec

The switch conduction state for each arm of a, b, ¢ phase is defined
here. When a = 1, the upper armis in switch conduction state and
the lower arm switch closes. By contrast, when a = 0, the upper arm
switch closes and the lower arm is in switch conduction state.
Therefore, there are up to 8 output states for three-phase inverter,
and the output result s (DC voltage 6 VDC) of line to line voltage

13
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and phase voltage from each output state are displayed in detail in
the table 1.1 below.

Figure 1.3
Architecture of
typical three
phase power
inverter

Table 1.1
Changed state of
threephase
inverter

s, s, s,
aol bol col
L, R, €
¥ "w»—'vw——6 —_—
- €,
v, v ia 2
&= b T —AWWN~ 1 V
22 v ig €
LT
a'ol b'el c'od
S, Ss S,
Voltage Switching Vectors Line to neutral voltage Line to line voltage
Vectors = b 2 vln “h“ “ﬂl ‘-!Ih ‘.hr "r:\
Vo 0 0 0 0 Q 0 0 0 0
vy 1 0 0 23 -1/3 113 1 0 -1
v, 1 1 0 13 173 -2/3 0 1 -1
Vs 0 1 0 -1/3 2/3 113 1 1 0
Vy o 1 1 -2/3 1/3 113 1 0 1
Vs 0 0 1 -1/3 -1/3 2/3 0 -1 1
Ve 1 0 1 13 -2/3 113 1 -1 0
Vs 1 1 1 ] Q 0 0 0 0

From the above table 1.1, we may understand the relation between

phase voltage and line volage output from three -phase inverter that

the table 1.2 is formed by coordinate axis converted toA dat

surface and the relation of conversion is as the following:

Z
oa

[N
R

wIinN
WD O B O
I\’|%| N

I\)|%| N

[

14
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Table 1.2 Switch v, v,
change state "O 0 0
Vi - \ﬁ \ﬁ
: 3 3
j ] z\gD . 0
v, 2\;“ 0
Vi \@ Voo
5 3 \/§
< V, V,
v Joc Joc
6 3 \/§
v, 0 0

Hence, the different 8 voltage vectors can be acquired via the 8
switch change states. The 8 voltage vectors are called the basic
voltage vectors where 6 are effective voltage vectors (71 , \72, \73, \74,

\75 and \76) and the rest 2 are zero vectors (70 and \77). As the figure

1.4 shown, we can divide voltage space surface, via the 6 effective
voltage vector s, into 6 zones where
surface are relative to the horizontal axis and vertical axis of AC

motor, respectively. \7ref indicates reference voltage vector of

output.

15
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Figure 1.4 Basic
vector space

2/3.0) d axis

(-113,-1:3) V. v, (13, -1/3)
(001) (101)

Any size of reference voltage \7ref for output can be displayed by

any 2 vectors of the 6 effective wltage vectors from the figure 1.4.
And the output voltage within the component (conduction time) of
2 effective voltage vectors can be acquired by algebra.

1.3 Axis Conversion

(1) Static coordicate conversion

Convert the three-phase abc static coordinatesinto the A &tatic
coordinate axis system, which is called Clark conversion. Based on
the figure 1.5 indicating the relation of 2 coordinates system, we
can acquire the following coordinate conversion formula:

ef,s  efo (1.5
it
ef.n  éfu

Where f:a ];b f0 indicate the variable quantity of voltage and current under the A &

axis, whilst f. 5, T, indicate the variable quantity of voltage and current under
the abcaxis

=) 1 lg
et 3 Zu
e u
3¢ 2 24
61 1 14
& 2 2 Y is coordinate axis matrix

16
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On the contrary, when coordinate axis U fis converted to three-
phase abc coordinate system, we call the conversion as the reverse
Clark conversion, the formula of which is illustrated below:

eho  ef.g (1.6)
L
ety éfe
Where:
¢ o
gl 0 13
fr-ed 2oy
é2 2
€1 B3 U : , ,
§2 "2 # is coordinate axis matrix

The above is the relation between threephase abc coordinate
system and static coordinate system, of which the undetermined

coefficient before conversion matrix is 2 when adopting non -power
3
invariant rule, while it will be 7 when adopting power invariant
3

rule, which is what we utilize here. In addition, when conducting
the static coordinate axis conversion, with respect to three-phase
balance system, zeresequence symmetrical component

1 can be simply ignored. The figure 1.6 indicates the
fo—é(fa+ fo+fo)
waveform of abc static coordinate axis converted to U fstatic
coordinate axis via PSIM simulation.

Figure 1.5 L

Static coordinate
axis

17
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Figure 1.6 2 OBE, PG
Waveform of i
PSIM simulated s
static coordinate
axisconversion s

Time (s)

(2) Synchronized rotational coordinate axis conversion

In the last chapter where abc static coordinate system is conveted,
via coordinate axis conversion, to g ¢ static coordinate axis system,

we further convert g ¢ static coordinate axisto DQ synchronized

rotational coordinate axis system, which can be called Park
conversion. If three-phase system is balanced, zereaxis
symmetrical component can be ignored and both DQ axis and U b
axis will be put on the two -dimensional surface. As the figure 3.7
displayed, the rotational coordinate will swirl in accord with the
speed of angle¥,., and therefore the coordinate conversion formula
can be acquired as following:

ef,o -l ]efdz a.7)

é U
f equ

Where:
[ ] - é,cosae) Sin(qe)g
& sin@) cosg.)i]
By contrast, if DQ axis of rotational coordinate system is converted
to a tcoordinate system, we call it reverse Park conversion with

the affiliated conversion formula shown below:
efym_ [ ]1ef 2 (18)

é: U=
efqu

18
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Where:

[Q]-l - %wosqe) - Sin(qe)@
&sin@,) cosg,) i

g.1s included angle, which can be displayed qe=tﬁ/vedt+qe(0)
0

Figure 1.7
Synchronized
rotational
coordinate axis ¢

(3) Arbitrary rotational coordinate axis conversion

From the above 2sections, we can realize that the static coordinate
axis conversion and synchronized rotational axis conversion can be
projectd to DQ coordinate axis via abc coordinate system. As the
figure 1.8 shown where coordinate coversion formula is as follows:

efyg ef, ra (1.9
é U é
eheu= [R] f
éf.4 Sf H
Where:
) 2p 2P\ 8
200309) cosg, - 3) COSOJ?)S
[Rl=26 sing) - sing,- 2) - sin, + %
6 1 1 1y
g 2 2 2 g

By contrast, to convert rotational coordinate system DQ axis to a ¢

coordinate system, which is called reverse Park conversion and the
conversion formula is displayed below:

Chag  Eleo (1.10)
éc U_

oy =Ry

gl e

Where:

19
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§ cosg)  -sin@) 1
[RI*=&ost,- ) -sin@.- %) 1
é 3 37

&osg, +P) - sing,+2P)
8 6. 3) @. 3) 0
If it is a three-phase balance system, the zerephase symmetrical
component :}(f F1 A1) can be simply ignored.

o 3 a b c

Figure 1.8
Arbitrary
rotational
coordinate axis

F|gu re 1 9 Three-phase reference frame  Two-phase reference frame Rotating reference frame
Diversified : 1 b
coordinate axis A ==

. e p ] 1 @y “_ ,y’

9 a axis

Prior to the previous abc-dq axis conversion, due to the fact that the
voltage detected by three-phase three-wire circuit voltage is line
voltage (Vay Vibg Vea), itis required to utilize the following
conversion of line-abc to phaseabc to acquire the virtual-phase
voltage (Van, Vonand Ven:

&/ang ‘?1 0 '1ﬂé"\ ab9
&/,,u==1¢ Uy,
eryTzet b Oty
&ntl B0 -1 19éVcall

(1.12)

1.4 Zero Sequence Injection SVPWM

In general, Space Vector PWM is used for switchcontrol method in
terms of digitalized inverter control realization because [t improves

20
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utilization rate of voltage of inverter and reduces number of times
for switch change; however, more calculations to determine switch
conduction and dead time also come along with SVPWM. Zero
sequence injection PWM shares the identical benefits as SVPWM
and is widely adopted in recent years due to much simpler
calculation. The principle of zero sequence injection PWM is as the
following figure 1.10. When DC link voltage has a virtually neutral
point o, the voltage of A arm and B arm relative to opoint is
illustrated as follows:

Vao =Van *Vho (1.12
Vbo =Von Vo (113
Vab =Van - Von (114

The (1.14) clearly indicates thatV,,within lin e voltage will be
erased by 2 arms differential; hence, it is feasible to utilize V,to
enhance utilization rate of inverter voltage. The voltage range of
each arm relative to o point is displayed below:

“Vd gy, ¢ Vd (119
2 2
Therefore
% ¢V +Vig ¢ V?d (1.16)
The range of Vo Vvoltage can be acquired from the (1.16) as follows:
"V Van ¢ Voo € Va Van (1.17)
2 2
When considering the voltage range of Van, it turns out:;
"V Vimin ¢ Vio ¢ Va Vinax (118
2 2
Where
Vinax = Max(Van, Von:Ven) (.19
Vimax = MaxX(Van, Von, Ven) (1.20)

When setting Vnoas the follows, we normally call it mean zero
value zero sequence injection:

21
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1
Vio =+~ E(Vmax"'vmin) (1.22)

The control voltage waveform of mean zero value zero sequence
injection PWM is shown as the figure 1.11. In this chapter we utilize
this method to realize PWM; by substituting (1.21) into (1.12) we
may acquire:
1 i=
Veoni = Veoni - E(Vcon,max *+Veon,nin) (i=A,B,C) (1.22)
Where Voniis the control voltage acquired by the calculation from

the original control circuit, whil st veonis the control voltage after
mean zero sequence injection.

22
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Figure 1.10
Architecture
diagram of
threephase
inverter

Figure 1.11 o Vedd D)y ma)
Mean zero value =~~~ J

zero sequence
injection PWM

2
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Circuit Simulation

Inverter DC Voltage V4 = 100V

Specification AC Voltage Vii = 50Vims
Fs=18kHz Vi =10V, (PWM)
Cy=330uF L=1mH C=10uF
Ks= 0.3 (current sensing factor)
Ky = 0.01(AC voltage sensing factor)

Ky =0.02(DC voltage sensing factor)
As the figure 1.12 shown, of which the simulating circuit is
constructed by the previous parameters, the simulating result
under linear load mode is illustrated as the figure 1.13 below:

1 | A & (x1-x2)3
hdg o, RS

La @’q d {x1x2)3
P
Py
%)2*3.1415

Figure 1.12 Inverter SPWM and axis conversion simulation

s
2
{0

24
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Figure 1.13 Inverter SPWM and simulating result of axis conversior

25
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SimCoder Program Layout & Circuit
Simulation

We are heading toward the second stage where the previous analog
controller will be digitalized. Refer to the steps below:

(1) Main circuit and sensing establishment

The main circuit and sensing circuit of inverter are shown in the
figure 1.14. The required sensing value under control is suggested
to be within the range: DC: 0~3V, AC: -1.5V~1.5V.

_u lu
- Ry
J%} h . 28.928.9/100
@DV v —’\/\J\f'
2 g, ., 28972890100
@’ " [ .,,28.9/28.9/50
.J - wﬁ,g%ﬂ
L] e
. )
/1150 m
e
TIT2  T3T4  T5T6 g_l;]j[* o
N /100
@ilt‘ v

Figure 1.14 Main circuit and sensing circuit of inverter

(2) DSP hardware setup

As the figur e 1.15 displayed, selecfT| F28335 Taget followed by
setting its pin use of GPIO. This module will utilize 3 groups of
PWM & RS232communication ports, a digital output as well as a
digital input.

26
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Hardware Board Configuration x
Parameters | color |
Hardware Configuration for T1 F28335 Help Urlock
select Al | Unselect Al
GPIOO [~ Digital Input |~ Digital Output W PwM -~
GPIO1 [~ Digital Input I Digital Output [ PWM I~ Capture
GP102 ™ Digital Input I~ Digital Output ¥ PWM
GPIO3 I Digital Input I Digital Cutput ¥ PwMm I~ Capture
GPIO4 I~ Digital Input |~ Digital Output ¥ PwWM
GPIOS [~ Digital Input I Digital Output ¥ PWM I~ Capture
GP106 ™ Digital Input I~ Digital Output W PWM
GPIO7 I Digital Input I Digital Cutput ¥ PwM I™ Capture
GPIOS I~ Digital Input |~ Digital Output [~ PWM
GPIO9 [~ Digital Input I Digital Output [ PWM ™ Capture
GP1010 ™ Digital Input I~ Digital Output [~ PWM
GPIO11 I Digital Input I Digital Output [~ PwM I~ Capture
GPIO12 I~ Digital Input |~ Digital Output [~ Trip-Zone
GPIO13 [~ Digital Input I Digital Output [~ Trip-Zone
GPIO14 ™ Digital Input ™ Digital Qutput [~ Trip-Zone
GPIO1S I Digital Input I Digital Output [~ Trip-Zone
GPIO16 I~ Digital Input |~ Digital Output [~ Trip-Zone
GPIO17 [~ Digital Input I Digital Output ™ Trip-Zone v

Figure 1.15T1 F28335 @rget hardware setup

27



GUYINSTEK PEK-130 User Manual

(3) A/D Conveter setting

F28335 A/D Converter is divided into A and B groups, each of
which has 8 channels; that is, 16 channels in total from 2 groups.
This experiment senses DC voltage, AC output voltage, inverter
output current and load current, etc., all of which utilize the 10
channels out of 16 in total. As the figure 1.16(a) displayed, except
DC input voltage which is DC signal, the entire are AC signals. The
internal setting of A/D Converter is illustrated as the figure 1.16(b)
below:

(a) 5> 5 = > 3
= Jd o 9
Sz =
ER -t
D‘D o
[IC] Babsleels
BEVSIEY Ay ey 1Y B
o
3
|
b
ak
il
T T
ol [£]
o |8 8
=
=
@
> >
g £ 3= > 5 8 21 3
R R T (-
D9 = = L o0
22877 33
(b) A/D Comverter X
Pari s | Other Info | Color |
A/D converter (T1F28335) Help.
Display Dispiay Dapiay
Hame TI_ADCL r Ch A5 Mode: ac =] 2l | chEvode [ o L}
ADC Mode. Contiruous =] =l | chasean 10 I = | chescan [0 =
Ch A Mode c =] ™ 2l | chiasMade fac =] 21| chBamode AC =
ch AD Gan -l | chasesn 10 -] | chessan [+ rz
Ch Al Mode ac = | chazMode [ac =] ™ I | chesMode [ac <] r =
Ch A1Gan 10 I =l | cha76an 10 ™ =l | chescan [0 =
Ch A2 Mode ac I™ x| | chEoMode AC ™ 2| | chBsMode oc ==
chA2Gan 10 I =l | cheocsn 10 I =] | chescan 0 =l
Ch A3 Mode: ac =] ™ 21| onBimode [ac =] ™ =l | chB7Mode ac ~r=
chA3Gan 10 21| eneran [ia || chezcan [0 rz
Ch Admode ac ] =l | chBamode ac L=
Ch A4 Gan 10 Izl | chB2Gan ) r=

Figure 1.5 DSP A/D Converter Layout: (a) input signal connection
diagram (b) internal setting

28
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(4) PWM & the affiliated setting

PWM program and the affiliated setting are shown as the figure
1.17(a). The circuit includes zero sequence mean zero injection and
PWM modul e, of which the setting is shown as the figure 1.17(b).
The triangular wave utilizing up and down is of 18k Hz frequency
with amplitude -5V~+5V along with blank time 1us.

(a) Veone_in
MAX
Vcona_lnCI - I
VconbilnCI :
. MIN
VconcflnC'_)
+ @/070‘28 3-ph PWH m
Vcona in K > e
A e B | =D
N F—r w1
conb_in e
e

4

o)
=l
Veonc_in(] N

(b) 3-phase PWM X
Parameters | Other Info | Color |
3-phase PWM generator (TT F28335) Help
Display Display
Name W r Use Trip-Zone 5 WE‘ L=l
PWM Source 3-phase PWM 123 +| ™ =l | useTrip-Zone 6 Disable Trip-Zone 6 »| ™ =]
Dead Time [ws— Tzl TripActon [Hghimpedance =] [ =l
PWM Frequency [Bc T x| Peak-to-Peak Value [ =
PWMFreq. ScaingFactor [1 | [ =] || Offsetvalue <
Carrier Wave Type W Initial Input Value u ’07 =l
Trigger ADC W Initial Input Value v ’07 =l
ADC Trigger Position ,07 Initial Input Value w ’07 r =
StartPWM at Beginning  [Start L2 |

Use Trip-Zone 2 Disable Trip-Zone 2 hd
Use Trip-Zone 3 Disable Trip-Zone 3 v
Use Trip-Zone 4 Disable Trip-Zone 4 -

| K 1 K K K1 K

r
-
r
Use Trip-Zone 1 Disable Trip-Zone 1 -
-
r
r

~

b)

Figure 1.17 PWM program setting: (a) zero sequence mean zerecinpn
PWM (b) PWM module setting
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(5) Communication setting

In order to, during the implementation process, measure the signal
of DSP control program so that the working condition of controller
can be properly assured. PSIM provides the /O interface of RS232
and the communication program of this experiment is shown as the
figure 1.18. The figure 3.18(a) displays the target waveform by SCI.
The figure 1.18(b) illustrates the setting of SCI module including
communication port, communication speed, memory storag e of
debug and buffer, etc.

() svo_wu PSM Vo ca  lod PSM_lod
sVo_vw (] PSM_Vo_bc tode (==} F-‘sa PSM_lode

loq C =
sVo_uv PSM_Vo_ab a PSM_loq
B loge PSM_loge

siL_u 1 PSM_IL_a ,

T Vog PSM_Voq
T B
sLvETElesmi e Voaec {2 po voge

FIEE:

s lesie g

FIEIE

slo_w PSM_lo_c Vode

FIEIE

slo_v (1 PSM_lo_b

PSM_Vodc

i Voabv__—{ = | Voab_rms
2= F28335 -
slo_u (] PSM_lo_a
i Vobed— =] Vobe_rms

FZE335

Veond =] PSM_Vcona Vocak— 1% Voca_rms
FZB335 - -

F28335
Veont—1 =] PSMfchnb

FIETE

Veond—1 {zon ] PSM_Vconc

FIEEE

(b) SCI Configuration X
Parameters | Other Info | Color |
SCI configuration (TI F28335) Help
Display

Name [Psm_F28335_commcre2 [
SCI Port sCIC (GP1062,63) w| [ =l
Speed (bps) [0 <] =
Parity Check None «| I =l
Output Buffer Size [9000 I =

Figure 1.18 Communication program: (a) target signal (b) SCI modul
setting
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(6) Simulation validation

After integrating the several steps of digital control program
previously mentioned, it is viable to proceed to s imulation. The
three-phase SVPWM simulation circuit constructed by SimCoder is
shown as the figure 1.19. The simulating result is shown as the
figure 1.20 and 1.21. The simulating result of converting SPWM to
SVPWAM is displayed as the figure 1.22.

Figure 1.19 Inverter SVPWM simulating circuit constructed by SimCot

100

: AN

-100

-150

AN

0 SR IR RN LIRS
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Figure 1.20 Inverter SVPWM simulating result constructed by SimCoi

01128 0128 01375 018 01825 0178 0.1875 02 02125
Time (s)

Figure 1.21 Simulating result of output voltage and output current of
SVPWM

l

\_\ /’ \ ‘;:
VAN

Figure 1.22 Simulating result @PWM and SVPWM

The simulating circuit diagram of zero sequence injection PWM
constructed by SimCoder is shown as the figure 1.23. This method
is proposed specifically for SVPWM calculation, which is way to
complicated and hard for utilization. The simula ting result is
shown as the figure 1.24 and 1.25. The simulating comparison
result between zero sequence injection PWM and mean value zero
sequence signal is illustrated as the figure 1.26.
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Figure 1.23 Zero sequence injection PWM simulating circuit cvosted
by SimCoder

st
A

rrrrrr

Figure 1.24 Zero sequence injection PWM simulating result construct
by SimCoder
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Figure 1.25 Simulating result diagram of output voltage and output
current of zero sequence injection PWM

Vconal Veonb1 Veonc1 Vecona

0.075 0.0875 01
Time (s)

Figure 1.26 Simulating comparison selt among SPWM, zero sequenc
injection PWM and mean value zero sequence signal

After simulating validation for integrated program, it is available to
convert control program to, via PSIM SimCoder tool, C code.
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Experiment Devices
The required devices for experiemt are as follows:
PEK-130 * 1
PEK-005A * 1
PEK-006 * 1
PTS 3000 * 1 (withGDS-2204E PSW1607.2and GPL-300A)
PC*1
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Experiment Procedure

The experiment wiring is shown as the figure 1.27. Please follow it
to complete wiring.

- o

s SOUrCe pem—t

€r

= 1

PSW 160-7.2

Diiver <

R Power
A,

Power

J5

PEK-005A

Figure 1.27 Exgriment wiring figure

After wiring, make sure the PEK -130 switch is OFF followed by
turning the PEK -005A switch ON. The DSP red indicator lights on
as the figure 1.28 shown, which means the DSP power is steadily
normal.

Figure 1.28 DSP normal statusith light on
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Refer to the appendix B for burning procedure to burn the PEK -

130 _Labl SVPWM_V11.0.3.psimsch program into DSP followed by
referring to the appendix C for RS232 connection to proceed to
connection.

Connect the test leads of oscilloscope toVo-AB, Vo-BC and Vo-CA,
respectively, as the figure 1.29 shown.

N\ 7 =

ey

Figure 1.290scilloscope test leads wiring

Set voltage 100V and current 3A for PSW 1607.2. After powering

on GPL-300A, set Resistance Load for Three Phase Load and set
OFF for 1TS and 2TSfurther setting ON for 3TS. The no load occurs
then as the figure 1.30 shown.

uti-Function Passive Load
MAX. 300W

Figure 1.30 The settings of PSW 18(® & GPL300A

After setting up and PSW power output, turn on the switch of PEK -
130.

37



GUYINSTEK PEK-130 User Manual

Experiment Result

(1) Three Phase SVPWM

Figure 1.31(a)shows the voltage waveform when no load and the
figure 1.31(b) indicates the result of RS232 sending back to PC side
when no load.

ursrex L
\AAAAAANAAA
\/ / ' v“ AT /

o e
@ (b)

Figure 1.31(a) The voltage waveform when no load (b) The result ¢
RS232 sending back to PC side

From the above no load test, when load-on outout for measurement,
the set output of PSW 1607.2 remains unchanged. Sets thelTS 2TS
and 3TSof GPL-300A on and it turns out full load as the figure 1.32
shown. The figure 1.33(a) indicates the voltage waveform observed
from Test Pin Vo-AB, Vo-BC and Vo-CA when full load. The figure
1.33(b) representsthe result of RS232 sending back to PC when full
load.
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Figure 1.32

The full load
setting of GPE
300A

i =

GRINSTEK. [

[ )

[s C jl—— ]

(@) (b)

Figure 1.33(a) The voltage waveform when full @ The result of
RS232 sending back to PC

When measuring current, place test leads onTest Pin Io-A, lo-B and
lo-C. The figure 1.34 (a) indicates the current waveform when full
load. The figure 1.34 (b) indicates the result of RS232 sending back
to PC when full load.

cunsTeK e
; { FAVFA |
P VY
- - A N/ \/ \
r : i i e W
(a) (b)
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Figure 1.34(a)The current waveform when full load ()he result of
RS232 sending back to PC

When completing the experiment, turn off the start key of PEK -130
followed by setting GPL -300A to OFF state and then turning off
PSW160-7.2.

(2) Zero sequence injection PWM

Burn the program PEK-130_Labl ZSVPWM_V11.0.3.psimsch into
DSP and repeat the above experiment stepsFigure 1.35 indicates
the signal diagrams of SPWM, zero sequence injection PWM and
mean value zero sequencesent backto PC. Figure 1.36(a)
represents the voltage wavoform when no load. Figure 3.36(b)
shows the result of RS232 sending back to PC when no load.

Figure 1.35

The signal i
diagrams of SWPM| ~
zero sequence .
injection PWM and
mean value zero
sequence

el L

@b |

l @ = Som (- I J * = : P
@) (b)

Figure 1.36 (a) The voltage waveform observed friimas, Vo-scand \b-

cawhen no load (b) The result of RS232 sending back to PC when no

40



GUYINSTEK Experiment 1& Three Phase SVPWM Inverter

From the above no load test, when load-on outout for measurement,
the set output of PSW 16G37.2 remains unchanged. Sets thelTS 2TS
and 3TSof GPL-300A on and it turns out full load as the figure 1.32
shown. The figure 1.37(a) indicates the voltage waveform when full
load. The figure 1.37(b) representsthe result of RS232 sending back
to PC when full load.

oursrex =] T weam  -cER

CEIE I
[ @ = o o @ s I * FErmE

(@) (b)
Figure 1.37 (a) The voltage waveform observed frdmAB, \b-BC and
Vo-CAwhen full load (b) The result of RS232 sending back to PC wh
full load

When measuring current, place test leads onTest Pin lo-A, lo-B and
lo-C. The figure 1.38 (a) indicates the current waveform when full
load. The figure 1.38 (b) indicates the result of RS232 sending back
to PC when full load.

5 Sap 1T
GWINSTEK. [ 158143

@ aanEs |
@ W= s (X E— ®  Euvyw i

(@) (b)
Figure 1.38 (a) The current waveform observed fréorA, lo-B and b-C
when full load (b) The result of RS232 s#ing back to PC
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Experimentz é Three
Phase Standhlone Inverter

The purpose of experiment

Learns the modularization of three -phase inverter, the axis
conversion of abc-dg, the controller design of current loop and
voltage loop, the RMS voltage loop design, the hardware layout of
inverter and SimCoder programming, etc.

The principle of experiment

2.1 Threephase 3wire modularization and control method
model derivation

Three-phase 3wire inverter circuit is illustrated as the figure 2.1 in
which n indicat es the virtually voltage neutral point. The
conventional control method utilizes dual -loop inductor current
control as the figure 2.1 shown where we can, via inverter circuit,
acquire as follows:

dl

L d‘;A =Van - Van- Van 2.1)

dloB —
L= - VBN Von~ Vi (22

digc _
L ot =VeN - Ven - Vi (23

dv.
Cd—?n: loa- ILA (2.4)
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d\

C—PN=|p- 1 (2.5)
dv

Cd—tC": loe- 1c (2.6)

Due to the 3-wire circuit that meets the following:
|0A+ IoB+ IoC :0
(2.7) can be acquired via(2.1)+(2.2)+(2.3):

Vo = (Van +VBN +Ven) - Van +Von +Ven)
nN = 3 (2.8)

By substituting (2.8) into (2.1)~(2.3) we can acquire the follows:

@2.7)

& digas @ 1 1g
éL dt Y é 2 -_\é/ANﬂé/ﬂ
€ digl 2€ 1 1968, U &, ¢
g'— dt § 3¢ 2 1 '5':‘(é BN onyy (29)
dIOCU é l ) E u@/CNH @/CHH
& al €2 2 8
é{;dvan{a
e capa? 2 de/tt)ﬂ el 0 Ogelppg €1 0 Ogél a0
u_ 2 nS— € ué, u ug U
elcapbg_gc dt ﬂ_go L Oglosu € D10 LBy (210
&l capcyy éCdVCm:J € 0 1gocH @3 O 1pe i cH
g dtH

Where (i=A, B, C) is the output voltage of A, B and C arms; the
widely usded switch control method for inverter is the three -phase
SPWM and each arm of threephase compares control voltage of
phase-shift 120 degree(Veons Veong Vcond With triangular wave  (Vii)
individually to further trigger the switch of three arms, of each

which output voltage can be indicated as the (2.11) below:

1 VCOﬂI
IN _(2 2Vtm)v (I =A B, C) (211)
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Where vin Symbolizes the amplitude of triangula r wave; substitute
(2.11) into (2.9) to acquire (2.12) as follows:

é;LdloA’? =) 1 1g e 1 1g
e dt U e 2 2%/ .g € 2 2%/ g
e C“oBu Vd €1 1U' COHAU 28 1 1Y an[] 212
eL—=>= é& = 1 conBpy- =€ = 1 - = (?Vbn‘ ( )
é dt 3Vtme 2 2 o u 36 2 20 U

dlocu gl 1 1 ué‘/conCH é_ 1 1 1 EVenH
€ dt i €2 2 " €2 2

T
T
o)l

TIJGT&I 754

A B e o

T24[ %744 }Te-l loc — C
N SR N B &

x c (c |c
~ Icapa l l l
) - ) | caph ICBPC

L+
4

Space Vector oa ‘obloc
PWM
7} 7 7y
Veona|Veons| Veonc Vabvhc Vca
deorto-abe
transformation abcto-dq

x X transformation

Vconq Vcond

iog | -
Current < og lod Line abc
Controller —~
c . To
" . Phase_abg
qu lod
Vod Ve ~tA Voa Vob Voc
V;qugd \oltage 0d Tod abcto dq‘
Controller transformation

Figure 2.1 Threg@hase 3wire inverter

2.2Axis conversia

It is known that, via the relation between three -phase SPWM
control voltage from (2.12) and each phase current, not only
determined by control voltage, the each current control is also
impacted by other phase control voltage, that is, each phase current
control does Not decouple. Therefore, when designing controller
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on the abc static frame directly, each phase, under the condition of
three phase unbalanced, will influence one another, and the control
performance will be afftected as well. In order to overcome the
issue, it is generally adopted the method of coordinate axis
conversion which decouples the mathematical model as the figure
2.2 shown where the three axes, a, b and c, are static frame that can
indicate the components including phase volage and phase current
of three phase inverter, whilst a and 6 indicate static frame of two
phase that can convert AC quantity of three phase with difference
of 120 degree in each phase to AC quantity of two phase with
difference of 90 degree in each phased, qand zero are
synchronized rotational axes. In the situation of three-phase
balanced, the quantity of zero axis is zero, which can be simplified
to vertical gdtwo axes. The equation of three-phase abc static
coordinate axis and two-phase dgOsynchronized rotational axis is
as the following:

cosq cos@ - 2'0) cos@+2p g
efdﬁ é Lﬁf ﬂ
gqﬂ ‘?smq S|n(q-2p) sm(q+2p)uef (213
&fo i e 1 1 1 Lech
@ 2 2 2 g
3 | o
L I T
€. U
efbﬂ Q305(67 20 ) sin(g - 7) 132qu (2.149)
ngE‘I e l\,lgfoﬂ

gcos¢7+ 2’O) sin(g + 2’0) 11]

Where

q=ut (2.15)
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Three-phase reference frame  Two-phase reference frame Rotating reference frame

Ly

Figure 2.2 Diversified coordinate axes

The state equation of three-phase 3wire inverter as the figure 2.1
can be acquired by substituting (2.10) and (2.12) intothe axis
conversion formula of (2.13) and (2.14):

€ u
e g & 0 Og¥eongo &0 O¥ogs Ok Ocflog?

SL#E:: Z\\//d @0 1 Oue‘/conq - @010U€V0q I/M_ 0 Oue|qu (2.19)
é gi..u m& 0 Veoroll € 0 B0l © O OB 4o

e —_

e

dt a
ébdvod!?
¢ dtd woo 00 WC OgVog?
€ gy, U el 28l o4 €l 0 0geloyo d) od 3 2.17)
éc dtqu % 1 Oueloq - ‘?010“9|0q -Suc 0 otg/oqu :
e u
é dVOU é) 0 1@'00@ 63019@'000 é) 0 O@oou
&€ a4

Where Von{i=d, g) is control voltage of dgaxis PWM and Vis the
amplitude of PWM triangular wave.

Before conducting the previous abedqaxis conversion, it is required
to, due to the line voltage (Van Ve Vo) detected by three-phase 3
wire circuit voltage sensing circuit, utilize the conversion of Line-
abcto Phaseabcto acquire the virtual phase voltage, Van, Von andVen,
within (2.12).
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&/ang 1el 0 :Lzé‘/abfa
a/bl’lx_3e 11 Ou@‘/bc\ (2.18)

&l B0 -1 1E@/cal3

2.3 Circuit Controller Design

It is feasible, via (2.16), to design current controller of inverter as
the figure 2.3 displayed in which the current of both dand gaxes
cause pertube to each other. Therefore, the feedforward cortrol
signal from the figure 2.3 is used to erase the pertube. Instead, the
other feedforward control signal v is used to erase the pertube
from the phase output voltage to current loop. kv and ks are
voltage and current sensing gain, respectively. The aurrent error
amplifier G, can adopt P and PI or type Il error amplifier to design.
When adopting P control (G=ki), current loop response can be
acquired as follows via current feedback loop:

% kpwrrkskl

I.

P darsrk ELL (219
loj o4 pwnksk ~ s+u '
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The u, here indicates bandwidth of current loop:

k k-
U _ Kpwnitske (2.20)
L
log Ved
e 1 Vg V”—'oq
kpwnks I(pwmkv

Vi |+ Vit - ) l
LK + Vip + Veon + + 1
log —> _’ + > kpwm © > a T log

Power circuit

K. |
Lo 7
(a
ijd Vr:q
w 1 ch Whlog

Vi |- Vit A i
i + Vip + Veon + + 1
log + > Kowm >0 O sL T log

Power circuit

k <
L |7

(b)

Figure 2.3 Current control loop of inverter: (a)d axis, (b)d axis

2.4 Voltage Controller

The voltage loop control block diagram of inverter is displayed as

the figure 2.4 where electrical circuit block is drawn by (2.17). In

addition, if bandwidth of current loop response has to be four times

more than that of voltage loop response, the current loop response

(2.19) can be regarded as 0106 when an
The voltage controller also adopts both feedforward and feedback

controls. Due to sensing load current, the convert controller adds
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the sensing load current in current command to directly dissipate
the perturbation that load current causes to voltage loop. In

addition, it utilizes voltage command (vod* and vog*) multiplied by

nC and adds other axis current command to dissipate the
perturbation from capacitance current (WCVogand nCVog. The
voltage feedback controller G, is the second-class error amplifier,
which is composed of a feedback proportional integral controller
and a low-pass filter (LPF) of voltage feedback signal. Refer to the
figure 2.3(c) for the bode plot of voltage loop where bandwidth of
voltage loop is positioned in the ¥4 of bandwidth of current | oop. In
order to acquire well voltage adjustment rate and the three -phase
voltage balance even under threephase load unbalance, RMS value
has to be able to adjust dynamically for each line voltage,
respectively. The voltage RSM controller, which is provid ed by this
thesis as the figure 2.5 shown, calculates RSM value of 3 line
voltages individually followed by the comparison with RMS
command ven* and, via Gmadjustment, the generation of an
amplitude modified signal (Am1Amz, Ams), which is used to modify
the amplitude command Amoof the original line voltage. The final
line voltage amplitude commands Aman Ambcand Amcs etc, Will be
multiplied by the three -phase sinusoid sin(wt+p/6), sin(wt-p/2) and
sin(wt+5p/6), which is relative to virtual phase voltage phase shift by 30
degrees, to acquire the transient voltage command of pirase line
voltage. Eventually, the final voltage loop commangt and vo4* can be
obtained vid.ine-abcto Phaseabcconversion andbedgaxis conversion.

I/erV;q
l ILa
T | L Ks I« UCVoq
ky iLg |
Ve T / Current loo R -
o R i Iod+ + 1| W
it od od _ y Vos
s

Power Circuit

\ @‘ H

(a)
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I/ICVOd
ILg
kg |« WCVpq
; |
Current loop - +
oq , +

io i + V,
——»L—»o—» % Y
s

Power Circuit

[ le
Lk J* Hy

(b)

(c)
Figure 2.4 Voltage control loop of inverter: (a)d axis, (b)q axis, (c)volte
loop bode plot
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f
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Figure 2.5 Voltage RMS value controller
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Circuit Simulation

The 250W inverter conforming to the following specification will be
applied to validate the several control methods mentioned
previously.

Inverter 1 RsJ/R /R c=200hms out-of-balance load
Specification R+/R b/R ¢ =20/10/10 ohms

1 DC Voltage V4= 100V AC Voltage V. =
50Vims

1 Fo=18kHz Vii=10Vpp (PWM) Cg=
330uF L=1mH C=10uF

1 Ks=0.3 (current sensing factor)
1 Ky=0.01(AC voltage sensing factor)

1 Ky =0.02(DC voltage sensing factor)

PSIM Simulation

The simulating circuit built by the previous parameters is shown as
the figure 2.6. The simulating result under linear balanced load is
shown as the figure 2.7 and 2.8. That modify load to out-of-balance
load R4/R u/R ¢ =20/10/10 ohms is shown as the figure 2.9.The
simulating result under linear out -of-balance load is shown as the
figure 2.10 and2.11 in which dq axis current under out -of-balance
load has 2 times ripples and both voltage and current follow the
command closely.
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Figure 2.6 Threghase inverter stanéilone simulating circuit

02 lob
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Figure 2.7 The simulating result of voltage output and current outpu
under linear balanced load
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Figure 2.8 The simulating result of D axis and Q axis under linear
balanced load
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Figure2.9 Threephase inverter stanéilone outof-balance load
simulating circuit
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Time (s)

Figure 2.10 The simulating result of voltage and current tracking
waveforms of ouof-balance load control loop

Figure 2.11 The simulating result of voltage output and cemt output
under outof-balance load
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SimCoder Program Layout and Circuit
Simulation

The stand-alone simulating circuit of three -phase inverter built by
SimCoder is shown as the figure 2.12. The simulating result under
linear balanced load is shown as thefigure 2.13 and 2.14. The out
of-balance load simulating circuit of three -phase inverter stand-
alone built by SimCoder is shown as the figure 2.15. The simulating
result under linear out -of-balance load is shown in the figure 2.16
and 2.17.

& = B i EU] e e f o -
= |
P =2 e EEEE O
- —= B_ Tlyes TUoo=r o = ﬁ;.:
1 —— T e == -
- R =T
— e R A [
Py R anen
N p— Pl . BT Y e
= [ i -0
l o N | o
P A = . am
A PPy
= S ‘g []

Figure 2.2 The threephase inverter standilone simulating circuit built
by SimCoder
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Figure 2.13 The simulating result of thrgghase inverter stangilone
built by SimCoder

od lode

PSM_Vod  PSM_Vodc S PSM_Vogc

Vosb rms  Vobc_ms

Time (s)

Figure 2.14 The simulating result of D axis and Q axis of thpbase
inverter standalone built by SimCoder
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Figure 2.15 The oubf-balance load simulating circuit of threphase
inverter standalone built by SimCoder
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Figure 2.16 The simulating result of voltage output, current output ar
Veonunder outof-balance load

0325 035 0375 04 0425
Time (s)

Figure2.17 The simulating result of D axis and Q axis of RMS valu¢
voltage and current under oubf-balance load
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Experiment Devices
The required devices for experiemt are as follows:
PEK-130* 1
PEK-005A* 1
PEK-006* 1
PTS 3000 * 1 (withGDS-2204E PSW1607.2and GPL-300A)
PC*1
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Experiment Procedure

The experiment wiring is shown as the figure 2.28. Please follow it
to complete wiring.

- o
Site  SOUCE fmmt

€r

PSW 160-7.2

Driver o

b Power
Mﬁ Auxiliary

Power
PEK-005A GPL-300A

J5

Figure 2.28 Experiment wiring figure

After wiring, make sure the PEK -130 switch is OFF followed by
turning the PEK -005A switch ON. The DSP red indicator lights on
as the figure 2.19 shown, which means the DSP power is steadily
normal.

Figure 2.19 DSP normal status with light on

Refer to the appendix B for burning procedure to burn the PEK-
130 _Lab2 V11.0.3rogram into DSP followed by referring to the
appendix C for RS232 connection to proceed to connection.

Connect the test leads of oscilloscope toVo-AB, Vo-BC and Vo-CA,
respectively, as the figure 2.20 shown.
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Figure 2.200scilloscope test leads wiring

Set voltage 100V and current 3A for PSW 1607.2. After powering

on GPL-300A, set Resistance Load for Three Phase Load and set
OFF for 1TS and 2TS, further setting ON for 3TS. The no load occurs
then as the figure 2.21 shown.

i ——_

ssive Load
MAX. 300W

e
Figure 2.21 The settings of PSW 182 & GPL300A

After setting up and PSW power output, turn on the switch of PEK -
130.
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Experiment Result

(1) Three phase inverter standlone linear balanced load

The figure 2.22 indicates the voltage waveform when no load

Figure 2.22 GuinsTEK I vevavavavavavevs I

The voltage
waveform wken no
load

68.8132Mz

( @ = 580y - J(__Sns {—}

[ @RS 914ny }

From the above no load test, when load-on outout for measurement,
the set output of PSW 1607.2 remains unchanged. Sets thelTSand
3TSof GPL-300A on and it turns out half load as the figure 2.23
shown. The figure 2.24(a) indicates the voltage waveform observed
from Test Pin Vo-AB, Vo-BC and Vo-CA when half load. The figure
2.24(b) representsthe result of RS232 sending back to PC when half
load.
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Multi-Function Passive  Load

Figure 2.23 e NI
GPL-300Ahalf
load setting

| Y

= . f 4 ;\’ /( ) 17
%/ JV VUV VA L’\

(b)
Figure 2.24(a) The voltage waveform whkalf load (b)The result of
RS232 sending back to PC

When measuring output current, place test leads on Test Pin Io-A,
lo-B and 1o-C. The figure 2.25 (a) indicates the current waveform
when half load. The figure 2.25 (b) indicates the result of RS232
sending back to PC when half load.
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(@) (b)
Figure 2.25(a)The output current waveform when half load (Bhe result
of RS232 sending back to PC

It is feasible to observe live-time control signal via DSP oscilloscope
of PSIM. The figure 2.26 indicatesthe dqg axis voltage command
and tracking of control loop. The figure 2.27 indicates the dq axis
current tracking of control loop. The figure 2.28 indicates the three -
phase control command. The figure 2.29 indicates the threephase
line voltage RMS value.

Figure 2.26

_ e
dg axis voltage =1
. =
tracking
Snap-shot
Selected
update Al
Figure 2.27 =i
dg axis current ﬁj bt S —
tracking
Snap-shot
Selected
PSM_Tod A e e
o log
PSM_Ioge
Update All
|
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Figure 2.28 = = = \\/ﬂ\ -
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value(20V/div) & st

Timebase scale Variables T
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After the experiment, turn off PEK -130 by pressing the power
button.

(2) Threephase inverter standilone linear outof-balance
load

Following the previous experiment, when measuring out -of-
balance load output, adjust the GPL-300A load to, as the figure 2.30
shown, out-of-balance load (R+/R v/R ¢ = 20/10/10 ohm) followed

by turning on the PEK -130 power button and placing test leads on
Test Pin Vo-AB, Vo-BC, Vo-CA. The figure 2.31(a) indicates the
voltage waveform observed from Test Pin Vo-AB, Vo-BC, Vo-CA
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when it is out -of-balance load. The figure 2.31(b) indicates the
result of RS232 sending back to the PC side.

Figure 2.30 M urcin P
M,

GPL:300A outof- =T .
balance load
setting

e — e e—

e
;Tmmu Load  Off Resistance Load
on on -

) - h

Figure 2.31 (a) Voltage output waveform of eot-balance load (b)
Result of RS232 sending back to PC side

When testing output current, place test leads on Test Pin lo-A, 10-B,
lo-C. The figure 2.32(a) indicates the current output waveform of
out-of-balance load. The figure 2.32(b) indicates the result of RS232
sending back to PC side.
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Figure 2.32 (a) Current output waveform of out -of-balance load (b)
Result of RS232 sending back to PC side

It is feasible to observe live-time control signal via DSP oscilloscope
of PSIM. The figure 2.33 indicates the dq axis voltage command
and tracking of control loop. The figure 2.34 indicates the dq axis
current tracking of control loop. The figure 2.35 indicates the three -
phase line voltage RMS value. The figure 2.36 indicates the three

phase control command.

Figure 2.33 —

- —
dg axis voltage ——

tracking when

out-of-balance E

load Selected

Figure 2.34

dq axis curren
tracking when

out-of-balance E

load Selected

AR

68




GUYINSTEK Experiment 28 Three Phase Standlone Inverter

Figure 2.35 | % -
Threephase line —
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After experiment, turn off the power button of PEK -130 followed
by turning off both PSW 1607.2and lastly GPL-300A.
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Experiment 3 éThree

Phase GridConnected
Inverter

The purpose of experimen

Learns the principle of three-phase grid-connected, the method of
phase-lock loop, the controller design of current loop and voltage
loop, the hardware layout and the SimCoder programming, etc.

The principle of experiment

3.1 Introduction

The three-phase grid-connected inverter is the necessity required
by several renewable energy power systems, energy storage
systems and grid interface. The system may cover multi-layer
circuit. The experiment emphasizes the control of grid -connected
inverter; therefore, the circuit architecture is simplified to the
portion of inverter shown in the figure 3.1 where the input current
lqis used to indicate current generated by the previous layer circuit.
The inverter is designed by dual loop in which outer loop is DC
voltage control loop, whereas inner loop is inductive current
control loop. In addition, the current of grid -connected inverter
needs to subchronize with grid -connected voltage. Hence, an
additional phase-lock loop (PLL) control is needed.
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Figure 3.1

The Control . THGT}IGTS-I@
architecture of | v. == A A
threephase grid CDj c il
connected 724 ”15} T“E}
inverter b

Ang abeto-dq

transformation

dg-to-abc
transformation
V V

cong cond

Current | leq o
Controller
T, T vl v,
Ang
\oltage -
Vy —» — l—
d Controller
v 1

d

3.2 Current loop design

The equivalent circuit model of three -phase grid-connected inverter
is identical with the previous Lab2 individual inverter model that
can convert circuit to synchronized rotational frame, via abedqgaxis
conversion, to simplify controller design. The current controller of
inverter under dgaxis is shown as the figure 3.2 in which both
currents of d andqwill cause perturbation on current of the other
axis. Therefore, the perturbation is exempted via feedforward
control signal vizin the figure 3.2. The other feedforward signal vs,
on the other hand, is used to eliminate the perturbation from the
phase output voltage to current loop. k, and ksare the sensing gain
of voltage and current, respectively. The current error amplifier G
can be designed byP and PI or the secondary error amplifier; when
adopting P control (Gi=ki), current loop response can be acquired as
follows via current feedback loop:
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* kpwn{(skl
lg i u )
v UL (31
loi o4 pwnkski  s+uy '
The u, here indicates bandwidth of current loop:
k Wnkskl
U = _PWTS = (3.2
L
It can be designed by the gaink; of current error amplifier.
i;q Ve
mk 1 Vg I/M_qu
kpwnks kpwmkv | |
Vi |+ Vit - 'l
i * + Vi Vcon + 1
Iod_'_> fb+ * E>kpwm+ O sL > log
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k. |«
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(a
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u 1 ch uklog
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by gl e
+

Power circuit

k <
[ %s |7

(b)

Figure 3.2 Current control loop of inverter: (a) d axis, (b) q axis
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3.3 Voltage loop design

The purpose of DC voltage control is to maintain power balance;
that is, the power from the previous circuit can be leveraged with
the power of inverter infu sing into grid -connected electricity.
Consequently, after eliminating the DC working point of steady
state, the circuit model of equivalently small signal of voltage loop
can be shown as the figure 3.3 (a); that is, the inverter can be
regarded as small signal value of a current source Iqcharging to DC
capacitance.
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Transient power of AC side can be shown as the following:
P.=V.l,+V,I, =V, , cosut & wosut (3.3)

sp) SN Q@ sinut +V,

s(p.

Where Vgp) is the peak voltage of dqaxis, and I, is the peak current
of dgaxis. The equation above canbe, via trigonometric function,
simplified to the follows:

P. =V, (34)

s(p) ' m
The figure 3.3 (b) indicates that the current source responses to the

DC side; when inverter performs at 100% efficiency, the input
power P,is equal to the output power Py

P =P (3.5

dc ac

Also, the power of DC side can be shown as follows:

ch :Vd I d (3'6)
Therefore
V1, =V, 1, 3.7)
_VS( )I m _
Id _Ld_ chlm (38)
~ =~ 1
Vo =ly sC (3.9

From the figure 3.3 (b), the transfer function of DC current to DC
voltage can be shown as the following:

Vo _Kee  _Vaw
I, sC, * v, (3.10)

+
Iy @ C;: Va | Inverter E} loz = Imsinut
lob I
—

- f't m Cosut

I:)dc P

ac

€Y
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+

Enlor

(b)
Figure 3.3 Voltage loop: (a) dq axis equivalent circuit, (b) converted to
side equivalent circuit

DC voltag loop controller design

Based on (3.8), refer to the figure 3.4 for the control block diagram
of designing DC voltage in which k, and ksare the sensing gain of
voltage and current individually. The (3.11) below can be acquired
by merging sensing gain wit h (3.10):

H,(s) = KK (3.11)
k.Cs
Figure 3.4 ( G, )
Voltage loop i I
« + 1
control block vy —> Z k(s+2) ||™ Pl kge/C % vV,
diagram S s
Hdc
K [ ]
P <
s+p | Iﬁl
LPF

Voltage controller can be designed based on the loop gain of figure
3.4. Due to the fact that three-phase inverter DC voltage has no
low -frequency ripple and there is no need to use low-pass filter to
attenuate low-frequency ripple of voltage 120Hz or 360Hz to
reduce distortion of current command, the controller thus use
proportional integral controller and the transfer function of
controller is as follows:

G = k(s+2)

’ (3.12)
S

75



GUYINSTEK PEK-130 User Manual

The frequency response of (3.11) and (3.12) is shown as the figure
3.5.¥ indicating the bandwidth of zero crossing frequency of
system. The selection for zero point G, requires the slope of zero
crossing frequency ¥ under rated load of G, Hqcas-20db/ decade
Based on the previous condition, zero point z and proportional g ain
constant k are abel to be designed.
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Figure 3.5 =, GHac
Frequency
response of 40

voltage loop 301

\~ wrad/s)

0dB

3.4 Phaselock Loop Design

The figure 5.6 indicates the architecture of inverter phase-lock loop
which utilizes grid -connected voltage (Vsa VsbandVsg followed by
abeU faxis conversion to acquire the 2 signalsVysin(¥t) and -
Vmcog¥t). The 2 signals will be multiplied by the latter
synchronized signals cogy it) and sin(¥ it) respectively to obtain the
following:

e=V{sin(ut) cosiut) - cosit)sin(mt)} (3.13

According to (3.13), if ¥ = ¥4, (3.13) will be equal to zero. Hence, it
is viable to make use of this condition to design phase-lock loop
controller. The signal e, after passing through a proportional
integral, obtains a frequency correction signal D wollowed by
adding the orginal set frequency w,( = 3  acquire a frequency wa,
which will obtain, after passing through integer, an angle singal

g The g will pass through an interval limiter between

0~2p followed by checking the Sine table and Cosine table to
acquire cogyit) and sin(¥it) signals. The error e can be adjusted to
zero via proportional integral to achieve phase -lock; that is, ¥ = ¥1.
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Figure 3.6 Phaséock loop
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3.5 System Simulating Verification

This experiment utilizes the following 250W inverter to validate the
previously discussed control methods.

DC Voltage V4= 100V

AC Voltage VL = 50Vims

Fs= 18kHz, Vi = 10V, (PWM Triangular Waveform Amplitude )
Cq = 33uF (DC-Link Capacitor)

L=1mH

C=10uF

Ks= 0.3 (current sensing factor)

Ky = 0.01 (AC voltage sensing factor)

Ky = 0.02(DC voltage sensing factor)

The Matlab program of control loop design is as follows:
% Three-phase Standalone Inverter
clear;

clc;

P1=3.1416;

Vd=100;

VLL=50;

Vs =50/1.732;

Vsp =1.5*Vs *1.414;

L=0.6e-3;

C=660e6;

vtm=5;

kpwm=(Vd/ 2)/vtm

ks= 1/3.375

kv=1/100

kdc = Vsp/Vd;

fs=18e3;
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% Voltage Loop Design
% Gv = k3(s+z)/s

% LPF = p/s+p
uv=2*Pl*20

z=30

p=7.23e3*2*PI

tuv = 1/z

numHdc = kv*kdc/(ks*C);
denHdc=[1 0];
Hdc=tf(humHdc,denHdc);
Hdcr = freqresp(Hdc, uv);
Gc = 1/abs(Hdcr);
numGvil=[1 z];
denGv=[1p 0];

Gvl = tf(numGv1l, denGv);
Gvlr = freqresp(Gvil, uv);
K3r =1 /(abs(Hdcr) * abs(Gv1r));
K3 = K3r/p

numGv = K3r * numGvi;
Gv = tf(numGyv, denGv);
GvHdc = series(Gv, Hdc);
bode(Hdc,Gv,GvHdc);
grid;

The calculating results are as follows=>

ks = 0.2963
kv = 0.0100
uv = 125.6640
z= 30

p = 4.5428e+004
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tuv = 0.0333
K3 = 3.9038
The figure 3.7 below shows voltage loop bode plot.

Bode Diagram
100 T T T T T T T T

Magnitude (dB)
in
z

Phase (deg)

10" 10! 10’ 10 10° 10 10° 10°
Frequency (Hz)

Figure 3.7Voltage loop bode plot
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Circuit Simulation

Inverter 1 DC Voltage V4 = 100V
Specification
1 AC Voltage V. =50Vrms, Frequency 60Hz

1 Fe=18kHz Vii=10Vp (PWM) Cqg=
330uF L=1mH C=10uF

1 Ks=0.3 (current sensing factor)
1 Ky =0.01(AC voltage sensing factor)

1 Ky=0.02(DC voltage sensing factor)
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PSIM Simulation

The simulating circuit built by the previou s parameters is shown as
the figure 3.8. The simulating result is shown as the figure 3.9.

O
T
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Figure 3.8 Thregohase gridconnected simulating circuit
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Figure 3.9 Simulating result of threphase gridconnected electricity
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SimCoder Program Layout &ircuit
Simulation

The figure 3.10 indicates the simulating circuit of three -phase grid-
connected inverter built by SimCoder. The figure 3.11 shows the
simulating result.
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Figure 3.10Simulating circuit of threephase gridconnected inverter
built by SmCoder
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Figure 3.11Simulating result of thregphase gridconnected inverter buili
by SimCoder
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Experiment Devices

The required devices for experiemt are as follows:
PEK-130* 1

PEK-005A* 1

PEK-006* 1

PTS3000* 1 (with GDS-2204E PSW1607.2and APS-300,
GPL-300A)

PC*1
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Experiment Procedure

The experiment wiring is shown as the figure 3.12. Please follow it
to complete wiring.

,

oc

25O SOUICE  ummm—
1

Three
= Phase g =~ e

3 ol W 3 Ml

€r

Source

PSW 160-7.2

APS-300

Driver o
Power =
o LR —
*— Auxiliary AC W EEE WE e
Eowe L0a0  mm—
PEK-005A GPL-300A

J5

o
et £
Y

Figure 3.12 Experiment wiring figure

After wiring, make sure the PEK -130 switch is OFF followed by
turning the PEK -005A switch ON. The DSP red indicator lights on as
the figure 3.13 shown, which means the DSP power is steadily
normal.

Figure 3.13 DSP normal status with light on

Refer to the appendix B for burning procedure to burn the PEK -
130 _Lab3 V11.0.3 program ito DSP followed by referring to the
appendix C for RS232 connection to proceed to connection.

Connect the test leads of oscilloscope toVo-AB, Vo-BC and Vo-CA,
respectively, as the figure 3.14 shown.
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Figure 3.140scilloscope test leads wiring

Set voltage 110V and current 1A for PSW 1607.2. After powering on
GPL-300A, set Resistance Load for Three Phase Load and set OFF
for 1TS and 2TS, further setting ON for 3TS. The no load occurs then
as the figure 3.15 shown.

Figure 3.15 The settings of PSV8&7.2 & GPL300A

After powering on APS -300, set 60Hz for frequency and 3P4W for
mode and 28.86V for output voltage as the figure 3.16 shown.
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mannn
LUy

"o @

Figure 3.16 The settings of AR®O0

After setting up and PSW with APS -300 power output, turn on the
switch of PEK-130.
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Experiment Result

(1) No Load

The measurement waveform of three phase voltage output (Vo-AB,

Vo-BC, Vo-CA) is shown as the following figure 3.17. On the

condition of no load and 100W output power from PSW, APS -300

absorbs all the power due to no load. It has seen that APS power is
singlephase-30. 5W (q@mi nwmgicates power abso
three phase total power is -30.5W*3= -91.5W, which is equivalent to

the PSW output power with considering the wear and tear of

components as the figure 3.18shown.

Figure 3.17 GUInsTEK C T 7 Jmes () [ el

Measurment
waveform of VeAB,
Vo-BC and VeCA

g~
/

N/

@ = v @ = 1

I'oms 95500

Figure 3.18 Power state of PSW and AB® when no load
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(2) Half Load(20 Ohm)

Sets 1TS and 3TS ON and 2TS OFF as the figure 3.19 shown when
half load.

Multi-Function Passive Load

Figure 3.19 ) X soom_
The half Ioad :'..ﬂﬂ c‘)f\ @JI 'F_Tﬂecmm Load Resistance Lo:

setting of GPL300A ® 9 @ o | |

On the condition of half load (125W) and 100W output power from
PSW, APS300 needs to provides 25W for maintaining power
balance of system because PSW output power can not afford to the
load demand.It has seen that APS power is singlephase 11.2W and
the three phase total power is 11.2W+*3= 33.6 with considering the
wear and tear of components as the figure 3.20 shown.

Figure 3.20 Power state of PSW and AB® when half load
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(3) Full Load(10 Ohm)
Sets 1TS, 2TS and 3TS ON as tHfegure 3.21 shown when full load.

H _— e
Figure 3.21 MutFuncion Passive toad

MAX_300W
m—

;Tﬁoc\mer Load on Resistance Load

The full load settingsuy o = bl >
of GPL:300A

il

On the condition of full load (250W) and 100W output power from
PSW, APS300 needs to provides 150W for maintaining power
balance of system due to more demands for power from load.It has
seen that APS power is single phase 51.6W and the three phase tota
power is 51.6W*3= 154.8W with considering the wear and tear of
components as the figure 3.22 shown.

Figure 3.22 Power state of PSW and AR® when full load

After experiment, turn off the power button of PEK -130 followed
by turning off both PSWand lastly GPL-300A.
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Experiment4 é Single

Phase Three Arms Rectified
Inverter

The purpose of experiment

Owning to the equipped three arms, it can also be used for single-
phase online UPS. This experiment will walk you through the
work mode of UPS, the design of current loop and voltage loop
controller of both rectifier and inverter, the hardware layout and
SimCoder programming, etc.

The principle of experiment

4.1 Circuit Architecture

In addition to the benefits of saving DC capacitance and reducing
cost, the COM-arm current of three arms rectified inverter circuit,
as shown in the figure 4.1, is the deviation between input current
and load current; it needs, on the condition of PFC, the virtual work
of charging load, harmonic current and small portion of actual
work that compensates loss from inverter. Besides, the conduction
loss is way lower than that of the conventional one.
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REGCarm COM-arm INV-arm

Figure 4.1 Circuit architecture of singphase three arms rectified inverte
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4.2 Circuit Model

From the three arms rectified inverter circuit within the figure 4.1
we can acquire as follows:

deiﬁ =V, - Vi - Ve (4.1)
L% =Ven = Ven - Vo (42)
Cd;/tozlc- I (4.3)

Each arm adopts PWM switch; control voltages (Veconsa Vcong Veond
compare with triangular waveform individually to further trigger
switch of three arms, and the output voltage of each arm within (4.1)
and (4.2) can be stated as the following:

v, = (L + Veoniyyq (i=A, B, C) (4.4)
iN 2

tm

Where vin is the amplitude of PWM triangular waveform, and we
can acquire the following by substituting (4.4) into (4.1) and (4.2):

% - VidvconA_ Vd Veons™ Vs (45)

dt  2v,, 2v,,
e Ve, Ve, @8)

at  2v, 7 2y,
Therefore
- Va (4.7)
P Ve
(4.5) ard (4.6) can be restated as follows:
dl
L ditA = kpwmvconA_ kpwmvconB_ Vs (48)
Ldle oy k Y (4.9)
E_ pwmvcorc_ pwmvconB_ o)

(4.8) and (4.9) illustrate that the outputs of both rectified arm and
inverted arm will be influenced by the common arm; if you want to
be free from the interaction effect between the switch of 2 arms, it
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requires to decouple (4.8) and (4.9). The simplest method to
decouple is to set the control voltage of middle arm as follows:

Vo
Veons =~ 2k (410)

pwm

Therefore, (4.8) and (4.9) can be restated as the fldwing:
LAy i Vely (4.12)

dt ~ MpwmVYconA 2 s

Ldle oy LY (4.12)

E pwmVcorC ~ 2

4.3 Design of Inverter Controller

The design of current loop controller can be based on the
previously inferred circuit model (4.11). The PWM control voltage
of actual middle arm is generated, based on (4.10), by the load
voltage command (Vo).

vz Vu (4.13
conB 2kvkpwm

Where ky and ksare voltage and current sensing proportions
respectively. The figure 4.2 refers to the control block diagram of
inverter current loop where electric c ircuit is drawn in accord with
(4.11) andks indicates the current sensing proportion. The current
control loop utilizes both feedforward and feedback controls; the
feedforward signal vsr utilizes the normal value (vsg of input
voltage and the load voltage command (Vog, which is set by vcong t0
eliminate the perturbation of Vsand V42 directly so that current
feedback controller k; utilizes only a single proportional control.
The command response of input current tracking can be inferred,
based on thefigure 4.2, as follows:
K punKsKy
L . U .y =iee (4.14)
or Kok st L
L

Ii
>
I A

Where uris equal to bandwidth of current loop, which is designed
at the 1/10 of the switch frequency. The input current command is*
is generated via DC voltage loop, and the deviation of feedback DC
voltage (vg) and DC voltage command (vqo) is adjusted via voltage
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controller G, to obtain a signal of amplitude im, which is multiplied
by an unit sinusoid sin¥t followed by reverse to obtain a current
command (iac) of A arm.

l v
1 pic
Tk Voc 2 VS
. m vmlng(——m)k )
d
- . . - +\ 7 |
i + \< 1 A
e fa e e S I
Power circuit
sinewave e
V, —> kg
s generator | i L]

Figure 4.2 The block diagram of inverter current loop control

It is necessary to infer, in accordance with rectifier operating under
unit power factor, DC voltage loop model for the design of G,. Due
to the DC link of rectifier providing or undertaking inve rter load
power and the grid -connected electricity providing or absorbing
electricity, the small signal model of DC side can be viewed, in
terms of the two-stage circuit integrated by rectifier and inverter, as
a DC small signal current (l4) charging to DC capacitor as the figure
4.3 (a) shown. The input power of AC side is as follows:

N Veomlm V!
Pyc =Vg(p Sinut @, sinut = % - %coszm (4.15)
= 5a(: * Pacz

Where V¢ an d Imare input voltage and current peak value
respectively. In addition to a DC item, (4.15) includes a second
harmonic item, wh ich will cause DC voltage second ripple. The
average power of DC side is identical to the DC item of AC side
power:

5ac = Pdc (4.18)

The equivalent circuit of figure 4.3 (b) can be acquired through
responding AC current source to DC side, and the following is
obtained according to (4.16):

Vs(pz)lm =Vqglg (4.17)

Vgl
—s(p)"m _
d— Z\/d _kdclm

(4.18)
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The voltage loop model can be acquired as follows by DC current
source lqcharging to capacitor Cg:

Va — ke | K = Vs (4.19
-
The block diagram, as the figure 4.4(a) shown, of rectifier DC
voltage control loop is acquired based on (4.19). The voltage
controller Gyis designed by the figure 4.4(a) where due to current
loop bandwidth is way wider than voltage loop bandwidt h, the
current loop response of (4.14) can be simplified to be equal to 1.
Hence, the gain of current amplitude Iy 0f into actual | is reciprocal
of current sensing proportion ks, and the bode plot of voltage loop
Hacis displayed as the figure 4.4(b). Considering that DC voltage
comes with second ripple, in order to reduce distortion of grid -
connected current command, bandwidth of voltage loop must be
lower than 120Hz to attenuate second ripple of voltage. Therefore,
the bode plot of design of Gy utilizi ng type Il compensator (Pl +
Low-Pasg is displayed as the figure 4.4(b) where the zero crossing
frequency of loop response G,Hqcis generally placed in
20Hz(125.6rad/s).
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Figure 4.3 Rectifier under unit power factor (a) equivalent circbit ¢mall
signal equivalent circuit of AC side

(a)

(b) 4
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Figure 4.4 Rectifier DC voltage control loop: (a) block diagram (b) bo
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4.4 Inverter Controller Design

The block diagram of current loop control of inverter is shown as
the figure 4.5(a) in which electric circuit is drawn based on (4.12).
The current control loop, similarly, utilizes both feedforward and
feedback controls; feedforward control utilizes output voltage
command (vo*/2) to eliminate perturbation of V2 directly so that
current feedback controller k; can use a proportional control only.
Input current tracking the command response can be inferred from
the figure 4.5(a) as the following:

kpwnkskl

Ic
=

I c

L —_ W u, = w (4.20
KowrksKi  s+u, L
L

s+ T2 -
Where uy is equal to bandwidth of curren t loop, which is designed
at the 1/10 of switch frequency.

Inverter current command ic* is generated by voltage control loop,
and the voltage loop control block diagram is displayed as the
figure 4.5 (b) in which electric circuit is drawn based on (4.12). The
deviation of feedback output voltage (vg) and voltage command (vo*)
is adjusted by voltage controller G, followed by obtaining a signal
vii, which plus a feedforward control signal acquires the ultimate
current command (ic*). Feedforward control signal iL is used to
offset the perturbation caused by load current (lI.) to voltage
tracking response. The voltage command (v¢*) is generated by an
amplitude signal (vy) multiplied by unit sinusoid sin¥t. In order to
have output voltage ‘equipped with excellen t voltage regulation
rate of RMS value, the amplitude signal (vm) is acquired via the
deviation of feedback signal (vims) Of voltage RMS value and RMS
value command (Vimsg passing through a deviation modified signal
generated by Pltype deviation amplifie r (Gw) followed by adding

the amplitude signal (*\-"Evrmf) generated by original RMS value
command. By doing so, voltage control loop is equipped with
transient voltage control and RMS value voltage adjustment to
ensure that output voltage is of low d istortion with brilliant
voltage regulation rate.
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Figure 4.5 Inverter control loop block diagram: (a) current loop (b)
voltage loop
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Circuit Simulation

Inverter 1 Load (3 switchable levels) = 42 /21 /14 ohms
Specification
1 AC Voltage = 40Vrms  60Hz

1 Fe=18kHz Vii=10Vp (PWM) Cg=
330uF L=1mH C=10uF

1 Ks= 0.3 (current sensing factor)
1 Ky =0.01(AC voltage sensing facto}

1 Ky=0.02(DC voltage sensing factor)

PSIM Simulation

As the figure 4.6 shown, of which the simulating circuit is
constructed by the previous parameters, the simulating result
under linear load mode is illustrated as the figure 4.7 below:

B

"m?gﬁﬁﬁ@zﬁg E # -
) ? i e —EF—@-@'*—@L@-
7 g g o T

Figure 4.6 Three arms singighase rectifierd inverter simulating circuit
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Figure 4.7 Three arms singighase rectifierd inverter simulating result
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SimCoderProgram Layout & Circuit Simulation

The three arm single-phase rectifier d inverter simulating circuit
built by SimCoder is displayed as the figure 4.8. The simulating
result of linear load is shown as the figure 4.9.
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Figure 4.8 Three arms singighase rectified inverter simulating circuit
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