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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, eventually 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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Thre are 4 experiments can be fulfilled by PEK-130 as follows:
Three Phase SVPWM Inverter

1

2. Three Phase Stand-alone Inverter

3. Three Phase Grid-connected Inverter
4

Single Phase Three-arm 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

Aucxiliary power
module
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Figure 0.4
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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
amplifications individually as the following table 0-1 and table 0-2
shown.

Table 0.1 PEK-130 test point measurement ratio

Sensing item Sensing ratio
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-Q)

5 Inverter A phase load current (IL- 0.8
A

6 Inverter B phase load current (IL- 0.8
B)

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

3 Inverter output AB arm line voltage | 0.019
(VO-AB)

9 Inverter output BC arm line 0.019
voltage (VO-BC)

10 Inverter output CA arm line 0.019
voltage (VO-CA)

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

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

13 Grid-connected CA arm line 0.019
voltage (VS-CA)
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Table 0.2 PEK-130 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-Q)

5 Inverter A phase load current (IL- | 0.3
A)

6 Inverter B phase load current (IL- | 0.3
B)

7 Inverter C phase load current (IL- | 0.3
Q)

3 Inverter output AB arm line 0.01
voltage (VO-AB)

9 Inverter output BC arm line 0.01
voltage (VO-BQ)

10 Inverter output CA arm line 0.01
voltage (VO-CA)

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

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

13 Grid-connected CA arm line 0.01
voltage (VS-CA)
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Introduction

The Description on Chapters

See the chaper arrangements as follows

Introduction

Experiment 1
Three-phase
SVPWM inverter

Experiment 2
Three-phase
individual inverter

Experiment 3
Three-phase grid-
connected inverter

Experiment 4
Single-phase three-
arm rectifier
inverter

Briefly describes the experimental method,
experimental items and circuit setup of the
teaching aid. It also explains the contents of each
chapter.

Learns the theories of three-phase SPWM and
Space Vector PWM, the measuring method of
voltage and current for open-loop of three-phase
inverter module, the pin layout of TI F28335 DSP
IC, the setting for PWM and A/D module of
DSP and the method of monitoring DSP internal
signal by RS232.

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

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

It is available to be used for single-phase on-line
UPS due to the circuit with 3-arm. This
experiment helps you learn the working mode of
UPS, controller design of current loop and
voltage loop for Rectifier and Inverter, the
hardware layout and the SimCoder
programming, etc.



GUYINSTEK PEK -130 User Manual

Experiment 1 - Three
Phase SVPWM 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 Three-phase SPWM

The principle of sinusoidal pulse width modulation (SPWM) is to
compare the three-phase sinusoidal voltage command by controller
with 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:

A

m. = VcoAﬂtroI (11)

Y

tri

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

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

m, = TS 1.2)
I

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

L
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Figure 1.1
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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 Vanis illustrated below:

(\7AN )1 =m, \% 1.3)

Basic waveform line subtracts line voltage scale (RMS):

VLLl f
(line —line, rms)~ v/2 (Vau):
e (1.4)
m,Vy
Ta2
=0.612m)V, (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 basic 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 Sy, S3, Sslocated in the upper arm and
S, S4, Selocated 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 called “deadband”.

The switch conduction state for each arm of a, b, ¢ phase is defined
here. When a =1, the upper arm is 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 results (DC voltage - 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 s, s s,
Architecture of w{:} wg} C‘dg} == :

typical three- | % nw»_w_e@_

i ‘:
Phase power Vol v i 5 v,
inverter - T e

LT

Table 1.1 Voitage |_Swliching Vectors | Line to neutral voltage | Line to line voltage
Changed state of |vectors [ 0 | o | ¢ | v, | vio | v, | v | v v,
three-phase vw | o o] o 0 0 0 o | o | o
|nverter Vy 1 0 0 23 -1/3 =173 1 0 -1
v [ 11 o] wm |[m]aa] o | 1|
v o 1o m|[a| ]| 1]o
Vy 0 1 1 2/3 13 13 -1 0 1
vi [ o o 1t | [m| 23] 0 | a4 | 1
o |1 ]o | 1| wm e wm] 1| a0
v | 1| 1| 0 0 0 o | o | o

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 to af flat

surface and the relation of conversion is as the following:

1)y

{Va}_g 2 2|,

V,| 3 b

s 0 ﬁ _N3 V,
2 2

14
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Table 1.2 Switch vV, 7
change state ”0 0 0
7 _\i \ﬁ
’ 3 3
- 2V,
, _ SDC 0
\74 2\;’DC 0
- V V
v Yoc _Yoc
5 3 \/§
- V Vv
v Yoc Yoc
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 (\/*1 , \72, \73, \74’

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

1.4 shown, we can divide voltage space surface, via the 6 effective
voltage vectors, into 6 zones where the a axis and p axis of afp
surface are relative to the horizontal axis and vertical axis of AC
motor, respectively. \/ - indicates reference voltage vector of

output.

15
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Figure 1.4 Basic
vector space

r1
YL
2/3.0) d axis
(-113,-1:3) V. v, (13, -1/3)
(001) (101)

Any size of reference voltage \/ _ for output can be displayed by

any 2 vectors of the 6 effective voltage 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 coordinates into the ap static
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:

f, f, (1.5)
f, (=[] f,
f f

Where fa\ fﬂ‘ f0 indicate the variable quantity of voltage and current under the af

axis, whilst f,» f, f, indicate the variable quantity of voltage and current under
the abc axis

P
2 2
[T]:g 0 ﬁ _ﬁ
3 2 2
11
2 2 2

is coordinate axis matrix

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

f, f, (1.6)

f,|=[T]"] f,

f f

c o

Where:

- e

1=

N\IHN\H"‘
.
|G lae

is coordinate axis matrix

The above is the relation between three-phase 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 \F 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, zero-sequence symmetrical component

f = % (146,41 a0 be simply ignored. The figure 1.6 indicates the

waveform of abc static coordinate axis converted to af static
coordinate axis via PSIM simulation.

Figure 1.5 L

Static coordinate
axis

17
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Figure 1.6 i
Waveform of ;
PSIM simulated s
static coordinate
axis conversion s

°

F
] — T s Aa—

15

0 0.01 0.02 0.03
Time (s)

(2) Synchronized rotational coordinate axis conversion

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

we further convert gf static coordinate axis to DQ synchronized

rotational coordinate axis system, which can be called Park
conversion. If three-phase system is balanced, zero-axis
symmetrical component can be ignored and both DQ axis and af
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 w,, and therefore the coordinate conversion formula
can be acquired as following:

el -

[]_ cos@,) sin(8,)
7[—sin(¢9€) cos(@e)}

Where:

By contrast, if DQ axis of rotational coordinate system is converted
to ap coordinate system, we call it reverse Park conversion with

the affiliated conversion formula shown below:
fs o fa (1.8)
e

18
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Where:

1| cos(6,) —sin(d,)
o] _Lin(ee) cos(@e)}

g, is included angle, which can be displayed o - jwe dt+6,(0)
0

Figure 1.7
Synchronized
rotational
coordinate axis ¢

(3) Arbitrary rotational coordinate axis conversion

From the above 2 sections, 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:
fq f. (1.9)
f, [=[R] f,

f f

0 c

Where:

cos(@,) cos(, —2?”) cos(@, + 2?”)

2z

[R]:% —sin(6,) —sin(&e—%[) ~sin(0, + )
1 1 1
2 2 2

By contrast, to convert rotational coordinate system DQ axis to f

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

f, fy (1.10)
f, |=[R] f,
f f

C 0

Where:

19
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cos(@,) —sin(é,) 1
[R]* = cos(ee—%”) —sin(ee—%”) 1

cos(@, +2§) —sin(é, +2?”) 1

If it is a three-phase balance system, the zero-phase symmetrical
component ; _1 (f +1 +1) can be simply ignored.
o~ 3 a b c

Figure 1.8
Arbitrary
rotational
coordinate axis

F|gu re ] 9 Three-phase reference frame  Two-phase reference frame Rotating reference frame
. . Iq
Diversified \
\
. . I
coordinate axis N v
\ -
o4
o 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 (Vi ~ Ve ~ V), it is required to utilize the following
conversion of line-abc to phase-abc to acquire the virtual-phase
voltage (Van, Vien and Ven:

Van 10-1 Vab

1.11
Von o1 oo Ve (1.11)
Vcn 0 -1 1 Vca

1.4 Zero Sequence Injection SVPWM

In general, Space Vector PWM is used for switch control 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 o point is
illustrated as follows:

Vao =Van +Vio (1.12)
Vo =Von +Vno (1.13)
Vab =Van —Vbn (1.14)

The (1.14) clearly indicates that V,, within line 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:

Va oy, Vo (1.15)
2 2
Therefore
T Vo Vo <-4 (1.16)
The range of V,, voltage can be acquired from the (1.16) as follows:
Vo —Van Vo < Vg ~Van (1.17)
2 2
When considering the voltage range of V., it turns out:
ﬁ_\/min <Vho SVfd_vmax (1.18)
2 2
Where
Vmax = Max(Van :Von,Ven) (1.19)
Vimax = MaxX(Van :VonVen) (1.20)

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

21
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1
Vho :—E(Vmax +Vimin) (1.21)

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 ’=
Veoni =Veoni —E(Vcon,max +Veon,nin) (i=A, B, C) (1.22)

Where V.uiis the control voltage acquired by the calculation from
the original control circuit, whilst v, is the control voltage after
mean zero sequence injection.

22
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Figure 1.10

Architecture
diagram of

three-phase
inverter

Figure 1.11 Veona( % i1 »)
Mean zero value
zero sequence
injection PWM

VeonaliZ- )
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Circuit Simulation

Inverter DC Voltage V4 =100V

Specification AC Voltage Vit = 50Vsms
Fs =18kHz » Vi =10Vyp (PWM)
C4q=330uF > L=1mH » C =10uF
Ks=0.3 (current sensing factor)
K, =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:

T A & (x1x2)3
bboa i
10 (J? - v C;;EE
18k '. — | l
[_]'5 | 1 La @f(?lb t.j ; (-x2)/3

2N

s
2
{0

%2*3.1415

Figure 1.12 Inverter SPWM and axis conversion simulation

24
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Figure 1.13 Inverter SPWM and simulating result of axis conversion

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.

@I‘u )j ,28.9°28.9/100

lu0 239 28.9/100

Jvm@l”) I t @) @J 2\_9 28.9/50
_w J

J%}S ;/\“"5 j ‘ T. .:75%‘Alﬂ
Lol -6 et
) IwO
7 50 e
% o -y

T1T2  T3T4  T5T6 o_uy
L oo
e o

Figure 1.14 Main circuit and sensing circuit of inverter

(2) DSP hardware setup

As the figure 1.15 displayed, select TI F28335 Target followed by
setting its pin use of GPIO. This module will utilize 3 groups of
PWM & RS232 communication 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 1.15 TI F28335 Target hardware setup

27
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(3) A/D Converter 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:

(@)
b A/D Conventer x

( ) Parameters | Oher Info | Color |

A/D converter (T1F28335) Help.
Dsplay Ouspiary (Oespia

Hame TI_ADCL || chasmode [ =] 2l | chEvode [ o L}
ADC Mode Contrus 2] =) | chascan 0 = | cheacan e ra
Ch A Mode: A =] ™ =1 | a5 Mede [ac =] ™ 2l | chB4Mode [« =ra
Ch AD Gan 10 =l | chasGan 10 =] | che4gsn [ raz
Ch Al Mode m =] 2l | chazmode [ac =] =i | chesMode [ac =z
Ch A1Gan 10 I =l | cha76an 10 ™ =l | chescan [0 =
Ch A2 Mode aC ] I =l | chBoMode ac =] I 2] | chBsMode e =ra
ch AZGan 10 I =l | cheocsn 10 I =l | chescan e =
Ch A3Mode A =] 21| chBiMode [ac =] =i | che7Mode [« =ra
chA3Gan 10 21| eneran [ia || chezcan [0 rz
Ch A4 Mode [ =] I =1 | chBzmode [ac =z
Ch A4 Gan 10 Izl | chB2Gan 1o r=

Figure 1.16 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 module, 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 3
MAX
Vcona_lnCI - I
VconbilnCI :
. MIN
Vconc in 1
v . +Z @/070‘28 3-ph P m
cona_in E up
in E i N . s
N B L —ER
conb_in e
e

()
=l
Veonc_in(] N
.

(b) 3-phase PWM X
Parameters | Other Info | Color |
3-phase PWM generator (TT F28335) Help
Display Display
Name TI_PWM3PH1 r Use Trip-Zone 5 Disable Trip-Zone 5 - " =

PWM Source 3phasePWM 123 v | =l | UseTrip-Zone 6 Disable Trip-Zone 6 | I =]

Dead Time 1us [~ =| || Trip Action W =l
PWM Frequency [Bc T x| Peak-to-Peak Value [o =z
PWMFreq. ScaingFactor [1 | [ =] || Offsetvalue 5 r =z
Carrier Wave Type ’W ™ =l || Initial Input Value u 0 =l
Trigger ADC W I~ = || nitial Input value v Ii r =
ADC Trigger Position ,07 I~ =l | mitial Input Value w r =
Use Trip-Zone 1 W [~ =1 || startPwWM at Beginning Start | =
Use Trip-Zone 2 [Disable Trip-zone 2 ¥ I =J
Use Trip-Zone 3 ,W =l
Use Trip-Zone 4 W =l
(b)

Figure 1.17 PWM program setting: (a) zero sequence mean zero injection

PWM (b) PWM module setting

29



GUYINSTEK PEK -130 User Manual

(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 I/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 storage of
debug and bulffer, etc.

(a) svo_wu (] PSM_Vo_ca lod PSM_lod
sVo_vw (] PSM_Vo_bc IOdC PSM_lode
svo_uv (] PSM_Vo_ab log PSM_log

FZ8335

loge PSM_loge

Voq PSM_Vo
_Vog

- Fzi

siLy =T psm i b Voae = =] poy yoqe

sil_w =T pgy 11_c Vod

sto_w CH{=F psu 1o ¢ Vode (==

fmm PSM_Vodc

sIL_u (1

S psM_IL_a

37
Ci

PSM_Vod

slo_v (1 3; PSM lo b -
z i Voabv__—{ =] 1 Voab_rms
slo_u ] PSM_lo_a
b 0 oz o s
Vabe: Loz Vobc_rms
Veond__ 1 2 | F PSM_Vcona Vocay—12= Voca_rms
Veont—1 =] = PSM_Vconb

=

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 (GPIO62, 63) | =l
Speed (bps) ’m |
Parity Check None o LI |
Output Buffer Size [900 Tz

Figure 1.18 Communication program: (a) target signal (b) SCI module
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 simulation. 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
SVPWM is displayed as the figure 1.22.

Figure 1.19 Inverter SVPWM simulating circuit constructed by SimCoder

100

: AN

-100

AN

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

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

Figure 1.22 Simulating result of SPWM 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 simulating 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 constructed
by SimCoder

| AR
O i

rrrrrr

Figure 1.24 Zero sequence injection PWM simulating result constructed
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 result among SPWM, zero sequence
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 (with GDS-2204E, PSW160-7.2 and 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.

PSW 160-7.2

Driver

k Power
P il
Auxiliary
Power
PEK-005A GPL-300A

=
I}

Figure 1.27 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 1.28 shown, which means the DSP power is steadily
normal.

Figure 1.28 DSP normal status with light on
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Refer to the appendix B for burning procedure to burn the PEK-
130_Lab1l_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 to Vo-AB, Vo-BC and Vo-CA,
respectively, as the figure 1.29 shown.

Figure 1.29 Oscilloscope test leads wiring

Set voltage 100V and current 3A for PSW 160-7.2. 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 1.30 shown.

Passive Load
MAX. 300W

Figure 1.30 The settings of PSW 160-7.2 & GPL-300A

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

GRINSTEK ] it
-
@ s |
s ® = oany V[ Sem @ B ﬁl
‘ s

(@) (b)

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

From the above no load test, when load-on outout for measurement,
the set output of PSW 160-7.2 remains unchanged. Sets the 1TS, 2TS
and 3TS of 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) represents the result of RS232 sending back to PC when full
load.
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Figure 1.32

The full load
setting of GPL-
300A

GRINSTEK. [

/ l .\ / " \‘ 4\’ .

A

= EEBNEED
|V JVV VIV \v(\

@ )

[s C jl—— ]

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

When measuring current, place test leads on Test Pin Io-A, lo-B and
Io-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.

GuinsTEx | Savaavavavavaes|
™ /.‘
= IFAW AW AN
~ o ,(
o \
\ vV \/ \
" = 5
@ o | :
[¢ ® - [ Smlwk_[i ] .
(@)
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Figure 1.34(a) The current waveform when full load (b) The 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
PSW 160-7.2.

(2) Zero sequence injection PWM

Burn the program PEK-130_Lab1l_ZSVPWM_V11.0.3.psimsch into
DSP and repeat the above experiment steps. Figure 1.35 indicates
the signal diagrams of SPWM, zero sequence injection PWM and
mean value zero sequence sent back to PC. Figure 1.36(a)
represents the voltage wavoform when no load. Figure 3.36(b)
shows the result of R5232 sending back to PC when no load.

Figure 1.35

The signal =
diagrams of SWPM,
zero sequence
injection PWM and
mean value zero
sequence

el L

@b |

I &= e o v | ] |*F — E % = e -

(@) (b)
Figure 1.36 (a) The voltage waveform observed from Vo.ag, Vo-sc and Vo-
cawhen no load (b) The result of RS232 sending back to PC when no load
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From the above no load test, when load-on outout for measurement,
the set output of PSW 160-7.2 remains unchanged. Sets the 1TS, 2TS
and 3TS of 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) represents the result of RS5232 sending back
to PC when full load.

CTE

[ @ = o o @ s I

(2 | (b)
Figure 1.37 (a) The voltage waveform observed from Vo-AB, Vo-BC and
Vo-CAwhen full load (b) The result of RS$232 sending back to PC when
full load

When measuring current, place test leads on Test Pin Io-A, lo-B and
Io-C. The figure 1.38 (a) indicates the current waveform when full
load. The figure 1.38 (b) indicates the result of R5232 sending back
to PC when full load.

cuinsTeR \ = v S
- - ~ aVal N A\ ~ A\
Y ~|'.
D ¢
b " N/ \/
5
@ mamEs | :
@ = - “&J‘il ® i i g
(a) (b)

Figure 1.38 (a) The current waveform observed from lo-A, lo-B and lo-C
when full load (b) The result of RS232 sending back to PC
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Experiment 2 — Three

Phase Stand-alone Inverter

The purpose of experiment

Learns the modularization of three-phase inverter, the axis
conversion of abc-dq, 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 Three-phase 3-wire modularization and control method
model derivation

Three-phase 3-wire inverter circuit is illustrated as the figure 2.1 in
which n indicates 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:

di
L dc;A =Van —Van —VnN (2.1)
dlog
L=t = VBN ~Von —Vin (2.2)
dloc
L p =Ven —Ven —Vin (2.3)
dv
C d‘t"‘” =loa—I1A (2.4)
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)Y/
— =g -I1g (2.5)
dv
C dtm =1,.-1. (2.6)
Due to the 3-wire circuit that meets the following;:
|0A+IOB+IOC:O (27)
(2.7) can be acquired via (2.1)+(2.2)+(2.3):
Vi = (Van +VeN +Ven) — (Van +Von +Ven)
n 3 (2.8)
By substituting (2.8) into (2.1)~(2.3) we can acquire the follows:
_LdI_O/-\_ | 1 211
dt 2 21|V V.
|_d|_OB _21_1 1 _1 (VAN - Van )
at 3172 2 BN bn (2.9)
LdloC 11 1 Ven ] [Ven
dt | | 2 ]
] [ WVan |
Icapa d\d/t 1 0 0f loa 1 0 OfIa
- bn | _
_Icapc Cdvcn 0 0 1l 0 0 1|l¢c
dt |

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 three-phase compares control voltage of
phase-shift 120 degree (veona * Veons * Veonc) With triangular wave (v)
individually to further trigger the switch of three arms, of each
which output voltage can be indicated as the (2.11) below:

1 Veoni
Vin = (= + =90 (i=A, B, C
iN (2 o\ ) d( )

o 2.11)
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Where v;, symbolizes the amplitude of triangular wave; substitute
(2.11) into (2.9) to acquire (2.12) as follows:

LdIOA 1 211 21 _E_
dt 2 2V, 2 2|V,
digg | Vg | 1 il Nl I " e
L =>—1-5 1 =< {VeorB |~3| I =5 | Von )
dt | 3vy| 2 2|, 3| 2 2|,
Ldloc 11 1 |VeonC 11 1 |ven
dt 2 2 2 2

IoA —_—> a
| A
— T34 T54 Wﬁ
* B — b
p— A Fa'a'a
—Vq {0 B c L
|
[- T T2df %144 }Te-l N ¢
L
‘ N o = = L
[¢ ¢ c
Icapa l l l
Icapb ICaDC
n
ICIB IObIGE
Space Vector
PWM
7'y 7'y 7'y
S Vb Vie V.
chnA VchB VconC ab b Yea
dg-to-abc
transformation abc-to-dq
3 [y transformation
Vconq Vcond
Current | log oy Line abe
Controller | To
Y A
* x Phase_abc
qu log
Voa Vob V.
xox Voltage |, Vod Voq abc-to-dg oa Tob Yo
Vog:Vod —| < 1
Controller transformation

Figure 2.1 Three-phase 3-wire inverter

2.2Axis conversion

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 ¢, are static frame that can
indicate the components including phase volage and phase current
of three phase inverter, whilst o and g 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 phase. d, g and 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 gd two axes. The equation of three-phase abc static
coordinate axis and two-phase dgq0 synchronized rotational axis is
as the following:

cosé cos(G-Zﬂ) cos(¢9+2—7[)
fq 3 37T,
fq [==|sin® sin(e-zs”) sin(9+%”) i (2.13)
fo 1 1 1 L fe

| 2 2 2 ]

cos @ sing@ 1 I
f, |=| cos(6- :f) sin(6 - Sf[) 1| fq (2.14)
fe fo

cos(9+2§) sin(€+2§) 10

Where

=d (2.15)
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Three-phase reference frame  Two-phase reference frame Rotating reference frame

3%
\

Figure 2.2 Diversified coordinate axes

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

10 0fVeong ] [L00]Veg] [0 @b 07 log

=V—d 010|Veonqg |-|010|Voq |-|-wL 0 0Of1 (2.16)
M0 0 1] Veono| [001]Veo] [0 0 0],
100f(1 100(1 0 aC 0Vy
od od 0 (2.17)

=|0 10 log|-|010]log|-|-aC 0 0V,
001floo] [001]leo] [0 0 0]vy,

Where V.ui(i=d, q) is control voltage of dg axis PWM and Vi, is the
amplitude of PWM triangular wave.

Before conducting the previous abc-dg axis conversion, it is required
to, due to the line voltage (Va, Vi, Viu) detected by three-phase 3-
wire circuit voltage sensing circuit, utilize the conversion of Line-
abc to Phase-abc to acquire the virtual phase voltage, Vin, Vi, and Ve,
within (2.12).
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Van 1 101 Vab
Vbn = —1 1 O VbC (2.18)
Ven 0 -1 1|V

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 4 and g axes
cause pertube to each other. Therefore, the feedforward control
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 current error
amplifier Grcan 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:

. kpwmkskl

I.

i ¢, KpwmKski s+u, (2.19)
L
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The urhere indicates bandwidth of current loop:

k K.k
wmhsil
uy =—>ms = (2.20)
L
fq V;d
wl 1 Vo @hlog
I(pwmks K pum Ky | |
Vi |+ Vit - 'l
x + V, V, + + 1
lgg —> —> L N + cond, kpwm O O ST > g

K. |«
Lo 7
(a)
il;d Veq
oL 1 ch wLIOd

Vi |- Vit A M
.* + Vfb + Veon + + 1
o —rg—{Gf u e Fipnalt

Power circuit

k <
L=s 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 “1” when analyzing voltage loop response.
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 (ves* and v,,*) multiplied by
oC and adds other axis current command to dissipate the
perturbation from capacitance current (@CV,s and @CVy,). 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 loop. In
order to acquire well voltage adjustment rate and the three-phase
voltage balance even under three-phase load unbalance, RMS value
has to be able to adjust dynamically for each line voltage,
respectively. The voltage RSM controller, which is provided by this
thesis as the figure 2.5 shown, calculates RSM value of 3 line
voltages individually followed by the comparison with RMS
command v.,* and, via G, adjustment, the generation of an
amplitude modified signal (Au1 Amz, Aws), which is used to modify
the amplitude command A, of the original line voltage. The final
line voltage amplitude commands A, Anve and Asca, ere, Will be
multiplied by the three-phase sinusoid sin(ot+n/6), sin(ot-n/2) and
sin(wt+57/6), which is relative to virtual phase voltage phase shift by 30
degrees, to acquire the transient voltage command of three-phase line
voltage. Eventually, the final voltage loop command v.s* and v,,* can be
obtained via Line-abc to Phase-abc conversion and abc-dq axis conversion.

a)Cv;q
ILd
1 | L ks ¢ @CVq
ke | /0L
Vg +

5
+

|
d
LCurrentloop L l
+ « A od
i+ i i + + Ve
LR (g R R
s
Power Circuit

\ @‘ Ay
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K, |« @CV,q
; |
Current loop +l
io i it + V,
D T R

Power Circuit

@‘ Hy
(b)
G H,
GV
\ uV
AN
N
(c)

Figure 2.4 Voltage control loop of inverter: (a)d axis, (b)q axis, (c)voltage
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RMS Controller

Ao Sin(wt+n/6)
|

Vab

RMS Controller

Sin(wt-n/2)

AmO
|

L

Vbe

Ano Sin(wt+57/6)
|

*
Voca

Vea

l Voab

<

Line-abc
To
Phase-abc
Transformation

Voc

abc-dq

"| Transformation

*

> Voq

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 ¢ Ra/Rp/Rc =20 ohms » out-of-balance load
Specification Ra/Rp/R.=20/10/10 ohms

o DC Voltage V4=100V » AC Voltage VL =
50Vrms

« F,=18kHz » Vi =10Vpp (PWM) » C4 =
330uF > L =1mH > C = 10uF

e Ks=0.3 (current sensing factor)
o K, =0.01 (AC voltage sensing factor)

o K, =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 Ra/Rp/Re =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 and 2.11 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 Three-phase inverter stand-alone simulating circuit

02 lob
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Figure 2.7 The simulating result of voltage output and current output
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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Figure 2.9 Three-phase inverter stand-alone out-of-balance load
simulating circuit
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Time (s)

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

Time ()

Figure 2.11 The simulating result of voltage output and current output
under out-of-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 the figure 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.
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= B o ey ==t
P =2 — o EEERE=
- = B_ Clewee ITUoo=Fo™ = X5 -
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N R =R == EF:f‘
B R o
Py R anen
n b e Ty T
b bz & e o0
* =F P
e O e e — ., am,
e s Py - e
= P ‘g []
= B
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Figure 2.12 The three-phase inverter stand-alone simulating circuit built
by SimCoder
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Figure 2.13 The simulating result of three-phase inverter stand-alone
built by SimCoder

od lode

PSM_Vod  PSM_Vodc S PSM_Voge

Vosb rms  Vobc_ms

Time (s)

Figure 2.14 The simulating result of D axis and Q axis of three-phase
inverter stand-alone built by SimCoder
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Figure 2.15 The out-of-balance load simulating circuit of three-phase
inverter stand-alone built by SimCoder
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PSM_loa PSM_lob

0.325 035 0375

Time (s)

Figure 2.16 The simulating result of voltage output, current output and
Veon under out-of-balance load

PSM_Vod  PSM_Vodc

Voab s Vobc_ms

0325 035 0375 04 0425
Time (s)

Figure 2.17 The simulating result of D axis and Q axis of RMS value,
voltage and current under out-of-balance load

59



GUYINSTEK PEK -130 User Manual

Experiment Devices
The required devices for experiemt are as follows:
PEK-130 *1
PEK-005A *1
PEK-006 * 1
PTS 3000 * 1 (with GDS-2204E, PSW160-7.2 and 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.

PSW 160-7.2

Driver

e Power
Mﬁ Augxiliary

Power -
PEK-005A GPL-300A

Three =

Phase 111 (@] L0 (@)
AC - -E

Load  ——

J5

s
Iy]

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_V11.0.3 program into DSP followed by referring to the
appendix C for RS232 connection to proceed to connection.

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

Set voltage 100V and current 3A for PSW 160-7.2. 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

p—

Figure 2.21 The settings of PSW 160-7.2 & GPL-300A

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

(1) Three phase inverter stand-alone linear balanced load

The figure 2.22 indicates the voltage waveform when no load

Figure 2.22 cuinsTeK I sevavavavavavavs B " i edias

The voltage
waveform when 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 160-7.2 remains unchanged. Sets the 1TS and
3TS of 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) represents the result of RS232 sending back to PC when half
load.
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Multi-Function Passive  Load

Figure 2.23 —— i
oad oft Resistance Load

GPL-300A half -

load setting
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f g i

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

When measuring output current, place test leads on Test Pin lo-A,
Io-B and Io-C. The figure 2.25 (a) indicates the current waveform
when half load. The figure 2.25 (b) indicates the result of R5232
sending back to PC when half load.

cuinsTek e ]
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(2) (b)
Figure 2.25(a) The output current waveform when half load (b) The 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 indicates the dq 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 three-phase
line voltage RMS value.

Figure 2.26

I N |
dq axis voltage =]
qax g 0
tracking
Snap-shot
Selected
Update Al
Figure 2.27 —
& L] e |
dq axis current ﬁj i e —
tracking
Snap-shat
Selected
PSM_Tod A et S oo
PSM_lodc
PSM_log
PSM_loge
Update All
==
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Three-phase line ﬁj i
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After the experiment, turn off PEK-130 by pressing the power

button.

(2) Three-phase inverter stand-alone linear out-of-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./Ry/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

GPL-300A out-of- i o o Resistance Load

balance load »; v

c_*
x s

setting

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

When testing output current, place test leads on Test Pin Io-A, Io-B,
Io-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 R5232 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 — .

dq axis voltage ~—— B

tracking when

out-of-balance E

load Selected

Figure 2.34

dq axis current

trackingwhen

out-ofbalance Tt | ] AN

I oa d Selected f\\ /’me\\
o]
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Figure 2.35

Three-phase line
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value (20V/div)

Figure 2.36
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switch control
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® Snap-shot
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After experiment, turn off the power button of PEK-130 followed
by turning off both PSW 160-7.2 and lastly GPL-300A.
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Experiment 3 — Three

Phase Grid-Connected
Inverter

The purpose of experiment

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
I4is 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 . THGTHGTHG
architecture of I (DV” - a 5 —= n
three-phase grid- ¢
- T24[ =T44 T64
connected N
inverter -

Ang abc-to-dq

transformation

dg-to-abc
transformation
\ V,

conq cond

Current | leq log
Controller
Ti;q T i;u Va Vﬁ
Ang
\oltage -
Vy —» — l—
d Controller
v 1

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 abc-dq axis
conversion, to simplify controller design. The current controller of
inverter under dq axis is shown as the figure 3.2 in which both
currents of d and q will cause perturbation on current of the other
axis. Therefore, the perturbation is exempted via feedforward
control signal v in the figure 3.2. The other feedforward signal vy,
on the other hand, is used to eliminate the perturbation from the
phase output voltage to current loop. k, and k; are the sensing gain
of voltage and current, respectively. The current error amplifier G;
can be designed by P and PI or the secondary error amplifier; when
adopting P control (Gi=k:), current loop response can be acquired as
follows via current feedback loop:
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x kpwmkskl
loi _ L _ U

- li = d! q
i KowmKski  s+u 3.1)
oi gy pwm~shl I
The urhere indicates bandwidth of current loop:
K pwmKsk
uy = %51 (3.2)

It can be designed by the gain k; of current error amplifier.

*

'Iq Vg
ol 1 Ve oLl 0q
k pwmks K pum Ky | |
Vi |+ Vit - - l
+

* + Vip + Veon + 1
g g0 o [ T

Power circuit

log

k. |<
[ s 7
(a)
lgd V:q
ol 1 ch wLIOd

Vi |- Vit - +l I
-* + Vip + Veon + +
g —>g—{ G} | [ 53— T

Power circuit

k <
L2 |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 infusing 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 I;charging to DC
capacitance.
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Transient power of AC side can be shown as the following;:

Pe=V, 1, +V,l, =V,

s(py Sinat - Imsin at +V,

() COS at - Imcos et (3.3)

Where V) is the peak voltage of dg axis, and I, is the peak current
of dq axis. The equation above can be, via trigonometric function,
simplified to the follows:

P =V I (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 Pyc:

P.=P, (3.5)
Also, the power of DC side can be shown as follows:
Pdc :Vd Id (3.6)
Therefore
Vil =Vl (3.7)
Vs( )Im
Id = \;T chlm (38)
~ ~ 1
Vo=l g (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 K Vi

I, sC,

(3.10)

=l sin ot

&)
Y
J1
< +
Il
<

Inverter

- oﬁ}l cos wt

IDdc P

ac
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+

T O,

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

DC voltage 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 k are the sensing gain of
voltage and current individually. The (3.11) below can be acquired
by merging sensing gain with (3.10):

H,.(s)= I(Vicdsc (3.17)
Figure 3.4 ( G, )
Voltage loop i I
N + € m 1
control block vy —> k(SS”) © kel % v,
diagram : H
Vy dc

L e [k, |

s+p L]

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, = KE+2) (3.12)
S
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The frequency response of (3.11) and (3.12) is shown as the figure
3.5. w. 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, Hucas -20db/ decade.
Based on the previous condition, zero point z and proportional gain
constant k are abel to be designed.
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Figure 3.5 =, G
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3.4 Phase-lock Loop Design

The figure 5.6 indicates the architecture of inverter phase-lock loop
which utilizes grid-connected voltage (Vsi, Vipana Vi) followed by
abc-of axis conversion to acquire the 2 signals Vsin(wt) and -
Vimcos(wt). The 2 signals will be multiplied by the latter
synchronized signals cos(w:t) and sin(wt) respectively to obtain the
following:

e =Vp{sin(at) cos(ajt) —cos(at) sin(ayt)} (3.13)

According to (3.13), if ® = w1, (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 Aw followed by
adding the orginal set frequency w,(=377) to acquire a frequency ,
which will obtain, after passing through integer, an angle singal

0. The 6 will pass through an interval limiter between

0~2n followed by checking the Sine table and Cosine table to
acquire cos(wit) and sin(wst) signals. The error e can be adjusted to
zero via proportional integral to achieve phase-lock; that is, © = 1.
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Range

. T Limiter Cos() J

sin(et)

-V,cos(amt)

Var ——»f abc-af

Vysin(wt)

Figure 3.6 Phase-lock 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 V=100V

AC Voltage Vir =50V ms

F;=18kHz, Vi = 10V,, (PWM Triangular Waveform Amplitude)
Ca =330uF (DC-Link Capacitor)

L=1mH

C=10uF

Ks=0.3 (current sensing factor)

K, =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 Stand-alone Inverter
clear;

clc;

PI=3.1416;

Vd=100;

VLL=50;

Vs =50/1.732;

Vsp =1.5* Vs *1.414;

L=0.6e-3;

C=660e-6;

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*PI*20

z =30

p=7.23e3*2*PI
tuv=1/z

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

Gvl = tf(numGv1, denGv);
Gvlr = freqresp(Gvl, uv);
K3r =1 /(abs(Hdcr) * abs(Gv1lr));
K3 =K3r/p

numGv = K3r * numGv1;
Gv = tf(numGv, 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

e
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én
<

Magnitude (dB)

H
e
T

-150
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@
|

Phase (deg)
> 3
3

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

Figure 3.7 Voltage loop bode plot
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Circuit Simulation

Inverter « DC Voltage V4 =100V
Specification
e AC Voltage ViL =50Vrms - Frequency 60Hz

e F.=18kHz > Vi = 10V, (PWM) > Cy =
330uF > L =1mH > C = 10uF

e Ks=0.3 (current sensing factor) »
o K, =0.01 (AC voltage sensing factor)

o K,=0.02 (DC voltage sensing factor)
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PSIM Simulation

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

5
S
Vwﬁpﬂurq%fﬂ,ﬂ"ﬁ § b
250M10D ™ e .’3’37“5 ;mu "’"’" ::DD;Q’%“, -
8| | e P
g 2N
wTL

== q}mj:&_ G .41_"],"'“—“%"’? =} (%m..
?mﬁ_ 1_7:@:ﬁn“ﬁﬂw:;};;q,uuun L
. Ty e,
- " o
i e e
£ iy

Figure 3.8 Three-phase grid-connected simulating circuit
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Figure 3.9 Simulating result of three-phase grid-connected electricity
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SimCoder Program Layout & Circuit

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 3.10 Simulating circuit of three-phase grid-connected inverter
built by SimCoder
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Figure 3.11 Simulating result of three-phase grid-connected inverter built
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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 (with GDS-2204E, PSW160-7.2 and 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.

Three
Phase | [ =y =

AC mmmmmmmmmmme

J4

Source
PSW 160-7.2

APS-300

Driver
Three  mmsm

Power .
Phase i [‘j’ E!Eim

AC W gEE WEs

- e -

e o

PEK-005A GPL-300A

J5

=
I}

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 into DSP followed by referring to the
appendix C for RS232 connection to proceed to connection.

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

Set voltage 110V and current 1A for PSW 160-7.2. 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 PSW 160-7.2 & GPL-300A

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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Figure 3.16 The settings of APS-300

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

(T) 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
single phase -30.5W (minus “-” indicates power absorbing) and the
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 3.18 shown.

Figure 3.17 GUInsTEK C T 7 Jmes () [ el

Measurment
waveform of Vo-AB,
Vo-BC and Vo-CA

g~
/

N/

@ = v @ = 1

I'oms 95500

Figure 3.18 Power state of PSW and APS-300 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 = L MAX_300W__
The half_ |oad ':em: C‘)i\ m}h ﬁﬂcli'*! Lhﬂﬂ. . .QSSI ce Lo ‘

setting of GPL-300A ® 2 @ ©

PSW, APS-300 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 single phase 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 APS-300 when half load
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(3) Full Load (10 Ohm)
Sets 1TS, 2TS and 3TS ON as the figure 3.21 shown when full load.

. _— e
Flgu re 3.21 Muti-Function Passive Load

MAX_300W
m—

;T Rectifier Load on Resistance Load

The full load setting spin 4
of GPL-300A

il

On the condition of full load (250W) and 100W output power from
PSW, APS-300 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 total
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 APS-300 when full load

After experiment, turn off the power button of PEK-130 followed
by turning off both PSW and lastly GPL-300A.
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Experiment 4 — Single

Phase Three Arms Rectified
Inverter

The purpose of experiment

Owning to the equipped three arms, it can also be used for single-
phase on-line 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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REC-arm COM-arm INV-arm

Figure 4.1 Circuit architecture of single-phase three arms rectified inverter
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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:

L‘{;—: =V, —Vay —Vs (4.1)
L%C VAN VAR VA 4.2)
cd;io =l.—1, (4.3)

Each arm adopts PWM switch; control voltages (Vcona > UconB * Vconc)
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,, = (& 4 Yeniyyqg (i=4, B, O) (44)

tm

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

LdliA = Vid conA_VichonB _Vs (45)
dt  2v,, 2V,
dl V V
dt 2Vtm conC 2Vtm conB o
Therefore
_ Vs 4.7)
pwm 2Vtm
(4.5) and (4.6) can be restated as follows:
dl
LditA = kpwmvconA - kpwmvconB _Vs (48)
Lde _y k V, 4.9)
E - pwmvconC - pwmvconB ~—Vo

(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:

VconB == 2:0 (410)

pwm

Therefore, (4.8) and (4.9) can be restated as the following;:

LdliA =k wmVeona T Vfo _Vs (411)
d ° 2
Lde ey Vo (412)

E_ pwmVconC 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 (voc).

R (4.13)
conB 2k k

v pwm

Where k, and k; are voltage and current sensing proportions
respectively. The figure 4.2 refers to the control block diagram of
inverter current loop where electric circuit is drawn in accord with
(4.11) and ks indicates the current sensing proportion. The current
control loop utilizes both feedforward and feedback controls; the
feedforward signal vz utilizes the normal value (vs) of input
voltage and the load voltage command (v.), which is set by vcons, to
eliminate the perturbation of Vs and Vi/2 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 the figure 4.2, as follows:

I
) Zownfsfy kK kK
b L U ug = (4.14)
A kpwnLkskl S+ Ug

Where ur;is 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 (v4) and DC voltage command (va.) is adjusted via voltage
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controller G, to obtain a signal of amplitude im, which is multiplied
by an unit sinusoid sinot followed by reverse to obtain a current
command (iac) of A arm.

Vg

. in inc
vS sine-wave

generator sinot

Power circuit

K, Je
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 inverter 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 (l;) charging to DC capacitor as the figure
4.3 (a) shown. The input power of AC side is as follows:

V,

|
P.=V, S(‘;) ™ cos 2at (4.15)

ac s(p

Vil
)sina)t-lmsinwt:%—
:Ec+Pac2

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

P, =Py (4.16)
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):

V.l
75(';) MV, 1y (4.17)
Vel
L L (4.18)

d
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The voltage loop model can be acquired as follows by DC current
source I;charging to capacitor Ca:

Vo _Kae |\ _Vaw 4.19)
Iln SCqy © 2v,

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 G,is designed by the figure 4.4(a) where due to current
loop bandwidth is way wider than voltage loop bandwidth, the
current loop response of (4.14) can be simplified to be equal to 1.
Hence, the gain of current amplitude I, of i, to actual Iais reciprocal
of current sensing proportion ks, and the bode plot of voltage loop
H,.is 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 G, utilizing type Il compensator (PI +
Low-Pass) is displayed as the figure 4.4(b) where the zero crossing
frequency of loop response G,Ha. is generally placed in
20Hz(125.6rad/s).
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(a) ly Iy
+ l Ic +
I Va— ¢, Inverter Vs
P
(b)
+
~T™~ Vd CL Id
Cyq -

Figure 4.3 Rectifier under unit power factor (a) equivalent circuit (b) small
signal equivalent circuit of AC side

(@)

k(s+2) i
s(s+p)
G

Vg v

80

60

401
20+

0dB
ripple attenuation

Figure 4.4 Rectifier DC voltage control loop: (a) block diagram (b) bode
plot
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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 (v,%2) to eliminate perturbation of V,/2 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:

I(pwmkskl
Ao _ L ULy, = KpumsKy (4.20)
i*C s kpwmkskl S+U“ L
L

Where uyris equal to bandwidth of current 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 (v,) and voltage command (v,*)
is adjusted by voltage controller G, followed by obtaining a signal
vs, 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 (I1) to voltage
tracking response. The voltage command (v,%) is generated by an
amplitude signal (v,) multiplied by unit sinusoid sinot. In order to
have output voltage equipped with excellent voltage regulation
rate of RMS value, the amplitude signal (vm) is acquired via the
deviation of feedback signal (v:s) of voltage RMS value and RMS
value command (v;us) passing through a deviation modified signal
generated by PI-type deviation amplifier (Ga) followed by adding

the amplitude signal (V2vyms) 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 distortion with brilliant
voltage regulation rate.
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(a) v, 12
|
! V,/2
Kpwmbky |
. Vi +] * 1 Ic
Power circuit

(]
Figure 4.5 Inverter control loop block diagram: (a) current loop (b)
voltage loop

102



GYINSTEK Experiment 4 — Single Phase Three Arms Rectified Inverter

Circuit Simulation

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

e F.=18kHz > V= 10V, (PWM) > Cy =
330uF > L =1mH > C = 10uF

e Ks=0.3 (current sensing factor) -
« K, =0.01 (AC voltage sensing factor)

o K,=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

El!ﬁll .
:&}é*@rﬁ

- ; -
) ? i [ %l m{j@'—p—@rﬁ—l@— '
5 g foeme 1

T dSuioon !

Figure 4.6 Three arms single-phase rectifier — inverter simulating circuit
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120

008 01 012 0.14 0.16 0.18 02
Time (s)

Figure 4.7 Three arms single-phase rectifier — inverter simulating result
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SimCoder Program Layout & Circuit Simulation

The three arm single-phase rectifier - 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.

Figure 4.8 Three arms single-phase rectifier — inverter simulating circuit

E
a0 |

PSM_loaz

0 02 04 06
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Figure 4.9 Simulating result of three-arms single-phase rectifier — inverter
built 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

PTS 3000 * 1 (with GDS-2204E, APS-300 and GPL-300A)
PC*1

107



GUYINSTEK PEK -130 User Manual

Experiment Procedure

Due to the fact that the single phase input is utilized in three phase
inverter for this experiment, the single phase terminals of APS-300
and GPL-300A have to be modified as shown in the figure 4.10
followed by the wiring method shown in the figure 4.11.

(b)
Figure 4.10 (a) APS-300 modified terminal setting (b) GPL-300A modified
terminal setting

[ 'singte
Phase g mm mm
+“ AC B OSSN da

Source

J4

APS-300

Driver

o | Single e

[[_ Phase iii
/] AC B
Load

J5

Auxiliary
Power

=
I}

Figure 4.11 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 4.12 shown, which means the DSP power is steadily
normal.
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Figure 4.12 DSP normal status with light on

Refer to the appendix B for burning procedure to burn the PEK-
130_Lab5_V11.0.3 program into DSP followed by referring to the
appendix C for RS232 connection to proceed to connection.

Connect the test leads of oscilloscope to Vo-AB, Vo-BC and lo-A,
respectively, as the figure 4.13 shown.

Figure 4.13 Oscilloscope test leads wiring
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After powering on GPL-300A, set Resistance Load for Three Phase
Load and set ON for 1SS, further setting OFF for 2SS and 3SS. The
load is 42ohm then as the figure 4.14 shown.
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Figure 4.14 IVl T
& GYINSTEK cPL-z00A GPL-300A #1

The settings of
GPL-300A (420hm)

After powering on APS-300, set 60Hz for frequency and 1P2W for
mode and 40V for output voltage as the figure 4.15 shown.

Figure 4.15

The settings of APS-
300

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

(1) Three arm single phase rectifier — inverter linear load

The figure 4.16 indicates waveforms of output voltage current and
input voltage current. Due to the reversal between current direction
and current sensing, it is required to reverse current measuremt test
lead. The figure 4.17 has shown that yellow waveform
measurement is input voltage Vs-AB, and green is input current lo-
A (inverse), and pink is output current lo-C (inverse), and lastly
blue is output voltage Vo-BC.

Figure 4.16 GuinsTex ' 1| ® st

Waveforms of e N e SN e S
output voltage ™ e A
current and input
voltage current
(load 420hm)

‘ ) ! . \ 'M' IIM‘
8 = 2 J(__5ns . 68ds
CEEET T ]
Figure 4.17 GUINSTEK ' = ] (> s
Waveforms of iy, o\
output voltage PN # N\
€ By b Ry 7
current and input
voltage current after
inversion
¥
[E: g, P M“ r i i, "‘M‘
@r= 2 ) S @ 06865 )

R ]
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The test above is of load 42 ohms and switchable to 21 ohms as the
figure 4.18 shown where both 1SS and 2SS are set ON, whereas 355
is set OFF. The figure 4.19 indicates the waveforms of output
voltage current and input voltage current (load 21 ohm).
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Figu re 4.18 E_EﬁgrEk ' GPL-300A _ GPL-300A#1

Settings of GPL-
300A (21 ohm)

B8
m
2
-
5

Figure 4.19 GunsTEK LI | T
Waveforms of
output voltage
current and input
voltage current
(load 21 ohm)

LY
E ]
F 4 By

% “

@ 66 6673z

e

[ BIE7TR(E 1.460 [4] 1.570 ]

As the figure 4.20 displayed, 14 ohm is available for switch and 1SS,
255 as well as 35S are set ON. The figure 4.21 indicates waveforms
of output voltage current and input voltage current (load 14 ohm).
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TR

Flgu re 420 G! ll'ISI'EK" GPL-300A GPL-300A #1
Settings of GPL- "
300A (14 ohm)

Single Phase Load

@ cemE—— o
cEmmm— A =D &
L s
= == O
ere—— = EERIT O
« e ¢ D &
__:
E—--iil

Figure 4.21 pansTEC ' ] " o

Waveforms of ' ” /

output voltage o) / /

current and input
voltage current
(load 14 ohm)

VY Vv

@i— 20 i o0 )( Sms [ B.688s ) ‘ [

| WIS E 2.190 (4]

When sending waveform from R5232 back to PC side, in order to
simplify the process, the following waveforms observed on PC side
show the data with load 14 ohm only. The figure 4.22 indicates
input voltage V.., input current Isand DC voltage V.. The figure
4.23 shows output voltage Vou, output current I,and DC voltage
V.. The figure 4.24 demostrates the output current command
tracking of Ioc and Ioce. The figure 4.25 displays the input current
current command tracking of Ioa and loac. The figure 4.26 indicates
the output voltage command tracking of V, and V..
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Figure 4.22

The waveforms of
input voltage, input
current and DC
voltage sent from
RS232

Figure 4.23

The waveforms of
output voltage,
output current and
DC voltage sent
from RS232

Figure 4.24

The loc and locc
output current
command tracking
of control loop sent
from RS232
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Figure 4.25
The loa and loac P yﬁ —=1
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After the experiment, turn off the PEK-130 power button followed
by turning GPL-300A to OFF state and lastly turning off APS-300.

(2) Three-arms single-phase rectifier — inverter rectified load

Repeat the experiment steps in which adjust the GPL-300A setting
by setting Resistance Load and setting ON for 1SS, further setting
OFF for 255 and 3SS. The rectified load is 42ohm then as the figure
4.26 shown.
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i w GPL-300A SPL-300A #
Figure 4.27 GYINSTEK cr _GPL300A#1

The settings of ‘
GPL-300A rectified ‘
load with 420hm
setting

Figure 4.28 indicates the waveforms of output voltage current and
input voltage current with test load 42ohm.
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H GUINSTEK [ | W
Figure 4.28 \ = |
The waveforms of . fw [ A ,
output voltage AN S W S AN SN

current and input
voltage current of
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It is available to switch to 21ohm as the figure 4.29 shown where
1SS, 2SS are set ON and 3SS is set OFF instead with the load 12ohm.
The figure 4.30 indicates the waveforms of output voltage current
and input voltage current (load 21ohm).

. IV [ re—
Flgu re 4.29 GWINSTEK pgauaA GPL-300A #1

The setting of GPL-
300A rectified load
21ohm

119



GUYINSTEK PEK -130 User Manual

Figure 4.30 cumsTEK L ]
The waveforms of . '
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It is available to switch to 14ohm as the figure 4.31 shown where
1SS, 255 as well as 3SS are set ON with the load 14ohm. The figure
4.32 indicates the waveforms of output voltage current and input
voltage current (load 14ohm).

Figure 4.31 G_l-_lllT'ISI'EK GPL-300A GPL-300A %1

The setting of GPL-
300A rectified load
140hm
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Figure 4.32 suneTeK ! ] i
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voltage current

I\ \ \
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The result of waveforms observed in PC side sent from RS232. The
figure 4.33 indicates input voltage V.., input current I;and DC
voltage V4. The figure 4.34 indicates output voltage Vo, output
current I, and DC voltage Vq.. The figure 4.35 indicates both I and
Iocc output current command tracking. The figure 4.36 indicates
both Iyaand loac input current command tracking. The figure 4.37
indicates both V,and V. output voltage command tracking.
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Figure 4.33
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Figure 4.36

The loa and loac
input current
command tracking
of control loop sent
from RS232

Figure 4.37
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After completing the experiment, turn off the power key of PEK-

130 followed by setting GPL-300A to OFF state and then turning off
APS-300. Lastly, restore the output terminals of APS-300 and GPL-
300A back to the default settings as the figure 4.38 shown.
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Figure 4.37 (a) APS-300 default terminal setup (b) GPL-300A default
terminal setup
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Appendix A — PEK-130 Circuit

Diagram
Three Phase INVEITEr ...ocivviviiereeeeeeteeteeeeeee ettt ee e s reneen 126
F28335 Delfino control CARD ...t ereveserennns 133
Gate DIIVEr POWET .ocveuieiiicieieieeceeteteeeeetetee ettt e e sae e bennens 134
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Three Phase Inverter

Appendix A — PEK-130 Circuit Diagram
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Appendix B — C Code

Burning Procedure

This appendix takes “PEK-550_Lab1l_3P_SVPWM
_Inv(50Hz)_V11.1.5_V1.1” as an example for the
instruction. See the detailed steps below.

Operating 1. Open the digital circuit file “PEK-

steps 550_Lab1_3P_SVPWM_Inv(50Hz)_V11.1.5_V1.1
” within the PSIM program followed by
clicking “Generate Code” from “Simulate” tab.
The PSIM will generate C Code automatically
as shown below.

o

P _nus\m‘-i~sw.mﬁmﬁﬂﬁlxilﬁmw—&w
DEES TR suwer - =

BLRRRDBEO B o - AD Ks

@ =] =

wrmreRRBES WY e BB 20890 vr @RSRPBLRS CC
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0 e P N PP A

T e b Cutens wides b

REIT L] & K
11 This e b created by SimCoder Version 11.1.5.1 far F2833x Harware: Targec
i
11 SimCater is capyrighn by Poseersim nc., 20082018
11 Dte: Jasmnry 13, 2020 16:55.35

<math. b

e TS bies b

Fioas DmkauhTyme,
Fachne GerCurlimeD 15, GetSysTimer
Fachine PUMINCHECK |/ Ta bowes FWM value Scitiog time, comment out his line if PWM duty crele walues ase strscaly hamited in the ramge
terupt wesd Tashy,
o Tank 10,
conat Lint16 PSD_Cputlock = 150; {1 MHz
xreen Detru b
extern  DetaulType bivcomal

DefaultType  IChiVemnisl
exern  DetauType  Ghi¥enach
e DetaurType  fobismar,

P 3 P IRECT AP P 6 Pam b

Fafmn PSC SCIPAISE 0x1600600
Fachne PSCSCLRESTART 042000000

2. A folder of identical name with the PSIM circuit
file in which the required files for burning and
C Code are well saved will be generated in the
location of PSIM circuit file by system.

PEK-550_Lab1_3P_SVPWM_Inv(S0Hz)_V11.1.5 V1.1 (C cod c

PEK_Subcircuit SYPV/I Vil 20 PSIM Document 14K8

c 20 PSIM Document 171 K8

PEK-550_Sim1_3P_SVPWM _Inw(50Hz) V1115 V11 20 PSIM Document 105Ke

F21 28

2833x_Headers_nonBIOS 2 0. 9KB
28335_FLASH_Lnk 2 0. 7KB
28335_FLASH_RAM_Lnk 2 0. 6 KB
28335_RAM_Lnk 2 o V ws BT 4KB
asswords 2 o ASM Source File 4KB
PEK_550_Labl_3P_SVPWM Inv 50Hz_V1115V11 2 o C Source File 13 KB
EE| PEK_550_Labl_3P_SVPWM Inw 50Hz_V1115V11 2 0.. Altium Embedde.. SKE
PS_bios 2 0.. C/C++ HeaderFile 22KB
&-| PsBiosRamFa3xFloat 2 0.. Altium Library 631 KB
&:| PsBiosRomF33xFloat 2 0. Altium Library 636 KB
5| ts2800_fpu32_fast_supplement 2 0. Altium Library 17 KB

3. Open CCS and select “Project” tab followed by
clicking “Import Legacy CCSv3.3 Projects” as
the figure below.
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v+ workspace_v7 - CCS Edit -
File 1 Vi
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c ImportLaga:yCCSvE}.:i Projects. >

Add Files..

RTSC Tools »
@, ImportEnergia Sketch...
=, Import Energia Libraries

Q=

Properties

4. Go to “Select a project file” and click “Browser”
followed by searching the folder where C Code
is located and selecting the file with name
extension “.pjt” as the following figure shown.

Select Legacy CCS Project E%

Select a legacy CCS praject or a directory to search for projects.
-

Select a project file: DAPEK NEW PSIMVPEK-550_V11.1.5\P

) Select search-directory:

Discovere

cy projects |

u
O

Dese=mAl

©)

@ Copy projects into workspace
(©) Keep original location for each project

Create  subfolder for each Edlipse project (recommended)

< Back

Einish
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) & PX-SS0VILLS » PEX550_Lab1 V1115 + PEK-550Labl_3P EVPWM IS0z V1L L5 VL1 (€ care)

EAEE - EANER

¢ zERR 5 == - — =

& Onelre G PER_550.LabL30.SVPVIM I, 50Hs_VILA5.VAL ~P0L/13 T 0. Al Ermiméded Promt 5
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e
=T

aams

s
e Windows? 05 -

MRS PEK_S50.1ab3.I8_SVPVM o 500_VI115.V11

Select " Copy projects into workspace

“ followed by clicking “Next” and then
“Finish” to import C Code into CCS program.
See the figure below.

Select Legacy CCS Project @
Select a lagacy CCS praject or a directory ta search for projects / /
@ Select a project file: D:APEK NEW PSIMMPEK-550_V11.1.5\PEK l Browse... ;
()1 Select search-directory: ‘ Browse...
Discovered legacy projects
Select All
Deselect All

Bach projer

Create a subfolder for each Eclipse ct (recommended)

U

@ <tk ((ubemnn]) £ Conesl
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Select Compiler E%

Select a compiler version for each migrated project.

Device Fa..  Compiler Edit

Project
(I PEK 550 Labl 3P_SVPW.. =) C2000  1683LTS

©

News (| Fnish |} Cancel

Bl

@ < Back

7 Import Legacy CCS Projects EEl=

Select Compiler E :ﬁj%
A

Select s compiler version for each migrated project.

Project DeviceFa..  Compiler

Edit
TIPEK 550 Labl 3P SVPVW.. =) C2000  168.3LTS

Issues that may require your attention were encountered while migrafjng re
fetails.

A orcject(s. Please see the ‘projectlog’ file, in the raot of each project,

@ < Back ][ Next > ]| Finish |[ Cancel
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6. Select C Code file and choose “Properties” from
“Project” tab. The setting steps are as follows.

1) Select “TMS320F28335” of “2833X Delfino”
from Variant under Main tab.

2) Select “Texas Instruments XDS100v1 USB
Debug Probe” from Connection under
Main tab.

3) Select “none” from Linker command file
under Main tab.

4) Deselect “XDAIS” under Project tab.
(Ignore this step if your CCS version
doesn’t provide this option.

£ workspace_v7 - CCSIEQ
Fle Edit View Navigde

s iBRiR-ig
] Energia Sketch...

[ Preject Explorer 53 e F o
& PEK 550 Lab1 3P 29 case]
Build Project
) @AII Ctl+B

Configurations. >
Build Working Set v

Run  Scripts  Window Help
T New CCS Project

Clean
Build Automatically
Show Build Settings.
T Import CCS Projects.
Import Legacy CCSv3.3 Projects.
Add Files.
RTSC Tools +
@, Import Energia Sketch
=, Import Energia Libraries.

C/C++Index »
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Advanced Options -
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C2000 Hex Uity [Disa Verify | (applies to whole project)
Debug 7] Manage the project s target-configuration automatically
Advanced settings
Compiler version TIVI6S.3LTS vl Mo |
Output ype: Executabie
Output format: legacy COFF =

Device endianness

Qe=> > &= - —

B i ety o> ?

=] [Manage Canligurations_

D <
Inchude Options.
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Predefined Symbols e
Advanced Options = oo [(oadeant |

2000 Linker
€2000 Hex Uty [Dissbled) - il @
Debug zé’ 100

[ Select All

(@ Show advanced sevtings @ ‘

7. After the setting, click “Build” for compilation.
If no errors occur after compiling, the program
is eligible for burning. Simply ignore the
warnings, which have no impact on burning
process.
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¥+ workspare v -

fle Edit ew [igogate Poject Fun Senpts limdow Heip
e £ @i dp - A - .

{2 Project Explorer 1,

. 5q =8
2 pek 550, Jaﬁw Linv 30Hz_V115.V1

Connect PEK-006 to PC and PEK module

respectively followed by clicking “Debug” to

proceed to burning process.
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o OO

File Edit View Navigate Prg Run Scripts Window Help
L @i 8 %v‘m@‘cx‘-‘ Bite G

[ Project Explorer 52 BE% v=0O
> [£5 PEK 550 Labl 3P_SVPWNJ v 50Hz_V11 1 5 V1

@

9. After the burning process, click “Terminate”
and remove “PEK-006"to finish the entire
procedure.

'+ workspace_v7 - CCS Debug - Cade Composer

[ Fie edit View Project |s Run Scripts Window Help

T = N 777‘@:%&9'@ s

o [ Project Explorer &2

B
» & PEK 550 Lab: WPWM _Inv_5(

R HE

©

10. If it needs to delete file, select C Code file
followed by selecting “Delete” under “Edit” tab
and checking “Delete project contents on disk”.
Finally, click “OK” to complete the action.

Cirl+Z
Crrl+Y
E% v=0O

X b V111 5.VI1 [Active - 1 FlashRamRelease]

Ctrl+C
Ctrl+v

e!

(I Ctrl+A
Find/RepTaee Ctrl+F

@ Are you sure you want to remeve project

1_1' from the workspace?

@ Preview > OK. Cancel
¥ )
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Appendix C — RS232

[}
Connection
Operating 1. Connect PEK-005A to PEK module and make
steps sure DSP is working normally.

GYINSTEK
PEK - 550

2. Connect one end of RS232 cable to PC, and the
other end to the RS232 connector of PEK
module.
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3. Open Device Manger from PC and identify the
COM port number being utilized by RS232
cable.

S=ea =i
R ATw AN =EH)
G| m Hem| %

4 3% Tony-VPCSB19GW .
|9 tueooh=mE
3 E

i ERnES
¥ Bluetooth F=E (RFCOMM JHRREE TD)
% Bluetooth S8 (EAERER)
&} Intel(R) WiFi Link 1000 BGN W

@ Realtek PCle GBE Family Controller
=} WAN Miniport (KEv2)
= WAN Miniport (P)
% WAN Miniport (Pv6)
-8 WAN Miniport (L2TP)
% WAN Miniport (PPROE)

4. Open PSIM program and select “DSP
Oscilloscope” under “Utilities” tab.
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€5 psim
PO S| bR o B o I e R 2L

' File Edit View DesignSuites Subcircuit Eled

Parameter Toal

seript Tool

52z Converter
SPICE Netlist Check.
InstaSPIN Parameter Editor
SimCoupler Setup

rogram

DSP Oscilloscope

Device Database Editor
Curve Capture Tool

E-H Curve

Solar Madule (physical model)
Uttracapacitor Model Tool

&) Launch/Export to SmartCtrl

Unit Converter
Calculator

5. The Port settings are as follows.
1) Select the COM port being used by R5232.
2) Set 115200 for Baud rate.
3) Set None for Parity check.

DSP Osgl

Port seteng:
Seralport: |13 el et I

Baud rate: 115200 - I

Patychede [None <] N I
’Vﬁ Continuous  snap-shot

Al varizbles: Selected variables

>

]
=

Update All

g

|| change sadground | €

LJ
L]
£}

Sale

pause | o offset Level =
: L g [ —
tep oc| ac| G

Corect_| Dseovet |

6. After the settings, click "Connect" to proceed to
RS232 connection.
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Baud rate: 115200 R
party chec:  [None  v]

Update Al

@

‘| :“ Variable: = | var[ =] |
Color HH o - e |

P -
Scale

Comrect |)x (1) Pase_| e g, = | I —

x I Autoscale Delay =

_wb | oc| ac| e

7. Both the output and input variables schemed
within PSIM circuit can be clearly observed
when connection is properly established.

sewtpor [5 | e I
Baud rate: 115200 -
Parity check:  [None -]

Operation mode.
’7(-‘ Continuous " snap-shot
- Select output varisbles
Al variale Selected varizbles

Update AL
"T\mehase scale iag

<X S
PSH_Duty 0.6 e L
=] |veribie || var.[ =] |

< Color LOFE|
Change B d e
ange Background_ | S 5 H o T
Comect | Disconmect | pase | < offset | Level =
T Autoscale L

° Fa«a Tntegrity %0 Help o | ac| end|
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