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I ntroduction

As the figure 0.1 shown, PEK-540, the Power
Conditioning System Module, is based on both
the first-stage structure of Bi-directional DC-DC
Converter and the second-stage structure of
Three Phase Four Wire Inverter 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 Power
Conditioning
System
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Figure 0.2 Realization
& Simulation (1/2) » and Simulation (2/2) » Verification
H Power Converter Power Converter
The process in PSIM Circuit PSIM Circuit
details 1 1
Control Circuit TIDSP
With peiv | ™8| F2g33x F2803X
Transfer the control TargeF . Power Converter
circuit to be the digital | Control Circuit Real Circuit
control circuit
SimCoder
for auto code TI Code I
generation Composer
Program the TI
CCode | control fodeto | £pg3sy, F2803X
of the e 2P DSP-Based
Control Circuit Control Circuit

RS232 1

DSP Oscilloscope in PSIM
(Monitor of waveform in DSP)

Thre are 7 experiments can be fulfilled by PEK-540 as follows:

Interleaved Buck Converter
Interleaved Boost Converter

Bi-directional DC-DC Converter

NS s »N

Three Phase Four Wire Hybrid System

Three Phase Four Wire Boost Stand-alone Inverter
Three Phase Four Wire PV Grid-connected Inverter

Three Phase Four Wire Battery Energy Storage System

In addition to PEK-540, 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-5000

experiment platform as figure 0.5 shown is necessary for

completing the experiments.
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Figure 0.3

Aucxiliary power
module :

F”i

Figure 0.4

JTAG burning
module

EK@1POBA—-T R610
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Figure 0.5
Gu_J InerK PTS-5000 Power Electronics Training System

PTS-5000
experiment
platform

wlbd U ect e
P e —
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The DSP 1/ O pin configuration of PEK-510 is shown as the figure
0.6. Refer to the appendix A for the circuit diagrams of PEK-540,
which can be divided into power circuit, sensing circuit, drive
circuit and protection circuit. The sensing circuit is further divided
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.
Va Va ADC ADC ADC
(AC) (AC) (AC)
8 8 . . (A6) (AT) (BT)
e Voo Voo (GPIO4S) V1,V
ADC(AC) R,
2 DC inputs T - T 5A:) Ly 2
(can be paralleled) . oa ] VY
apceoy T FEL V) | T ! 1
@i (B0) - [TmH T ADCAC)
ADERAC) 470uFx2 1)
il B1) .
TT s60ull || * Va 100V ‘,rr ul(u()
4 + [\Ul
T I.D I“:: 4 4 ¢ Jrl IH It.r |
jmamai - - 4 14 Relay |
200uF
50~100V] 200uF 470uFx2 D
1750-100V : k= = —a0) {Ad (4('}
I (o b . B Y JA AL LAY L. (A (a9 (A AC 3P4W
! L 0 PWM PWM PWM PWM PWM - 50V,
1 2 oF 4 5
S, (GPIO  (GPIO (GPIO (GPIO  (GPIO
| L) 23 49 &7 89
i GPIO49 [ )
ADCIDC) - i bottom
¥ ,'B.J_. m+_. = Ve StartStop Load
f T 1,
hﬁ PWM
ADC(DC Be ”‘I‘—\ﬂ— v, CTLD
BY Aoons g\ G Protection
couwsss =7 Circuit
RS232 F28335
SCIC DSP
(GPIO 62,63)

Figure 0.6 1/O configuration
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Table 0.1 PEK-540 test point measurement ratio

Sensing item Sensing ratio

1 PV arm inductor current (IP) 0.4

2 Battery arm inductor current (IB) 0.4

3 PV arm input voltage (VP) 0.0196
4 Battery arm input voltage (VB) 0.0196
5 DC link voltage (VD) 0.0196
6 Neutral point ground voltage (Vd1) 0.0196
7 Inverter A phase output current (I0-A) |0.4768
8 Inverter B phase output current (10-B) |0.4768
9 Inverter C phase output current (10-C) |0.4768
10 Inverter A phase load current (IL-A) 0.4768
1 Inverter B phase load current (IL-B) 0.4768
12 Inverter C phase load current (IL-C) 0.4768
13 Inverter A phase output voltage (VO-A) |0.0498
14 Inverter B phase output voltage (VO-B) |0.0498
15 Inverter C phase output voltage (VO-C) |0.0498
16 Grid power A phase voltage (VS-A) 0.0498
17 Grid power B phase voltage (VS-B) 0.0498
18 Grid power C phase voltage (VS-C) 0.0498
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Table 0.2 PEK-540 DSP feedback ratio

Sensing item Sensing
ratio
1 PV arm inductor current (IP) 0.2410
2 Battery arm inductor current (IB) 0.2410
3 PV arm input voltage (VP) 0.0249
4 Battery arm input voltage (VB) 0.0249
3 DC link voltage (VDC) 0.0249
6 Neutral point ground voltage (Vd1) 0.0249
7 Inverter A phase output current (10-A) 0.2996
8 Inverter B phase output current (10-B) 0.2996
9 Inverter C phase output current (10-C) 0.2996
10 Inverter A phase load current (IL-A) 0.2996
11 Inverter B phase load current (IL-B) 0.2996
12 Inverter C phase load current (IL-C) 0.2996
13 Inverter A phase output voltage (VO-A) 0.0249
14 Inverter B phase output voltage (VO-B) 0.0249
15 Inverter C phase output voltage (VO-C) 0.0249
16 Grid power A phase voltage (VS-A) 0.0249
17 Grid power B phase voltage (VS-B) 0.0249
18 Grid power C phase voltage (VS-C) 0.0249
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The Description on Chapters

See the chapter arrangements as follows

Brief

Experiment 1
Interleaved Buck
Converter

Experiment 2
Interleaved Boost
Converter

Experiment 3 Bi-
directional DC-DC
Converter

Experiment 4 Three
phase Four Wire
Boost Stand-alone
Inverter

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

To get to know the main circuit of interleaved
buck converter, and learn the voltage and
current dual-loop control method. To realize the
DSP digital control circuit planning and learn
the method of digital control programming via
PEK-540 module. To well get familiar with the
experiment devices and software manipulation.

To get to know the main circuit of interleaved
boost converter, and learn the voltage and
current dual-loop control method. To realize the
DSP digital control circuit planning and learn
the method of digital control programming via
PEK-540 module.

To get to know the main circuit of bi-directional
DC-DC converter, and learn the control method.
To realize the DSP digital control circuit
planning and learn the method of digital control
programming via PEK-540 module.

To get to know the three phase four wire boost
stand-alone inverter integrated by the first-stage
boost converter with the three-phase inverter,
and learn the control method of inverter.

L
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Experiment 5 Three

To get to know the characteristics of PV module

phase Four Wire PV and diversified MPPT method, and learn the

Grid-connected
Inverter

Experiment 6 Three
phase Four Wire
Battery Energy
Storage System

Experiment 7 Three
phase Four Wire
Hybrid System

12

SimCoder code programming of Perturb and
Observe method. Also, to realize MPPT via the
PEK-540 boost converter, further fulfilling the
experiment of three phase PV grid-connected
inverter through integration with the second-
stage three phase grid-connected inverter.

To get to know the fundamental with structure
of three phase four wire battery energy storage
system, and synthesize the bi-directional DC-DC
converter with three phase inverter, further
proceeding to the code programming via
SimCoder, after well planning.

Synthesize the PV power system with the battery
energy storage system to form the hybrid micro-
grid system, further proceeding to the code
programming via SimCoder, after well mapping
out the PEK-540.
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Experiment 1 — Interleaved

Buck Converter

Circuit Simulation

The circuit parameters of converter are as follows:

Battery Voltage Vy =50V

DC BUS Voltage V4 =100V

Fs =40kHz > Vui=10Vp, (PWM)

Cp =200uF > L, = 661.5mH > Cpys = 470uF
Ks=0.24 (AC current sensing factor)

K, =1/40 (DC voltage sensing factor)
The analogue circuit diagram based on the parameters above is as
the following figure 1.1 shown:

13
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PSIM File: PEK-540_Sim1_ IL._Buck_V11.1.5_V1.1

Model Name PEK-540 fghy
Experimentatior Sim1 N
Description Interlevead Buck Converter

PSIM Varsion V115

Dale 2019/12/31

Version Vi1

W?T'mj [’;‘iw’u : 3 :

; 3 a'm@] g |

.f_JL;ﬁ;m tr L |
Y

6040 ;l‘
L lj A
&
1

Figure 1.1 Experiment 1 PSIM analogue circuit diagram

14
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The simulation result is shown within the figure 1.2 and 1.3:

o 0.004 0.008 0.012 0.016 0.02
Time (s)

Figure 1.2 Experiment 1 analogue circuit simulation waveforms

56.32
5376
512
48564
45.08
4352 |

001525 00153125 0.015375 00154375 0.0155 0.0155625 0.015625 0.0156875
Time (s)

Figure 1.3 Experiment 1 analogue circuit simulation waveforms

15
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The digital circuit diagram based on the analogue circuit is shown
as the figure 1.4:
PSIM File: PEK-540_Lab1_IL_Buck_V11.1.5_V1.1

16
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The simulation result is shown within the figure 1.5:

[ 001 0.02 0.03 0.04 0.05
Time (s)

Figure 1.5 Experiment 1 digital circuit simulation waveforms

After confirming simulation, the corresponding C Code will be
generated automatically via “Generate Code” of “Simulate”.

Experiment Devices

The required devices for experiment are as follows:
PEK-540 * 1

PEK-005A *1

PEK-006 * 1

* PTS-5000 * 1 (with GDS-2204E, PSW160-7.2, PEL-3031E)
« PC*1

17
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Experiment Procedure
1. The experiment wiring is shown as the figure 1.6. Please follow

it to complete wiring.

—

=5
rm.— H

J5

DC
Load

PEL-3031E

Figure 1.6 Experiment 1 wiring figure

2. After wiring, make sure the PEK-540 switch is OFF followed by
turning the PEK-005A switch ON. The DSP red indicator lights
on as the figure 1.7 shown, which means the DSP power is
steadily normal.

——— ) =

GYINSTEK
PEK -540

Power Conditioning System

Figure 1.7 DSP normal status with light on

18
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3. Refer to the appendix B for burning procedure.
4. Connect the test leads of oscilloscope to IP, IB and VB,
respectively, as the figure 1.8 shown.

Figure 1.8 Oscilloscope test leads wiring

5. Set voltage 100V and current 3A for PSW 160-7.2 as the figure 1.9
shown.

Figure 1.9 The settings of PSW 160-7.2
6. After powering on PEL-3031E, set CR Mode for Load mode with
Low in Range. Further set 262 for Channel_A and 13<2 for
Channel_B as the figure 1.10 shown.

19
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Figure 1.10 The settings of PEL-3031E load
7. After setting up and turning on PSW power and PEL-3031E load,
finally turn on the switch of PEK-540.

20
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The purpose of experiment

PEK-540 is the Bi-directional DC-DC Converter in terms of the first-
stage architecture. Within the Lab2 experiment, we will operate the
unit under boost mode to observe, with fluctuations of load
condition, if output voltage value is maintained within steady
output via closed-loop system.

The experiment result

Due to the fact that the direction of inductor current is defined as
positive under boost mode, the current displayed on oscilloscope
will be negative under buck mode.

Electronic Load 26Q

The figure 1.11 shows that electronic load is set 26Q. The figure 1.12
displays that IP output RMS current is 0.447A (1.1175A in actual
value), and 1B is 0.457A (1.1425A in actual value), and VB output
RMS voltage is 0.961V (49.03V in actual value).

Figure 1.11

Electronic load
26Q) setting

21
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Figure 1.12

Electronic load
269 measured
waveform

Electronic Load 13Q

The figure 1.13 shows that electronic load is set 13Q. The figure 1.14
displays that IP output RMS current is 0.827A (2.0675A in actual
value), and IB is 0.841A (2.1025A in actual value), and VB output
average RMS is 0.976V (49.795V in actual value).

Figure 1.13

Electronic load
13Q setting

22
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Figure 1.14

Electronic load
13Q measured
waveform

Per differed load operations, fill in the table 1.1 with the results in
order. Refer to the table 0.1 for the sensing ratio.

Table 1.1 Output voltage current measured data in varied load settings

IP(Arms) IP(Arms) IB(Arms) IB(Arms) VB(Vrms) VB(Vrms)
(Measured (Actual (Measured (Actual (Measured (Actual

value) value) value) value) value) value)
H(az";'g)ad 0.447A  1.1175A 0.457A  1.1425A 0961V 49.03V
F‘(‘1”3'3?d 0.827A  2.0675A 0.841A  2.1025A 0.976V  49.795V

The Conclusion

Based on the table 1.1, it is conceivable that output current, in the
closed-loop buck converter system with load fluctuations, will
increase in accord with load increment with maintaining output
voltage unchanged.

23
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Experiment 2 — Interleaved

Boost Converter

Circuit Simulation

The converter specification is as follows:

Battery Voltage Vi, = 50V

DC BUS Voltage V4 =100V

Fs=40kHz > Vi = 10Vpp (PWM)

Cp =200uF - Ly, = 661.5mH > Cpys = 470uF
Ks=0.24 (AC current sensing factor)

Ky =1/40 (DC voltage sensing factor)
The analogue circuit diagram based on the parameters above is as

the following figure 2.1 shown:
PSIM File: PEK-540_Sim2_ IL_ Boost_V11.1.5_V1.1

24
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Model Name PEK-540
Experimentation :  Sim2
Description Interlevead Boost Converter
PSIMVersion : V115
Date 201812731
Version ZE
Eva
xHl 4
oz @uunr T | 100°}00/150 | 100100150
o o 0 || T T2

Figure 2.1 Experiment 2 - PSIM analogue circuit diagram

25
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The simulation result is shown within the figure 2.2 and 2.3:

26

110
100 s L S
90 -
80
70
80
50—
40

025

-15

o 0.002 0.004 0.006 0.008 0.01 0.012 0.014 0.018 0018 0.02
Time (s)

Figure 2.2 Experiment 2 analogue circuit simulation waveforms

vd

110
100

80
70
60
50

Id1 Id2

0125
028
0375 |

-05
0625
075

0.008125 0.0081875 0.00825 0.0083125 0.008375 0.0084375 0.0085
Time (s)

Figure 2.3 Experiment 2 analogue circuit simulation waveforms
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The analogue circuit diagram based on the digital circuit is shown
as the figure 2.4:

PSIM File: PEK-540_Lab2_IL_Boost V11.1.5_V1.1

250W/40R

q H EEEEER NP !
svan el

ezt ERVeR2
o vy o Presee e EE
i T

ey s
] T e =
L
T e
fepc! T T
g i}
[

T G

Figure 2.4 Experiment 2 PSIM digital circuit diagram

The simulation result is shown within the figure 2.5:

vd

110
100 e -
%0

80 //
70 .

80 .

50 [———"

40

Id1 1d2

Time (s)
Figure 2.5 Experiment 2 digital circuit simulation waveforms

After confirming simulation, the corresponding C Code will be
generated automatically via “Generate Code” of “Simulate”.

27
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Experiment Devices

The required devices for experiment are as follows:

* PEK-540*1

* PEK-005A *1

* PEK-006*1

* PTS-5000 * 1 (with GDS-2204E, PSW160-7.2 and PEL-3031E)
e PC*1

28
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Experiment Procedure
1. The experiment wiring is shown as the figure 2.6. Please follow

it to complete wiring.

PSW 160-7.2

Driver
Power

Qe .., |

PEK-005A

DC Z’

J24

Load (—u S

PEL-3031E

Ter

Figure 2.6 Experiment 2 wiring figure
2. After wiring, make sure the PEK-540 switch is OFF followed by
turning the PEK-005A switch ON. The DSP red indicator lights
on as the figure 2.7 shown, which means the DSP power is
steadily normal.

GYINSTEK
PEK - 540

Power Conditioning System

Figure 2.7 DSP normal status with light on
3. Refer to the appendix B for burning procedure.
4. Connect the test leads of oscilloscope to IP, IB and Vd,
respectively, as the figure 2.8 shown.

29
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Figure 2.8 Oscilloscope test leads wiring

5. Set voltage 50V and current 7A for PSW 160-7.2 as the figure 2.9
shown.

Figure 2.9 The settings of PSW 160-7.2
6. After powering on PEL-3031E, set CR Mode for Load mode with
Low in Range. Further set 100Q for Channel_A and 50Q for
Channel_B as the figure 2.10 shown.

30



GYINSTEK Experiment 2 — Interleaved Boost Converter

Figure 2.10 The settings of PEL-3031E load
7. After setting up and turning on PSW power and PEL-3031E load,

finally turn on the switch of PEK-540.

31
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The purpose of experiment

PEK-540 is the Bi-directional DC-DC Converter in terms of the first-
stage architecture. Within the Lab2 experiment, we will operate the
unit under boost mode to observe, with fluctuations of load condition,
if output voltage value is maintained within steady output via closed-
loop system.

The experiment result

Due to the fact that the direction of inductor current is defined as
positive under boost mode, the current displayed on oscilloscope
will be positive.

Electronic Load 100Q

The figure 2.11 shows that electronic load is set 100Q. The figure
2.12 displays that IP output RMS current is 0.411A (1.0275A in
actual value), and IB is 0.396A (0.99A in actual value), and Vd
output RMS voltage is 1.93V (98.469V in actual value).

Figure 2.11

Electronic load
100Q2 setting

32
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Figure 2.12

Load 100Q2
measured
waveform

I e e

[ ERTITT

[ e 9 | Loew n-‘

Electronic Load 50Q2

The figure 2.13 shows that electronic load is set 50Q. The figure 2.14
displays that IP output RMS current is 0.827A (2.0675A in actual
value), and IB is 0.811A (2.0275A in actual value), and Vd output
average RMS is 1.92V (97.959V in actual value).

Figure 2.13 GuInsTEK -

Electronic load
50Q setting

100.000 O
50.0000
250
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Figure 2.14

Load 50Q
measured
waveform

[ 1Bus () —258.6us) |

@RS a1l

Per differed load operations, fill in the table 2.1 with the results in
order. Refer to the table 0.1 for the sensing ratio.

Table 2.1 Output voltage current measured data in varied load settings.

IP(Arms) IP(Arms) IB(Arms) IB(Arms) Vd(Vrms) Vd(Vrms)
(Measured (Measured (Measured (Measured (Measured (Measured
value) value) value))  value) value) value))

Half load
1000) 0.411A  1.0275A 0.396A  0.99A 1.93V 98.469V
E;('J'(';)’ad 0.827A  2.0675A 0811A  20275A 192V 97.959V

The Conclusion

Based on the table 2.1, it is conceivable that output current, in the
closed-loop boost converter system with load fluctuations, will
increase in accord with load increment with maintaining output
voltage unchanged.

34
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Experiment 3 — Bi-
directional DC-DC Converter

Circuit Simulation

The circuit parameters of converter are as follows:

Battery Voltage Vy =50V

DC BUS Voltage V4 =100V

Fs =40kHz > Vui=10Vp, (PWM)

Cp =200uF > Ly = 661.5mH > Cpys = 470uF
Ks=0.24 (AC current sensing factor)

K, =1/40 (DC voltage sensing factor)
The analogue circuit diagram based on the parameters above is as

the following figure 3.1 shown:
PSIM File: PEK-540_Sim3_BD_DC-DC_V11.1.5_V1.1

Figure 3.1 Experiment 3 PSIM analogue circuit diagram
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The simulation result is shown within the figure 3.2 and 3.3:
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Figure 3.2 Experiment 3 analogue circuit simulation waveforms
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Figure 3.3 Experiment 3 analogue circuit simulation waveforms
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The digital circuit diagram based on the analogue circuit is shown
as the figure 3.4:
PSIM File: PEK-540_Lab3_BD_DC-DC_V11.1.5_V1.2

e

Figure 3.4 Experiment 3 PSIM digital circuit diagram

The simulation result is shown within the figure 3.5:

Figure 3.5 Experiment 3 digital circuit simulation waveforms

After confirming simulation, the corresponding C Code will be
generated automatically via “Generate Code” of “Simulate”.
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Experiment Devices

The required devices for experiment are as follows:
* PEK-540*1

* PEK-005A *1

* PEK-006*1

* PTS-5000 * 1 (with GDS-2204E and PSW160-7.2)

e PC*1
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Experiment Procedure
1. The experiment wiring is shown as the figure 3.6. Please follow

it to complete wiring.

Lr

PSW 160-7.2

Driver
Power

¥ o
"M Auxiliary
Power

PEK-005A

Ter

Figure 3.6 Experiment 3 wiring figure
2. After wiring, make sure the PEK-540 switch is OFF followed by
turning the PEK-005A switch ON. The DSP red indicator lights
on as the figure 3.7 shown, which means the DSP power is
steadily normal.
=

GYINSTEK
PEK - 540

Power Conditioning System

Figure 3.7 DSP normal status with light on
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3. Refer to the appendix B for burning procedure.
4. Connect the test leads of oscilloscope to IP, IB and Vd,
respectively, as the figure 3.8 shown.

Figure 3.8 Oscilloscope test leads wiring

5. Set voltage 50V and current 1A for PSW 160-7.2 as the figure 3.9
shown.

Figure 3.9 The settings of PSW 160-7.2
6. Proceed to connection step in accordance with the appendix C.

7. After setting up and turning on PSW power output, finally turn
on the switch of PEK-540.
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The purpose of experiment

Lab3 is the Bi-directional DC-DC Converter. When powering on the
circuit, change the operation mode of converter (Boost or Buck) via
different current settings to observe the fluctuations of inductor
current.

The experiment result

Due to the fact that the direction of inductor current is defined as
positive under boost mode, the current displayed on oscilloscope
will be negative under buck mode. And the Id1 and Id2 displayed
on DSP oscilloscope are IP current and IB current, respectively.

PSM_Id2set =0

As the figure 3.10 shown, through the observation on waveforms
from DSP oscilloscope, Id1 and 1d2 currents are in the proximity of
zero on the condition of the command value PSM_ID2SET = 0. As
the figure 3.11 shown, it can be clearly seen that IP output RMS
current is 0.145A (0.362A in actual value), and IB is 0.116A (0.290A
in actual value), and Vd is 1.98V (101.02V in actual value).

Figure 3.10
PSM_ld2set=0
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Figure 3.11

PSM_Id2set =0
measured
waveform

1 28wz @ 688.0us |

@RS 116n0

PSM_Ild2set = -1

As the figure 3.12 shown, through the observation on waveforms
from DSP oscilloscope, Id1 is under the Boost mode with positive
current direction, whereas Id2 is under the Buck mode with
negative current direction on the condition of the command value
PSM_ID2SET = -1. As the figure 3.13 shown, it can be clearly seen
that IP output RMS current is 0.765A (1.912A in actual value), and
IB is 0.829A (2.072A in actual value), and Vd is 1.98V (101.02V in
actual value).

Figure 3.12
PSM_ld2set = -1

Lpdste M
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Figure 3.13 [T B[~ s
PSM_ID2SET = -1
measured

“\/\/\/\/\/t\/\/\/}

PSM_Id2set =1

As the figure 3.14 shown, through the observation on waveforms
from DSP oscilloscope, Id2 is under the Boost mode with positive
current direction, whereas Id1 is under the Buck mode with
negative current direction on the condition of the command value
PSM_ID2SET = 1. As the figure 3.15 shown, it can be clearly seen
that IP output RMS current is 0.939A (2.347A in actual value), and
IB is 0.860A (2.150A in actual value), and Vd is 1.98V (101.02V in
actual value).

Figure 3.12
PSM_ld2set=1
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Figure 3.12
PSM_ Id2set=1 A

measured /\I/

waveform

\/’\[/‘\/\/\/\/\j

NAAAAAAA/

Per the setting of PSM_ID2SET, fill in the table 3.1 with the
measured IP, IB and Vd RMS values in order. Refer to the table 0.1
for the ratios of the measured values against the actual values and
fill in the table 3.1 with the actual values.

Table 3.1 Output voltage current measured data in varied settings of
PSM_ID2SET

IP(Arms) IP(Arms) IB(Arms) IB(Arms) Vd(Vrms) Vd(Vrms)
(Measure (Measure (Measure (Measure (Measured (Measured
dvalue) dvalue) dvalue) dvalue) value) value)

PSM_Id2set=0  0.145A  0.362A  0.116A  0.290A  1.98V 101.02V

PSM_lId2set=-1 0.765A 1.912A  0.829A 2.072A  1.98V 101.02V

PSM_Id2set =1 0.939A  2.347A  0.860A  2.150A  1.98V 101.02V

From the table 3.1 shown, it has seen that the 2 sets of inductor
current have differences due to the circuit loss, though the ideal
situation is identically same for 2 sets of inductor current.

The Conclusion

Within the Lab3 experiment, the first converter is in charge of
voltage output, whist the PSM_ID2SET command of the second
converter determines current direction. When PSM_ID2SET is
positive, the second converter operates under Boost mode and the
first converter operates under Buck mode. In contrast, when
PSM_ID2SET is negative, the second converter operates under Buck
mode and the first converter operates under Boost mode.
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Experiment 4 — Three

Phase Four Wire Boost
Stand-alone Inverter

Circuit Simulation

The system specification is as follows:

Battery Voltage Vb =50V

DC BUS Voltage Vd = 100V

Fs = 40kHz, Vtri = 10Vpp (DC-DC PWM)
Fs = 20kHz, Vtri = 10Vpp (Inverter PWM)
Cp = 200uF, Ly, = 661.5uH, Cpys= 470uF

L =1.02mH, C = 10uF

Ks =0.24 (DC current sensing factor)

Ks = 0.3 (AC current sensing factor)

Kv =1/40 (DC voltage sensing factor)

Kv =1/40 (AC voltage sensing factor)
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The analogue circuit diagram based on the parameters above is as
the following figure 4.1 shown:

PSIM File: PEK-
540_Sim4_3P4W_Boost_SA_Inv(50Hz)_V11.1.5_V1.1

Figure 4.1 Experiment 4 PSIM analogue circuit diagram

The simulation result is shown within the figure 4.2 and 4.3:

Vod Vogq

13 |'LMMMWM~MWM_4__MM_

Time (s)

Figure 4.2 Experiment 4 analogue circuit simulation waveforms



Gcw |n5rEKExperiment 4 — Three Phase Four Wire Boost Stand-alone Inverter

Vd1'40 Vd2°40

s [ = = = =
erereTere e

|
0 00

0.08
Time (s)

Figure 4.3 Experiment 4 analogue circuit simulation waveforms
The digital circuit diagram based on the analogue circuit is shown

as the figure 4.4:
PSIM File: PEK-
540_Lab4_3P4W_Boost_SA_Inv(50Hz)_V11.1.5_V1.1
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Figure 4.4 Experiment 4 PSIM digital circuit diagram
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The simulation result is shown within the figure 4.5 and 4.6:

0 005 01 015 02 025 03
Time (s)

Figure 4.5 Experiment 4 digital circuit simulation waveforms
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Figure 4.6 Experiment 4 digital circuit simulation waveforms

After confirming simulation, the corresponding C Code will be
generated automatically via “Generate Code” of “Simulate”.
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Experiment Devices

The required devices for experiment are as follows:

* PEK-540*1

* PEK-005A*1

* PEK-006*1

* PTS-5000 * 1 (with GDS-2204E, PSW160-7.2 and GPL-500)
e PC*1

Experiment Procedure
1. The experiment wiring is shown as the figure 4.7. Please follow

it to complete wiring.

Thee TR ET 9

| r 8 AC -:-f:in-nn'
g = £ I

GPL-500

e

125
2
H
s

Tz

Figure 4.7 Experiment wiring figure
2. After wiring, make sure the PEK-540 switch is OFF followed by
turning the PEK-005A switch ON. The DSP red indicator lights
on as the figure 4.8 shown, which means the DSP power is
steadily normal.
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GYINSTEK
PEK -540

Power Conditioning System

Figure 4.8 DSP normal status with light on
3. Refer to the appendix B for burning procedure.
4. Connect the test leads of oscilloscope to VOA, VOB, VOC and
IOA, respectively, as the figure 4.9 shown.

Figure 4.9 Oscilloscope test leads wiring
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5. Set voltage 50V and current 7.56 A for PSW 160-7.2 as the figure
4.10 shown.

Figure 4.10

The settings of
PSW

Function
. e e
6. As the figure 4.11 shown, follow the steps below for GPL-500
operation. Power on GPL-500 — Rotate the Three Phase Lord
knob to 2 (Resistance Load) — Set 1TS and 2TS as OFF, and 3TS
as ON, which indicates no-load mode.

Figure 4.11

Multi-Function Passive Load
MAX. 300W

The no-load ———
setting of GPL-
500

7. Proceed to connection step in accordance with the appendix C.

8. After setting up and turning on PSW power output, finally turn
on the switch of PEK-540.
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The purpose of experiment

This experiment is the load fluctuation test of independent inverter.
It discusses output voltage and output current fluctuating
waveforms when operating in no-load, half-load and full-load
modes. Also, it discusses if output voltage is remained balanced
when operating in out of balanced.

The experiment result

GPL-500 in no-load mode

The figure 4.12 shows that when GPL-500 is set as no-load mode,
VOA output RMS voltage is 1.45V (29.11V in actual value), and
VOB output RMS voltage is 1.45V (29.11V in actual value), and
VOC output RMS voltage is 1.44V (28.91V in actual value), and
IOA output RMS current is 0.137A (0.287A in actual value).

Figure 4.12

No-load
measured
waveform

@S 1,450 OFE 1

GPL-500 in half-load mode (20Q)

As the figure 4.13 shown, both 1TS and 3TS are set ON, and 2TS is
OFF, which indicates the half-load mode.
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Figure 4.13

GPL-500 halfload '
setting

The figure 4.14 shows that when GPL-500 is set half-load mode
setting, the VOA output RMS voltage is 1.45V (29.11V in actual
value), and VOB output RMS voltage is 1.45V (29.11V in actual
value), and VOC output RMS voltage is 1.44V (28.91V in actual
value) and IOA output RMS current is 0.726 A (1.522A in actual
value).

Figure 4.14

Half-load
measured
waveform

@S 1,459 ; 1

GPL-500 in full-load mode (10€)

The figure 4.15 shows that when 1TS, 2TS and 3TS are set ON, it
turns out full-load mode. The figure 4.16 shows that when GPL-500
is set full-load mode setting, the VOA output RMS voltage is 1.45V
(29.11V in actual value), and VOB output RMS voltage is 1.45V
(29.11V in actual value), and VOC output RMS voltage is 1.44V
(28.91V in actual value) and IOA output RMS current is 1.380A
(2.893A in actual value).
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Figure 4.15

GPL-500 full-load ™
setting

Figure 4.16

Full-load
measured
waveform

GPL-500 in out-of-balanced load mode (Ra/Rb/Rc =
20/10/109)

The figure 4.17 shows that when 1TS and 2TS are set ON, and 3TS
is set OFF, it turns out out-of-balanced load mode.

[1]. The figure 4.18 shows that when GPL-500 is set out-of-
balanced load mode setting, the VOA output RMS voltage is
1.47V (29.51V in actual value), and VOB output RMS voltage is
1.45V (29.51V in actual value), and VOC output RMS voltage
is 1.40V (28.11V in actual value). The output voltage is
balanced state currently.

[2]. The figure 4.19 shows that when GPL-500 is set out-of-
balanced load mode setting, the [OA output RMS current is
0.747A (1.566A in actual value), and IOB output RMS current
is 1.41A (2.955A in actual value), and IOC output RMS current
is 1.35A (2.830A in actual value). The output current is out-of-
balanced state currently.
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Figure 4.17

GPL-500 out-of-  w
balanced load
setting

Multi-Funct

T Rectifier Load

Passive Load
MAX. 300W

Resistance Load

aaaaaa

Figure 4.18

Out-of-balanced
load output
voltage waveform

Figure 4.19

Out-of-balanced
load output
current waveform

BB 1,41y
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Per no-load, half-load and full-load settings of GPL-500, fill in the
table 4.1 with the measured values of VOA, VOB, VOC and IOA,
respectively. Refer to the table 0.1 for the sensing ratio followed by
filling in the actual values.

Table 4.1 Output voltage current measured data in varied load settings
of GPL-500

GPL-500 Voa (Vrms) Voa (Vrms) Vos (Vrms) Vos (Vrms) Voc (Vrms) Voc (Vrms)
(Measured (Measured ((Measure (Measured (Measured (Measured
value) value) dvalue) value) value) value)

No Load 1.45V 29.11V 1.45V 29.11V 1.44V 28.91V

Half load 1.45V 29.11V 1.45V 29.11V 1.44V 28.91V

Full load 1.45V 29.11V 1.45V 29.11V 1.44V 28.91V

GPL-500 |OA(|rms) |OA(|rms)
(Measured (Measured
value) value)

No Load 0.137A 0.287A
Halfload 0.726A 1.522A
Full load 1.380A 2.893A

As the figure 4.1 shown, when GPL-500 changes from no-load to
full-load setting, the output current IOA increases gradually and
the output voltage VOA, VOB, VOC remain unchanged.

Per out-of-balanced load setting of GPL-500, fill in the table 4.2 with
the measured values of VOA, VOB, VOC, IOA, IOB and 10C,
respectively. Refer to the table 0.1 for the sensing ratio followed by
filling in the actual values.
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Table 4.2 Output voltage current measured data in varied load settings
of GPL-500
GPL-500  Voa(Vrms) Voa(Vrms) VoB(Vrms) VoB(Vrms) Voc(Vrms) Voc(Vrms)
(Measured (Measured (Measured (Measured (Measured ((Measure
value) value) value) value) value) d value)

Out-of-

balanced 1.47V 29.51V 1.45V 29.11vV 1.40V 28.11V

oad

GPL-500  loa(lrms)  loa(lrms)  loB(lrms)  loB(lrms)  loc(lrms)  loc(lms)
(Measured (Measured (Measured (Measured (Measured (Measured
value) value) value) value) value) value)

Out-of-
balanced 0.747A 1.566A 1.410A 2.955A 1.350A 2.830A
load

As the figure 4.2 shown, when load is out-of-balanced, output
voltage remains balanced state. When, however, output current
IOA is the half value (1/2) of IOB and IOC current value, output
current is out-of-balanced state.

The Conclusion

Within the Lab4 practical test of independent inverter, output
current of inverter increases gradually, during the process from no-
load adjusting to full-load state, and output voltage remains
unchanged. However, while operating in out-of-balanced load,
output current is out-of-balanced state but output voltage remains
balanced state.
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Experiment 5 — Three

Phase Four Wire PV Grid-
connected Inverter

Circuit Simulation

The circuit parameters of system are as follows:

Battery Voltage Vb = 50V

DC BUS Voltage Vd =100V

AC Source Voltage ViL = 50Vrms

Fs = 40kHz, Vtri = 10Vpp (DC-DC PWM)
Fs = 20kHz, Vtri = 10Vpp (Inverter PWM)
Cp = 200uF, Ly, = 661.5uH, Cpys= 470uF

L =1.02mH, C =10uF

Ks = 0.24 (DC current sensing factor)

Ks = 0.3 (AC current sensing factor)

Kv =1/40 (DC voltage sensing factor)
Kv =1/40 (AC voltage sensing factor)
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The analogue circuit diagram based on the parameters above is as
the following figure 5.1 shown:
PSIM File: PEK-540_Sim5_3P4W_PV_GC_Inv(50Hz)_V11.1.5_V1.1

Figure 5.1 Experiment 5 PSIM analogue circuit diagram

The simulation result is shown within the figure 5.2:

Time (s)

Figure 5.2 Experiment 5 analogue circuit simulation waveforms
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The digital circuit diagram based on the analogue circuit is shown
as the figure 5.3:
PSIM File: PEK-540_Lab5_3P4W_PV_GC_Inv(50Hz)_V11.1.5_V1.1
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Figure 5.3 Experiment 5 PSIM digital circuit diagram

Due to the fact that to simulate the file, which is the Code circuit
with the adjusted frequency of MPPT 1Hz, is time-consuming, we
adopt the other file, which is the digital circuit named with “PEK-
540_Sim5-1_3P4W_PV_GC_Inv(50Hz)_V11.1.5_V1.1” with the
adjusted frequency of MPPT 100Hz, for simulation that results in
the prompt result within short time period. See the figure 5.4 for
the simulation result.

e ARy
Figure 5.4 Experiment 5 — digital circuit simulation waveforms

After confirming simulation, the corresponding C Code will be
generated automatically via “Generate Code” of “Simulate”.
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Experiment Devices

The required devices for experiment are as follows:

* PEK-540*1

* PEK-005A*1

* PEK-006*1

* PTS-5000 *1 (with GDS-2204E, PSW160-7.2, APS-300 and GPL-500)
e PC*1

Experiment Procedure
1. The experiment wiring is shown as the figure 5.5. Please follow

it to complete wiring.

e rom
B g— e REERELL
iite Sourcer——y Source
= APS-300

PSW 160-7.2
Driver S Three T
Power N w Phase g _'L !
= AC mlml.ln
A )] —
uxiliary S
Power =
GPL-500

PEK-005A

Figure 5.5 Experiment 5 wiring figure
2. After wiring, make sure the PEK-540 switch is OFF followed by
turning the PEK-005A switch ON. The DSP red indicator lights
on as the figure 5.6 shown, which means the DSP power is
steadily normal.
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GYINSTEK
PEK -540

Power Conditioning System

Figure 5.6 DSP normal status with light on
3. Refer to the appendix B for burning procedure.
4. Connect the test leads of oscilloscope to IOA, IOB and I0C
respectively, as the figure 5.7 shown.

Figure 5.7 Oscilloscope test leads wiring
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5. Refer to the appendix D - SAS software operation manual for PV
system setting process in simulation. As the figure 5.8 shown,
the open circuit voltage of first curve is 60V, and the short circuit
current is 4.4A with the MPP voltage 50V along with the MPP
current 4A. As the figure 5.9 shown, the value of second curve is
set 90% of the first MPP. The open circuit voltage of the second
MPP, therefore, is 54V, and the short circuit current is 3.96 A with
the MPP voltage 45V along with the MPP current 3.6A.

b

Figure 5.8

The 1st curve
setting value

Figure 5.9

The 2nd curve
setting value

6. The operation process of APS-300 is shown as the figure 5.10.
Power on APS-300 — Set 50Hz for APS-300 frequency — Set
operation mode as 3P4W — Set output voltage as 28.86V.

C

Figure 5.10 =

APS-300 Settings |
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7. As the figure 5.11 shown, follow the steps below for GPL-500
operation. Power on GPL-500 — Rotate the Three Phase Lord
knob to 2 (Resistance Load) — Set 1TS and 3TS as ON, and 2TS
as OFF, which indicates half-load mode.

Figure 5.11

GPL-500 half-load
Setting

8. After setting up, turn on PSW output via SAS program and
open APS-300 output followed by powering on PEK-540 for test.
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The purpose of experiment

This experiment, which is the Grid power system, simulates the
pattern of PV panel via PSW 160-7.2, and simulates grid power via
APS-300. Observe the power fluctuations between inverter and grid
power when this system is under operation.

The experiment result

1. In the early phase of PSW operation, it is evident that supply to
load power is insufficient; therefore, APS-300 output
supplements the required power for load. As the figure 5.12 &
5.13 shown, the power provided by PSW is 28.26W, whilst the
single phase power provided by APS-300 is 34.8W.

Figure 5.12 " -

Default PSW
output power

Figure 5.13 T ——

Default APS-300

output power

operation, it has seen that load power rises to 105.7W and the
single phase power provided by APS-300 lowers down to 12.9W.
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Figure 5.14

PSW output
power

Figure 5.15

APS-300 output
power

3. As the figure 5.16 & 5.17 shown, when the MPP reaches, the
PSW output power is 200W and the required power by load is
125W; therefore, APS-300 absorbs the additional output power.

Figure 5.16

MPP PSW output
power

Figure 5.17

MPP APS-300
output power
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Owning to the fact that the power-voltage curve of PV panel
constantly fluctuates in accordance with the environmental and
external factors, we have managed to make sure inverter remains
the maximum power output in any given environmental conditions,
via 2 curves alternation, to meet the highest utilization rate. As the
figure 5.18 & 5.19 shown, it is clear that the output power of
arbitrary curves alternation is approaching the maximum power
output point and remains steadily.

Figure 5.18 [ —
SAS lies in the = : =
maximum power N
point of the 1st

curve

[
¥

Figure 5.19

SAS liesinthe = -
maximum power : ) 2 P~
point of the 2nd ‘
curve

T —

The Conclusion

This experiment is executed on the basis of operations of PV
inverter and power grid in parallel, jointly providing power and
passing to load. When the power provided by PV inverter is
insufficient, power grid supplements the required power for load.
Also, when power of PV inverter is sufficient to supply load, the
redundant electrical energy can be sent to power grid.

Lo
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Experiment 6 — Three

Phase Four Wire Battery
Energy Storage System

Circuit Simulation

The circuit parameters of system are as follows:

Battery Voltage Vb = 50V

DC BUS Voltage Vd =100V

AC Source Voltage Vir = 50Vrms

Fs = 40kHz, Vtri = 10Vpp (DC-DC PWM)
Fs = 20kHz, Vtri = 10Vpp (Inverter PWM)
Cp = 200uF, Ly, = 661.5uH, Cpus= 470uF

L =1.02mH, C = 10uF

Ks = 0.24 (DC current sensing factor)

Ks = 0.3 (AC current sensing factor)

Kv =1/40 (DC voltage sensing factor)
Kv =1/40 (AC voltage sensing factor)
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The analogue circuit diagram based on the parameters above is as
the following figures 6.1, 6.3 & 6.5 shown:
PSIM File: PEK-540_Sim6-1_3P4W_BESS_EXT(50Hz)_V11.1.5_V1.1

@

o3 Tre -
: L
e SR e

g f.

Figure 6.1 Experiment 6 PSIM analogue circuit diagram

The simulation result is shown within the figure 6.2:

o 01 0z 03 04
Time (s)

Figure 6.2 Experiment 6 analogue circuit simulation waveforms
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PSIM File: PEK-540_Sim6-2_3P4W_BESS_PQ(50Hz)_V11.1.5_V1.1
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Figure 6.3 Experiment 6 PSIM analogue circuit diagram

The simulation result is shown within the figure 6.4:
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Time (s)

Figure 6.4 Experiment 6 analogue circuit simulation waveforms
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PSIM File: PEK-540_Sim6-3_3P4W_BESS_SA(50Hz)_V11.1.5_V1.1

iase Four Wire Batery Energy Storage System In Stand-aione Mode

01811231
Vit

Figure 6.5 Experiment 6 PSIM analogue circuit diagram

The simulation result is shown within the figure 6.6:

100 P ]

50 |-

Time (s)

Figure 6.6 Experiment 6 analogue circuit simulation waveforms
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The digital circuit diagram based on the analogue circuit is shown
as the figure 6.7:
PSIM File: PEK-540_Lab6_3P4W_BESS(50Hz)_V11.1.5_V1.1

i i &

T ffoi«g%m""h LLE”"" o

o cpndd Brioed  ofrg oggofiodh o - L el N
2% ; Hlsee o & =1 =0

Figure 6.7 Experiment 6 PSIM digital circuit diagram

The simulation result is shown within the figure 6.8:

vd
120 .
80
a0 |
0
Voa Vb

4
Time (s)

Figure 6.8 Experiment 6 digital circuit simulation waveforms

After confirming simulation, the corresponding C Code will be
generated automatically via “Generate Code” of “Simulate”.
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Experiment Devices

The required devices for experiment are as follows:
* PEK-540*1

* PEK-005A*1

* PEK-006*1

« PTS-5000 * 1 (with GDS-2204E, PSW160-7.2, APS-300, PEL-3031E
and GPL-500)

e PC*1

Experiment Procedure
1. The experiment wiring is shown as the figure 6.9. Please follow

it to complete wiring.

- o
2

u

PSW 160-7.2

=W o |
et e

E Load

PEL-3031E

Driver
Power

Power -

PEK-005A

—"v]
N

Figure 6.9 Experiment 6 wiring figure
2. After wiring, make sure the PEK-540 switch is OFF followed by
turning the PEK-005A switch ON. The DSP red indicator lights
on as the figure 6.10 shown, which means the DSP power is
steadily normal.
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GYINSTEK
PEK -540

Power Conditioning System

Figure 6.10 DSP normal status with light on

3. Refer to the appendix B for burning procedure.
4. Connect the test leads of oscilloscope to VOA, VOB, VOC and
IOA, respectively, as the figure 6.11 shown.

Figure 6.11 Oscilloscope test leads wiring
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5. The operation process of APS-300 is shown as the figure 6.12.
Power on APS-300 — Set 50Hz for APS-300 frequency — Set
operation mode as 3P4W — Set output voltage as 28.86V —
Activate APS-300 Output after everything is confirmed.

Figure 6.12

The setting of
APS-300

|

6. As the figure 6.13 shown, follow the steps below for GPL-500
operation. Power on GPL-500 — Rotate the Three Phase Lord
knob to 2 (Resistance Load) — Set 2TS as OFF, and 1TS and 3TS
as ON, which indicates half-load mode.

Multi-Function Passive Load

Flgu re 6.13 MAX. 300W
G PL-500 half-logd ::e&ials % ’ mw gl__%_necmlu Lold' ﬁeslsunoe Load
settin &

: ——C) R 5 |

7. Proceed to connection step in accordance with the appendix C -
RS232 Connection.
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8. Refer to the appendix E - BATSim operation manual for
detailed setting. As the figure 6.14 shown, set 300mAh for
battery capacity, which is 50% by default capacity. The voltage
in full charge is 50V, whilst it is 45V for full discharge. The
voltage difference of internal charge and discharge is 0.5V.

i)
Flgure 614 O Cell Charaters T
. . CellSpe Power SampRate(ms)| 4 11:44:4879
Batter simulation |cs o o GEB | 100 202040
. 4300 W ASRL33:INSTR S| GET150719 {o
pa rameter settlng InitCap(%) ModelNam Ver.
{s0 |GW-INSTEK PSW160-7.2 102.23.20190517
Vov)
450 Load
Voff 0 SN SublD Re-Config
J4s B ASRL22:INSTR #lGET140758 {60 D
Vdif Ver.
jo3 Jow PEL-3031E {v1.03.002

9. After setting up the instrument with confirmation, activate both
PSW and PEL power output via BATSim followed by powering
on APS-300 output. Lastly, turn On PEK-540 .
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The purpose of experiment

This experiment, which is the battery power storage system,
simulates battery via PSW 160-7.2 and PEL-3031E, and simulates
grid power via APS-300. Observe both power and waveform
fluctuations between inverter and grid power when this system is
under operation.

The experiment result

Battery Discharge Mode

As the figure 6.15 shown, the default setting of inverter output
power Poc is 50 with the DSP oscilloscope displaying waveforms of
output voltage and current of inverter. The figure 6.16 displays that
while inverter output voltage VOA and output current IOA are in-
phase state, VOA output RMS voltage is 1.43V (28.71V in actual
value), and VOB output RMS voltage is 1.43V (28.71V in actual
value), and VOC output RMS voltage is 1.41V (28.31V in actual
value),and IOA output RMS current is 0.331A (0.693A in actual
value).Through the status of battery we can realize the battery
power is passed to grid power and load via inverter, which is the
so-called discharge mode.

. eroweweor =
Figure 6.15 i T

Command “,

parameters Poc ousten nod - A

set in 50
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Figure 6.16

Measured
waveform of
command
parameters Poc
set in 50

Figure 6.17

Battery status of
command
parameters Poc
set in 50

Battery Charge Mode

As the figure 6.18 shown, the inverter output power command
parameter Poc is set in -50 with the DSP oscilloscope displaying
waveforms of output voltage and current of inverter. The figure
6.19 displays that while inverter output voltage VOA and output
current JOA are anti-phase state, VOA output RMS voltage is 1.43V
(28.71V in actual value), and VOB output RMS voltage is 1.42V
(28.51V in actual value), and VOC output RMS voltage is 1.42V
(28.51V in actual value), and IOA output RMS current is 0.280A
(0.587A in actual value).As the figure 6.20 shown, through the
status of battery we can realize that grid power offers the power to
both battery and load, which is the so-called charge mode.
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Figure 6.18 T~

Command
parameters Poc
set in -50

Figure 6.19

Measured
waveform of
command
parameters Poc
setin -50

Figure 6.20

Battery status of
command
parameters Poc
set in -50
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Inverter Independent Mode (balanced half-load)

Adjust Poc setting back to 50 followed by powering off APS-300
and the inverter under independent mode is powered by battery.
The figure 6.21 shows that VOA output RMS voltage is 1.46V
(29.31V in actual value), and VOB output RMS voltage is 1.43V
(28.71V in actual value), and VOC output RMS voltage is 1.42V
(28.51V in actual value), and IOA output RMS current is 0.729A
(1.528A in actual value).

Figure 6.21

Measured
waveform of
inverter
independent
mode

@R 143

Inverter independent mode (out-of-balanced mode
Ra/Rb/Rc =0/20/20Q2)
As the figure 6.22 shown, adjust GPL-500 to out-of-balanced mode

and rotate the knob to Resistance Load followed by setting 2TS as
ON and 1TS with 3TS as OFF.
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Multi-Function Passive: Loag

Flgu re 6.22 MAX. 300W

GPL-500 out-of- i sheie:
balanced mode
setting

off Resistance Load

Three Phase Load

As the figure 6.23 shown, when load is out-of-balanced, output
voltage of inverter is still balanced.

Figure 6.23

Measured voltage
output waveform
of load out-of-
balanced mode
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As the figure 6.24 shown, connect the test leads to the load current
ILA, ILB and ILC. Also, the figure 6.25 shows that ILA is zero and
therefore three phase current is in out-of-balanced state.

»a

Figure 6.24

Oscilloscope test
leads wiring (out-
of-balanced ILA,
ILB, ILC)

Figure 6.25

Measured current
output waveform
of load out-of-
balanced mode

Active power filter
Select PSM_ISA (grid power) and PSM_ILA (load) for
DSP oscilloscope waveform.

As the figure 6.13 shown, adjust GPL-500 to resistive half-load and
turn on APS-300. The figure 6.26 shows that both grid power and
load current are sine waves.
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Figure 6.26

Grid power and
load current of
resistive load

N
o A

As the figure 6.27 shown, adjust GPL-500 to Rectifier Load and set
4TS as ON and 5TS as OFF, which indicates the non-linear load. As
the figure 6.28 shown, though load current is the non-linear current,
the grid power current can be rectified to be nearly sine wave via
the active power rectification of inverter.

Figure 6.27

GPL-500 non-
linear load setting
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Figure 6.28

Non-linear grid
power and load
current

Under the condition of half-load of independent mode, fill in the
table 6.1 with the measured VOA, VOB, VOC and IOA RMS values
in order. Refer to the table 0.1 for the sensing ratio.

Table 6.1 Three phase output voltage current measured data under the
condition of half-load of independent mode
GPL-500 VOA(Vrms) VOA(Vrms) VOB(Vrms) VOB(Vrms) VOC(Vrms) VOC(Vrms)
(Measured (Measured (Measured (Measured (Measured (Measured
value) value) value) value) value) value)
Half Load 1.46V 29.31V 1.43V 28.71V 1.42V 28.51V

GPL-500 |OA(|rms) |OA(|rms)
(Measured (Measured
value) value)

Half Load 0.729A 1.528A

Under the condition of out-of-balanced of independent mode, fill in
the table 6.2 with the measured VOA, VOB, VOC, ILA, ILB and IC
RMS values in order. Refer to the table 0.1 for the sensing ratio.

Table 6.2 Three phase output voltage current measured data under the
condition of out-of-balanced of independent mode

GPL-500 VOA(Vrms) VOA(Vrms) VOB(Vrms) VOB(Vrms) VOC(Vrms) VOC(Vrms)
(Measured (Measured (Measured (Measured (Measured (Measured
value) value)) value) value) value) value)

Out-of-
balanced 1.37V 27.51V 1.50V 30.12v 1.44V 28.91V
Load
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GPL-500 |LA(|rms) | LA(|rms) | LB(|rms) | LB(|rms) | LC(|rms) | LC(|rms)
(Measured (Measured (Measured (Measured (Measured (Measured

value) value) value) value) value) value)
Out-of-
balanced 0A 0A 0.753A 1.578A  0.756A 1.584A
Load

From the table 6-1 & 6-2, it is clear that in the independent mode,
whether load is balanced or out-of-balanced, three phase output
voltage is still approaching balanced state.

The conclusion

A. This experiment, which is equipped with battery
charge/discharge mode, passes battery power to load when
battery is in discharge mode. However, when battery is in
charge mode, grid power will be responsible for passing power
to load and, in the meantime, charging to battery.

B. When grid power is cut off, the system switches to independent
mode in which the battery passes power to load. If any change
occurs in load, inverter can maintain balance of output voltage.

C. When it is under grid-connected mode and load is non-linear,
the grid power current waveform, via the active power filter of
inverter, will be compensated to nearly sine wave.
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Experiment 7 — Three

Phase Four Wire Hybrid
System

Circuit Simulation

The converter specification is as follows:

Battery Voltage Vb = 50V

PV Voltage Vp =50V

DC BUS Voltage Vd =100V

AC Source Voltage ViL = 50Vrms

Fs = 40kHz, Vtri = 10Vpp (DC-DC PWM)
Fs = 20kHz, Vtri = 10Vpp (Inverter PWM)
Cp = 200uF, Ly, = 661.5uH, Cpys= 470uF

L =1.02mH, C = 10uF

Ks = 0.24 (DC current sensing factor)

Ks = 0.3 (AC current sensing factor)

Kv =1/40 (DC voltage sensing factor)
Kv =1/40 (AC voltage sensing factor)
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The analogue circuit diagram based on the parameters above is as
the following figure 7.1 shown:
PSIM File: PEK-540_Sim7_3P4W_Hybrid(50Hz)_V11.1.5_V1.1

Figure 7.1 Experiment 7 - PSIM analogue circuit diagram

The simulation result is shown within the figure 7.2 and 7.3:

120

1] 02 04 08 os
Tima (s)

Figure 7.2 Experiment 7 analogue circuit simulation waveforms
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120
80
40

Time (s)

Figure 7.3 Experiment 7 analogue circuit simulation waveforms

The digital circuit diagram based on the analogue circuit is shown

as the figure 7.4:
PSIM File: PEK-540_Lab7_3P4W_Hybrid(50Hz)_V11.1.5_V1.2

Figure 7.4 Experiment 7 PSIM digital circuit diagram

Because the generated Code circuit with MPPT adjusted frequency
1Hz consumes much longer time for simulation, we instead
provide the other digital circuit, “PEK-
540_Sim7D_3P4W_Hybrid(50Hz)_V11.1.5_V1.1”, with adjusted
MPPT frequency 100Hz for simulation that consumes less time for
practical result. Refer to the figure 7.5 & 7.6 for the simulation
result.
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Figure 7.5 Experiment 7 digital circuit simulation waveforms

! MR,
R 1 CAVAVW-N-N i T o T aa a  E P e

Figure 7.6 Experiment 7 digital circuit simulation waveforms

After confirming simulation, the corresponding C Code will be
generated automatically via “Generate Code” of “Simulate”.
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Experiment Devices

The required devices for experiment are as follows:
* PEK-540*1

* PEK-005A *1

* PEK-006*1

« PTS-5000 * 1 (with GDS-2204F, PSW160-7.2*2, PEL-3031E, APS-300
and GPL-500)

e PC*1

Experiment Procedure

1. The experiment wiring is shown as the figure 7.7. Please follow

it to complete wiring.

Three
8 Phase g -

! S(:A(Ke

Thee T3}

3
g
[
Tz wr
125
L
g
g

pttn, =

Figure 7.7 Experiment wiring figure
2. After wiring, make sure the PEK-540 switch is OFF followed by
turning the PEK-005A switch ON. The DSP red indicator lights
on as the figure 7.8 shown, which means the DSP power is
steadily normal.
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TR = s

GYINSTEK
PEK - 540

Power Conditioning System

Figure 7.8 DSP normal status with light on

3. Refer to the appendix B for burning procedure.
4. Connect the test leads of oscilloscope to VOA, VOB, VOC and
IOA, respectively, as the figure 7.9 shown.

Figure 7.9 Oscilloscope test leads wiring

5. Refer to the appendix D - SAS software operation manual for the
setting process of simulation PV panel. As the figure 7.10 shown,
the open circuit voltage of the 1st curve is 60V, and the short
circuit current is 3.3A, and the maximum power point voltage is
50V, and the maximum power point current is 3A. On the other
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hand, the 2nd curve setting is 90% of that of the 1st curve.

Figure 7.10 - - e 0 zou
The st curve = ——T7 |
setting :

6. Refer to the appendix E - BATSim software operation manual
for the setting process of simulation battery. As the figure 7.11
shown, set 300mAh for battery capacity, which is 50% by default
capacity. The voltage in full charge is 50V, whilst it is 45V for
full discharge. The voltage difference of internal charge and
discharge is 0.5V.

Figure 7.11 “ - = IE

Op_Cell Charaters W EXIT
B atte ry CellSpec. Power SampRate(ms) F4 0:00:00.00

. . e i [+ SN SublD 100 YYYY/MM/DD
simulation Jo0 b | o |
. InitCap(%) Manufactur ModelNam Ver.

parameter setting |l I \ |

-

v:; L:: . SN SublD Re-Config

)\::iﬁ I:Mnuh:tul j"‘lﬂ’!mim Ver. ‘ : D

Jos | |

7. As the figure 7.12 shown, power on APS-300 and set 50Hz for
frequency, 3P4W for mode, 28.86V for output voltage.

Figure 7.12

Y e

G

The setting of
APS-300
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8. As the figure 7.13 shown, power on GPL-500 and rotate the
Three Phase Lord knob to 2 (Resistance Load). Set 1TS and 3TS
as ON, and 2TS as OFF, which indicates the half-load mode.
Please note that this experiment can only be executed when load
is under half-load mode.

Figure 7.13 MutFuncton PR oo
GPL-500 half-load " J—,—ﬁsa" f'?é-—
setting —

9. After setting up, turn on PSW and PEL output via SAS and
BATSim programs and also open APS-300 output followed by
powering on PEK-540 for test.
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The purpose of experiment

This experiment, which is the hybrid inverter system of PV and
battery, further describes the modes of PV and battery in the
inverter system.

The experiment result

Battery Discharge Mode

As the figure 7.14 shown, when powering on, due to the fact that
the PV panel is Not able to provide load with enough power, the
battery and grid power will supply the insufficient power instead,
which is the so-called discharge mode.

Figure 7.14

BAT in discharge EV Panel BAT

state

S6 0w

47.9647 000

]
§
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(HT
O:
00

iel
(HT
(. 1

94



GYINSTEK Experiment 7 — Three Phase Four Wire Hybrid System

Battery Charge Mode

As the figure 7.15 shown, when PV panel is the maximum power
point output, due to the fact that the power is able to provide load
with sufficient power, the redundant power will be recharged back
to battery storage, which is the so-called charge mode.

Figure 7.15
BAT in charge
state
48.484v 73.31w
1.512

As the figure 7.16 & 7.17 shown, during the experiment process, we
simulate different curves by varied sun exposures from the 2
differed PV curves by default. The 2 curves can switch at any time
and head toward the maximum power point in the end,
individually.

Figure 7.16 : - e -
SAS in the
maximum power

point of the 1st
curve

10}

uuuuuu

95



GUYINSTEK PEK -540 User Manual

Figure 7.17 s ;

LoX G T G T 0 e
SAS in the == EE — e
maximum power :

point of the 2nd :
curve b -

S —_— e o

The Conclusion

We can clearly understand that, though the experiment, the power
provided by PV panel is determined by the external factors. When
the power provided to load is insufficient, battery will adapt into
discharge state, which compensates the insufficient power required
by load. While, on the other hand, the power provided by PV panel
is way excessive, battery will adapt into charge state, which
practically stores the redundant power.
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Appendix A — PEK-540

Circuit Diagram

Power Conditioning System ........cccccuuiiiireieeiiiiiinnnnnnn. 98
F28335 Delfino control CARD .....covvviiiiiiiieieeenn 106
Gate DIIVEI o 107
Gate Driver POWer ..o, 108
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Appendix A — PEK-540 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_Labl_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.

0 £ P A PS5 DAL 30 PSP 75 VTS VAT i S = -

DEES B sommer - = MeraRDBO B o 1 - AD Ks

P
QE> &2 o

B

nomreBNBE WY Soe BB 06060 br @AYREALRS CC
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GUYINSTEK PEK -540 User Manual

0 - (0 N PP S
B P Een Cutam vedow rein

e L} Surwser -1 - & K.

11 This code is created by SimCoder Version 11.1.5.1 for F2N33x Hardware Targes
W

11 SimCader in capyright by Pasrersie e, 20002018

1] Dot Jamaary 13, 2020 16:55:35

#include <math.h>

Winelude 5 bies b

rynasted finas DefaultTyme:

#dehine GerCurTime( P Gesys Timerg

Bodchioe PWM_IN.CHEDX [/ To lomes PWM value selting time, comment out (N Tine if PWM duty crele values are stiicly limited in the rasge

esrupt veid Taskg),
el Tk 10;

st Uint16 PSDL_CpuClack = 150; [/ Mz
e Deaule] FbiTheta,

De
e DefaukType  fGIVeomal
e DefaubType  fChiVesmb]
cxern DefauType  fohivenasl
emem  Detaurype  fGbrsm,

s 3 P e ppe— P e b

sci
dctine PSE_SCIRESTART 2000000

2. Afolder 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(50Hz)_V11.1.5_V11 (C cod @ 01:54
PEK_Subcircuit SYPY/IM Vil 5:20 PSIM Document 14K8
@ 0218 PSIM Document 171 K8
PEK-550_Sim1_3P_SVPWM_Inv(50Hz) V11.15 V11 0218 PSIM Document 105KB
=5 : #
b F2833x_Headers_nonBIOS T5FO0.. QKB
F28335_FLASH_Lnk TFO..
F28335_FLASH_RAM_Lnk THFo.
F28335_RAM_Lnk T50
passwards FT=0
PEK_550_Lab1_3P_SVPWM Inv_S0Hz_V11 1 5WV1 1 TF0 C Source File
EfF| PEK 550 Labl 3P_SVPWM Inv_50Hz_V11.1 5 V1 1 %= Altium Embedde...

=
fr

fr
oo oo o

PS_bios

& PsBiosRamF33xloat

& PsBiosRomF33xFloat

& | ts2800_fpu32_fast_supplement

C/C++ Header File
Altium Library

Altium Libr.

fr

=

fr

Altium Library

3. Open CCS and select “Project” tab followed by
clicking “Import Legacy CCSv3.3 Projects” as the
figure below.
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£ werigeece.7 - CCS it - odaagcoser St NI

File 1 Vi & Praject | JRun  Scripts  Window Help
e PEER g T3 New CCS Project..
@ New Energia Sketch

Examples

[ Project Explorer 57

Build All Ctrl+B
Build Configurations 2
Build Working Set »
Clean...

Build Automatically

Show Build Settings...

1 Import CCS Projects...

@ ¢ Gm__gort Legacy CCSv3.3 Projects... >

Add Files...

RTSC Toals 3
@, Import Energia Sketch.
=, Import Energia Libraries

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 i
Select a legacy CCS project ar a directory to search for projects.

-

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

) Select search-directory:

QAY —— l

'LI' seffi

DesaTEmAI

® ©)

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

Create s subfolder for each Eclipse project (recommended)

®
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. = PEK-SS0VILLS b PEK-550Labl VILLS » PEK-550_Lab_3P_SVPYM In(50HE. V11 L5.VL L C code)

EANE - EARER

¢ zoRR 5 == F2ER az =

& Oredrie 2 PEK 550.Lab1_3P.SVPWM w5002 _VIL1SV1E gBa0/1/13 T 0 Ak Embeckled Project 58
e

o N
©)

=
3 xe
i
S
=

L

% s
& Vindows? 05 (-

WREWED: PEK 550, Lab1 3P SV o S004_VI1LS.VLL

5. 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 legacy CCS project or a directory to search for projects.

@ Selact a project file: DAPEK NEW PSIM\PEK-550 VIL 1S\PEK | Browse |
@ Select search-directory: |[ Browse

Discovered legacy projects:

Selectall

Deselect All

opy projects into workspace

W Tach projet

Create a subfolder for each Eclipse ct (recommended)

Y

@ < Back .’ Finish Cancel
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Select Compiler
Select a compiler version for each migrated project.
|
Praject Device Fa. Compiler Edit.
TIPEK_550_Labl 3P SVPVL. m) C2000  16.93LTS
 ——
@ <Back || Ned> {| Ensh | Cancel |
Bl
% Import Legacy CCS Projects [ B[ =]

Select Compiler
Select a compiler version for each migrated project.

Project Device Fa.. Compiler Edit
3 PEK_550_Lab1 3P SVPVL. m| C2000  16.9.3LTS

A Issues that may require your attention were encountered while migrafl
A project(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.

7+ workspace_v7 - CCOIEQ
File Edit View Navig

e [2E
I Energia Sketch
[ Project Explorer 52 ples.. I o
€ PEK 550_Labl 3P_5Y ease]
Build Project
B @nu cul+s
Configurations g
Build Working Set 5

Run Scripts Window Help
= New CCS Project...

4

Clean.
Build Automatically
Show Build Settings.
@1 Import CCS Projects.
] Import Legacy CCSv3.3 Projects.
Add Files.
RTSC Tools 3
@, Import Energia Sketch
B Import Energia Libraries

C/C++ Index »
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= | [ Manage Configurations.

Inchude om ons
Parformance Advisor
Predefined Symboks

o)
U

Advanced Options =
€2000 Linker -
2000 Hex Uity [Disal Verify_ | (spplies to whole project)
Debug ,
Advanced settings
Compiler version: TIvI6S.3LTS vl [ Mo |
Outputtype: o
Output format: legacy COFF =

Device endianness:

O=> &= g

orime sipporboary. <octomati> B

'+ Properties for PEK_550_Labl 3P SVPWM o S0Hz V1115 V11
General

Canfiguration. [1_ashRamRelease [Acive | =] [Manage Canfiguratians_
D <

[ Select all

| Deselectall

Advanced Ogtions N"""ﬂ ok

2000 Linker
2000 Hex Uity [Dissbled] O XOALE
Debug *o 100

Y TIe—

) ==

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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. workspacevT -
Ble Edir wew ste project Bun Scrpts indow telp

1 Project Explorer 71

Bl
T
3 nmmaﬁw;mmm,muw

8. Connect PEK-006 to PC and PEK module
respectively followed by clicking “Debug” to
proceed to burning process.
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5 vorepnee v CR T Gl oo

sEiless Editan Miewss Navigate s Praigcts Run ScipissWindawss Help
FRRERT-TL -1 % I

[ Project Explorer 52 B% v=08
» [ PEK 550 Labl 3P_SVPWNf gy 50Hz_ V1115 V1

©

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

. ey G DR R
g

[Fle Edit view Project Jgols Run Scripts Window Help
Fuls A= ciBEYE-R B
o
-

;
‘s [ Project Explorer 52

=]
> &5 PEK_550_Lab: VPWM_Inv_5(

=

2

©

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.

Ctrl+Z
Ctrl+Y

B% -0
z V1115 VL1 [Active - 1 FlashRamRelease]

Crl+X
Ctrl+C
Crl+V

e

All Crrl+A

7
Delet
Fo-e e B

0Hz_V11_1 5 V1_1' from the workspace?

Project locat® @
Hz_V1115V11

C:AUsershand1111: !!\wﬁe\ﬂ\% K_550_Labl 3P_SVPWM b

@ [ preview> {[ ok ]} cancel
S

elete project contents on djsk (cannat be undane)

1z
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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.

EEEas
EER BOM BEV RECG)
L el M ? Mol L
- é Tony-VPCSB19GW =
9 Bluctooth AT B
O ARENERE

(o=l

= (COM AILPT)
USB-to-Serial Comm Port (COM13)
£34

49 EEAEF
- Bluetooth E (RFCOMM BEREET TD)
¥ Bluetooth £2 (EAESSR)
# Intel (R) WiFi Link 1000 BGN
&¥ Realtek PCle GBE Family Controller

5 WAN Miniport (KEv2)
% VAN Miniport (P)

% WAN Miniport (Pv6)
& WAN Miniport (L2TP)
® WAN Minioort (PPPOE)

4. Open PSIM program and select “DSP
Oscilloscope” under “Utilities” tab.
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€% psim

D@ E| b BB o o @ o | P IR e R 2R
 File Edit View Design Suites Subcircuit Elef GW Utilities [§window  Help

Pirameter Taol

Seript Teol

52z Converter
SPICE Netlist Check
InstaSPIN Parameter Editor

simCoupler Setup

rogram

DSP cope

Device Database Editar

Curve Capture Tool

E-H Curve

Salar 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 RS232.
2) Set 115200 for Baud rate.
3) Set None for Parity check.

DSP Osgl.

Fort settng
Seralport: |13 ] Yt I

Baud rate: 115200 - I

e I
’Vﬁ Continuous  snap-shot

Al varisbles Selected variables.

7 4

>

]
=

Update Al

h :“ varible =]

=

|| change sadground | ::T; = 8 one ™ -

= o] P — ool a2

q I Auto scale oy =
Help | oc| ac o]

6. After the settings, click "Connect" to proceed to
RS232 connection.
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[-Port settings

sodpatt B | | Tt

Baud rate: 115200 N
paity check:  Jwore  v]

‘(-‘ Continuous  Snap-shot

Selected variables

- Update All
F]
Timebase scale

“ —ﬂlvﬁbwe | var =]
S - hal| Y | o= jggmr”—“l
comeet | Foa T} ‘ ’ Pause — e | evel =
- T P —

_wee | oc ac o

Both the output and input variables schemed
within PSIM circuit can be clearly observed when

connection is properly established.

Seralport: |13 m Test
Baudrate: 115200 -]

Parity check:  [None -]

Operation mode
’7(“ Continuous " snap-shot

[~ Select output varizbles

Allvarigh Selected varizbles

— =
T T e |

=

ble

1) ] =y

.

(Change Background
[ [ omcomect | |
° F—mmgmm i

Color

I Auto scale

e _ac | om]

T
Offset = Level j

o
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Appendix D — SAS

Operation Procedure

We thoroughly introduce the PTS software
covering SAS signal tracking, BAT simulation
and real-time signal measurement subsystem.
Through the system auto-detection function, each
device can be well applied to the corresponding
functions.

Installation and Startup

Operating steps 1. Install the complete PTS software: download the
PTS5 installer and decompress it to the location
c:\ PTS installer followed by entering the Volume
and executing the Setup.exe as follows.

5 - - e
3 =
L PTSMain a -+
P
It s strongly recommended that you esit all programs befare rurning this ) ‘ “'
installer. Applications that 1un in the background, such as vius-scanring |
uhites, might ¢ause the installer o bake longer than average to complete. |
|
I |
i
i i
p
Please wail while the installer infiizes.
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2. The system will search if the required component
has been installed. If the required component is
not installed yet or the installed one is with old
version, the required component will be in the
waiting list for installation. In contrast, if the
installed one is with higher version than the
required one, the installation process will be
skipped.
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S I e ==
- _______________________

Destination Directory
Select the installation directories.

Al software will be installed in the following locations. Ta instal software inte a
ditferent location, click the Browise button and select another directory.

Directony for PTSMsin
CH3 Winske kTS _EnnnSyctent: | [Ceremse.. |

Directory for Nationsl Instruments products
Do bl strunentt | [ Browse.. |

«Back |

] Lancel

Use the default location and press the “Next” to
finish installation. Then, the installed software
and the software waiting to be installed
including the required executing component will
be listed.

o I | —EEs

Start Installation
Review the following summary before continuing

Adding or Changing
*» PT5Main Files

Click the Mext button to begin installation. Click the Back button to change the installation seftings.

Savefie.. | [ <cBack [ News> ||

Cancel




GYINSTEK Appendix D — SAS Operation Procedure

3. Press “Next” to proceed to the following

installation.
3 Prsiain _ ==

Overall Progress: 30% Canplete

Updating component registration.

<cBack Mest>> | Cancel |

The overall installation progress along with each

item progress will be displayed.
[@prsven = -

Installation Complete

The nsteles has finished wpdating your syviem.

4. Download the PTS SAS package software and
decompress it to the previous location for
installation. A new directory will be added under
the location c:\ gwinstek\.

5. Switch to the directory and it is available to create
a shortcut on the desktop for convenient
execution. See the following screenshot shown.
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Uninstall 7.

126

> PR Y .
CIliz/ . » W » Genuine Win7_64bit (C) » GWinstek » PTS SAS

L
= |

config
PEK-540
PTS_PVMainaliases

oogle BRES
il

=
.« Genuine Win7_64bit (C)
< Data ()
& CD %W )
o CO M (F)
2 Data (1)
& dso (\\17216.5.225) Z)
MSN EE##
RE MSN 20805

wwaz0n
® 5F-WAREHOUSE R R Gipped) RER
™ AJHUANG T e 072163229 @)
= ASUS-S14
= 5

Right click on the PTS_PVMain file followed
by selecting “Sent to” -> “Desktop (create
shortcut)” to create a shortcut, which allows
you to promptly execute the software from the
desktop directly with ease.

Locate the shortcut from desktop and execute it
promptly when necessary later.

In the Control Panel, click the “Programs and
Features” item followed by locating the PTSMain
one for uninstall.

.
Ol nms » FARNSAB » B0mE

FERNERGS  WCARERTT - FaE-T (ENEE @€ (0E
sews - wwme
am
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Interface Introduction

Program Running Interface

Diagram 1 - - : : ==
System Running . : g — @
Interface : el
[
I -
o e e

The PV trajectory curve of the configured system

Diagram 2 = -

V1 display in left and PV display in right. Active
indicates the one after startup. The real IV
measurements, via Intensive setting, allow user to
check the relevant trajectories.
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Real-time readings monitor

Diagram 3 Voltage
125.75

Current
3.53

Power
44391

Intensive

4

Uk

Both Voltage and Current are indicated in the left
side of the IV curve chart from the diagram 2,
whereas both Voltage and Power are indicated in
the right side of the PV curve chart from the figure
2. Intensive indicates the remaining data points on
screen, which tracks the real IVP fluctuating

trajectory.

e e Y,

» & @ @ 0 i U 1o @ @ @ & ® i i e e
vor
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Operation

Device connection setup

Diagram 4 PV Source
Device selection ’|I/
(1]

2

Establish system connection, via the drop-down
menu, to designate the applicable device.

Establish PV reference curve

Diagram 5 vae/[77 vmp
Trajectory I | mpm | o I
parameters of
previous setup

[64.032 \] Margin [\ 0 \] % SAS Create

SAS_Create: Establish a new curve as the following
screenshot shown:

Diagram 6 i Conf == When a new curve is
SAS trajectory ' - ) established, the relevant
parameter e o] curve will be displayed in
setting e[ E[ 12000]] the VI and PV charts. And
W ERc it is available to add
: parameters for the curve
i (3_To2] into the SAS table.
Mﬁ’g'"J e Voc: Open circuit
VY voltage
:w) s mea) o Isc: Short circuit current
e Vmp: Max power point

voltage

o Imp: Max power point
current

e Margin: Output will not
be updated within the
ample area (%)
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Diagram 7 y SAS Table
. o 0
Trajectory z ";‘2 "l':g
parameter table - .
mp

|4 045
Margin Mode
o Mone

El mm 3

Mode: Select Auto
mode when utilizing

OK: Confirm parameter
setting and import into
SAS Table

Cancel: Discard the
modification setting
SAS Table: The curve
ready to be written into
device. Right click to
open the operational
functions: Import Table,
Export Table

Import Table: Load the
previously established
curve and parameter in
the auto-saving file.
Export Table: Export
the current curve and
parameter. Point the
cursor to the SAS Table,
through the delete
button, to delete the
current setting
(trajectory curve).

Upload / Load PV trajectory curve parameter

Diagram 8

r & Upload |

Write the set trajectory curve parameter from
the SAS Table into the device and wait for
execution. In the meantime, PSW enters the SAS

running mode.
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. Output OFF/ON
Diagram 9 S tEall

Start / Stop PSW output

In the SAS mode, PSW output reacts in accord
with the selected curve. In the normal mode,
PSW acts as a standard function.

Select Trajectory Parameter

Diagram 10 SAS_Config_1 v'
Refer to
trajectory
parameter
selection

Stop and End

Diagram 11 Once the upload action is executed, the device
enters the SAS mode and all the Output ON/OFF
control determine if PSW proceeds to tracking
operation.

If PSW requires to returning back to the normal
operation mode, it must select stop software and
restart it.
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Appendix Description

A: PSW Tracking Mode

After SAS software startup, PSW will, by uploading trajectory curve
software, initiate tracking mode. User then is able to switch freely
among the established trajectory software. In order to exit from the
tracking mode, press the “STOP” to make the device return back to
the default operation mode.

B: Normal Mode

System is under the normal operation mode after startup. PSW
enters the tracking mode after successfully uploading the PV
trajectory curve.

C: IVP Real-Time Record Curve

In the tacking mode, apart from IV and PV trajectories, the both
trajectory record charts are also provided, individually.

Diagtam 12 o T Com N WY
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Appendix E — BATSim

Operation Procedure

In the PTS system, BATSim simulates the basic
battery mode via the combination of PSW 160-7.2
and PEL-3000, and also simulates the discharge
mode via PSW, further simulating charge mode
via PEL-3000.

Charge: when external voltage is greater than
that of PEL-3000, PEL-3000 absorbs power and
thereby simulates the battery charge mode.

Discharge: when external voltage is less than that
of PSW, PSW outputs power and thereby
simulates the battery discharge mode.
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Installation

Operating 1. Install the complete PTS software: download the

steps PTS5 installer and decompress it to the location
c:\PTS installer followed by entering the Volume
and executing the Setup.exe as follows.

53 PTSMain - R ] [E= e

p———
It is strongly recammended that you ext all programs before running this \“
installer. Applications that run in the hackground. such as vinus-scanning \I
s, ight causs the installer o take longer than average o complete |

|

| |

|

I

— : J

. J
Plesse wail whis the installe intialzes

2. The system will search if the required component
has been installed. If the required component is not
installed yet or the installed one is with old version,
the required component will be in the waiting list
for installation. In contrast, if the installed one is
with higher version than the required one, the
installation process will be skipped.
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Destination Directory
Select the installation diectaries.

All softeare will be installed in the following locations. To install software into a
different location, click the Browse button and select another directory

Directory for PTSMain
[CTPTsIP TS Byt | [ Brones. |

Directory for National Instruments products
[DProgmn Fislatonal rumen | (Coronsen. |

<¢ Back | Mewt>> 4 LCancel

Use the default location and press the “Next” to

finish installation. Then, the installed software and
the software waiting to be installed including the

required executing component will be listed.

o D ] —EEs

Start Installation
Review the following summary before continuing

Adding or Changing
*» PTSMain Files

Click the Mext button to begin installation. Click the Back button to change the installation settings.

Savefie.. | [ <cBack [ New>> J[ Cancel
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3. Press “Next” to proceed to the following

installation.
3 PTsiain _ == -

Overall Progress: 30% Canplete

Updating component registration.

<< Back Mes>> [ Cancel |

The overall installation progress along with each

item progress will be displayed.
[@rrsven = -

Installation Complete

The insteles hs fnished wpdating your eyviem.

4. Download the PTS BATSim package software from
the website and decompress it to the previous
location for installation. A new directory will be
added under the location c:\ gwinstek\.

Uninstall 5. In the Control Panel, click the “Programs and
Features” item followed by locating the PTSMain
one for uninstall.
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Startup
Operating 6. Switch to the directory and it is available to create a
steps shortcut on the desktop for convenient execution.

See the following screenshot shown.

o =
iz - » W » Genuine Win7_64bit (C) » GWinstek » PTS BAT B 3 »
SeEi- @NE 88 FERNE = ® |
|
L
% Dropbox BATSimaliases |
8 TE
| ma=
& Google BRER
sENaR

o

® 1F-MEETINGROOM

® 4F-MEE

7. Right click on the BATSim file followed by
selecting “Sent to” = “Desktop (create shortcut)”
to create a shortcut, which allows you to promptly
execute the software from the desktop directly with
ease.
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Interface Introduction

Diagram 1
Device List

Diagram 2
Basic
parameters
settings of
simulating
battery

138

Power

10 SN SublD
% COM4 #llEnis02s6 1|
Manufacture ModelName Ver.
GW-INSTEK PSW80-13.5 02.19.20190314
Load
l¢] SN SublD Re-Config
& COM9 Fl|ELo7090202 1 D
Manufacture ModelName Ver. /
GW |PEL-2002 |vz12

User is able to, via the 10 setup, manually select the
applicable devices for system. Click the “Re-
Config” to proceed to setup validation. The basic
information of selected devices will be displayed as
the above example shown when successful setup.

It supports PEL-3000 and PSW series products only.

Ccz'ﬁl;;(mh) . Capac.ity(mAh): simulating battery
fs00 | capacity

IE'ECHP(%) o InitCap(%): initial capacity

Vo(v) o Vo(V): standard output voltage

L SEM o Voff(V): simulating battery voltage

45 when empty

o Vdiff(V): simulating voltage
difference when internal charge
and discharge
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Diagram 3 10;,('“” Indicator
50.00

Battery cell e
indicator o0-

85

80-

75

70-

65-

60

o

50-

a5

40-

35

30-

25-

20

15

a-
Diagram 4 Cell Output Status
Battery status Status Capacity(mAh) Voltage(V) Current(A)
display 3000 0.000 0.000
Diagram 5 : R
Battery charge
and discharge :
simulating
record curve

ECrEEES “oranns ““"l"‘”‘“"l,v; oizooe 041000 Bchi om0 —

During the process of system running, the latest
voltage and current readings from device will be
loaded and displayed within the above curve chart
in accordance with the charge (PEL) and discharge
(PSW) behaviors.
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Operation

Device validation will start automatically after software startup.
The following message will be shown when none of devices have
been connected properly.

= [=x=

0 lInst. Scaned
Unmatched Instruments
One for Power(PSW) and the other for E-Load(PEL3K)

Select the applicable power and load devices
respectively and make the reconnection.

Device Connection

Power
10 SN SubID
: gl o
Manufacture ModelName Ver.
\
Load
10 SN SubID
|‘/u B 0
Manufacture MaodelName Ver.
\ |
0 Expand the list of available
il = devices for system and select the
COM1 . . .
p— applicable resources configuration
comé4 for power and load individually.

| P Recheck the physical connection

Refresh when none of connected devices
are displayed. Press “Refresh”
and see if devices are shown.
Contact your local dealer if it
doesn’t work out still.
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Simulating Parameter Setup

CellSpec. o Capacity(mAh): simulating battery
Capacity(mAh) capacity

13000 . O\ bies .

e InitCap(%): initial capacity

100 o Vo(V): standard output voltage
Vo(V) o Voff(V): simulating battery voltage
1215 when empty

VT[E(\;)S o Vdiff(V): simulating voltage

vdi ff(V) differgnce when internal charge
103 and discharge

Re-Config After setup, press “Re-Config” to

/.,-—D proceed to validation.
\\_)

Power

10 SN SubID
ficoma =||En150256 1 |
Manufacture ModelName Ver.

| GW-INSTEK |PSw80-13.5 02.19.20190314

Load

10 SN SubID
s com9 =||eLo7090202 1 |
Manufacture ModelName Ver.

jow |PEL-2002 V212

o Power: PSW series devices are required.
« Load: PEL series devices are required.
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Monitor Screen

Cell indicator Cell Gutput Status Update Rate(ms)

o s0p0 | Status Capacity(mah) Voltage(V) Currenti) 100
. 3000 0000 0000
d % ¥
o cocm o moiss  somm  om tas  eoies  mmotee
i 5 +En

105
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Appendix F Design
Principles

Experiment 1 Interleaved Buck Converter

The two-phase interleaved buck converter, as shown in Appendix F
1.1, features a current loop and a voltage control loop to maintain
the V,, voltage. The voltage loop uses the error from voltage
feedback, adjusted by the voltage controller, to obtain the current
command (lg) and sends it to the current controllers of the two
converters. The two current controllers then use the error from the
inductor current feedback, adjusted by the current controller, to
obtain the control voltages (V¢on1 and Veon) for PWM. The PWM
sawtooth waves (Vi and Vy,) of the two converters are of the same
frequency but have a phase difference of 180 degrees to achieve
interleaved control. The two PWM trigger signals are interleaved,
which also interleaves the ripple of the inductor current, resulting
in an output current frequency that is twice the switching
frequency, helping to reduce the value of the filter and thus its size.
Since the design of the inductor current loop is the same as that of
the boost converter, it will be explained in Experiment 2. Here, only
the design of the voltage loop is described.
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Figure Appendix

F1.1 T JL Buckl

+ lyy —
T h DC o I~
wo-phase \{“ Source
interleaved buck "l-‘
converter Ga‘eﬁ
Current dc Voltage
V, and V,, are triangular Controller Controller
waveform with 180° phase
shift JJ; Buck2 [
lp 5
v >
\:l;
Gateﬁ v
Ve PWM <[ Current

Controller

The equivalent circuit of the voltage loop of the current-controlled
buck converter is shown in Figure Appendix F1.2(a), from which it
can be derived:

s

v Meg L =1
T (Appendix F1.1)
The command of the current loop is generated by the voltage loop.
The control block diagram combining the current and voltage loops
is shown in Figure Appendix F1.2(b), where it is assumed that the
bandwidth of the current loop is much wider than that of the
voltage loop, thus the current loop can be considered ideal

(i.e.,g =l ), kv is the voltage sensing ratio, LPF2 is a low-pass filter,
which combines with the proportional-integral (PI) voltage
controller to form a type 2 controller. The Bode plot of the voltage
loop is shown in Figure Appendix F1.2(c), and the zero crossover
frequency of the voltage loop uvneeds to be much lower than the

bandwidth of the current loop, and can be set as u,=ur/4, z = u, /4,
p = f/10.

According to the current and voltage control loops of the
synchronous buck converter, two sets of converters are paralleled
and the PWM phases are interleaved by 180 degrees, resulting in
the control loop of the two-phase interleaved bidirectional DC-DC
converter as shown in Figure Appendix F1.3. Its circuit loop
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response is the same as the current control loop in Figure Appendix
F2.5, while the voltage loop is the same as in Figure Appendix F1.2.
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Figure Appendix F1.3 Two-Phase Interleaved Buck Converter Control
Architecture
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Experiment 2 Interleaved Boost Converter

The control architecture of the interleaved bidirectional DC-DC
converter is illustrated in Appendix F2.1. It comprises a current
loop and a voltage control loop, which are employed to maintain
the DC bus voltage (V). The voltage loop utilizes the error from the
voltage feedback, which is processed by the voltage controller to
generate the current command (lac). This current command is then
sent to the current controllers of the two converters. The current
controllers, in turn, use the error from the inductor current
feedback, processed by the current controller, to generate the
control voltages for the PWM (Veon1 and Veonz). The PWM sawtooth
waves (Vu and V) of the two converters have the same frequency
but are phase-shifted by 180 degrees to achieve interleaved control,
as shown in Appendix F2.2. The interleaved PWM trigger signals
cause the ripple of the inductor currents to also be interleaved,
resulting in an output current frequency that is twice the switching
frequency. This helps in reducing the value of the filter, thereby
decreasing the filter size.
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The bidirectional DC-DC circuit employs a half-bridge
configuration as illustrated in Appendix 2.3. From Figure
Appendix F2.3, it can be derived that:

L8 gy, vy = ey, Yy,
e~ P T 2w, T2 (Appendix F2.1)
d _ 1 + Ucon
2 2V (Appendix F2.2)
oy,
dr _ owm Vcon 2 b (Appendlx F23)
P
P 20, (Appendix F2.4)
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Using Appendix F2.3, the current loop controller can be designed
as shown in Figure Appendix F2.4. The block H, is plotted based on
the small-signal transfer function from Appendix F2.3. The
parameter ks represents the current sensor's sensing ratio (V/A),
and LPF1 is the low-pass filter applied during sensing. The current
controller employs Proportional-Integral (PI) control, and the
combination of PI and LPF1 forms a type-2 controller. The PI
controller generates a feedback control signal Vy,, which, when
combined with the feedforward control signal Vg, results in the
control voltage vcon for the PWM. The purpose of the feedforward
Va

control is to eliminate disturbances. 2 Disturbance to the
current loop. The zero-crossing frequency (equivalent to bandwidth)
ul of the current loop is designed to be 1/8 to 1/10 of the switching
frequency. The Bode plot of the current loop is shown in Appendix
F2.5, where z can be set to u;/3 and p to f;/4.

Figure Appendix
F2.3

Half-Bridge DC-
DC Converter

1-Iy)
-

L

Litink —

o 8%
()

Iy
L k
LR

Vi < I o 5% G | L

- (1-d)
Figure Appendix w2 [ 1 |
F2.4 . " pwmbo| " ViVyf2

v (Tl
Current Control '« %, ba(s +2) | |Vio+ y Veon '_.J' £_. R
Loo - s 2 sLy

P ig Gea = H
1
s+p; \@

149



GUYINSTEK PEK -540 User Manual

Figure Appendix GeaHy
F2.5

Bode Plot of z Py
Current Loop Gea

Figure Appendix F2.3, under steady-state conditions, can be
derived from the power balance:

Lk Va = —Viplg Appendix F2.5

As shown in Appendix F2.3, when the DC voltage is maintained at
a constant value, the output current of the DC-DC converter, lgjin is
equal to the equivalent input current of the inverter, liy,. By
removing the steady-state value of the balanced current, the DC
link voltage loop can be represented by the small-signal model in
Appendix F2.6(a), from which the following can be derived:

e _ 1
Tk 5Ca (Appendix F2.6)
By utilizing Appendix F 2.5, it can be obtained:
=V ~
Lainic = de Iq

(Appendix F2.7)
From (Appendix F 2.6) and (Appendix F 2.7), it can be derived:

Va _ Va Tk _, Vo, 1

R AR A (Appendix F2.8)

The command of the current loop is generated by the voltage loop.
The control block diagram combining the current and voltage loops
is shown in Figure Appendix F2.6(b), where it is assumed that the
bandwidth of the current loop is significantly wider than that of the
voltage loop, thus the current loop can be considered ideal (i.e.,

la = lac ), kv is the voltage sensing ratio, LPF2 is a low-pass filter,
which combines with the proportional-integral (PI) voltage
controller to form a type 2 controller. The Bode plot of the voltage
loop is shown in Figure Appendix F2.6(c). Considering the low-
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frequency ripple of lj,, under unbalanced three-phase load in the
inverter, the zero-crossing frequency uv of the voltage loop needs
to be much lower than the second harmonic to reduce the ripple of

the inductor current command idc, where z can be set as u,/4, p as
fi/10.

Based on the aforementioned current and voltage control loops of
the half-bridge DC-DC converter, two sets of converters are
paralleled and the PWM phase is interleaved by 180 degrees to
obtain the control loop of the two-phase interleaved bidirectional
DC-DC converter as shown in Figure Appendix F 2.7. The response
of its circuit loop is the same as the control loop in Figure Appendix
F 2.4, and the voltage loop is the same as in Figure Appendix F 2.6.
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Figure Appendix F2.7 Control loop of the two-phase interleaved
bidirectional DC-DC converter
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Experiment 3 Bidirectional DC-DC Converter

Combining the synchronous buck converter from Labl and the
synchronous boost converter from Lab2, as shown in the circuit of
Figure Appendix F3.1, one operates in buck mode, and the other in
boost mode. Their inputs and outputs are connected together, with
the low-voltage side (V) connected to the power supply. This setup
can verify that both converters have bidirectional power
adjustment capability, and energy can be recovered, with one
acting as the load for the other, without the need for an additional
load. Converter 1 has both voltage and current loops, with the
voltage V4 maintained by Converter 1, while Converter 2 only has a
current loop, with the current command set by 14, which can be
positive or negative. When ly;, is positive, Converter 2 acts as the
load for Converter 1, with Converter 1 operating in boost mode and
Converter 2 in buck mode. When Idc2 is negative, Converter 1 acts
as the load for Converter 2, with Converter 1 operating in buck mode and
Converter 2 in boost mode.

Figure Appendix
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Experiment 4 Three-Phase Four-Wire Boost
Standalone Inverter

The boost circuit was introduced in Experiment 2, and the
following will explain the standalone inverter.

The control architecture of the three-phase four-wire inverter is
shown in Figure Appendix F4.1. From Figure Appendix F4.1, it can
be derived:

dloa
L—= =V, —V, .
dat ~ AT (Appendix F4.1)
pHon oy,
e~ Bn T e (Appendix F4.2)
dloe v v
at e (Appendix F4.3)
Loa +1op +1oc = Ioy (Appendix F4.4)

The voltage of the ABC three arms using SPWM switching can be
expressed as: utilizing

V, =2y i=AB,C .
Zoem (Appendix F4.5)

Utilizing (Appendix F 4.1)~(Appendix F 4.5), it can be derived:

L d;oa

d[t Vd Veona Van

tm vCDTl

| dr, el Wen
el i

dt (Appendix F4.6)

Definition:
v,
kpwm = Zvd i
tm (Appendix F4.7)

It can be derived:
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dl,,
[ d(;t“ Vcona Van
|L ob | = kpwm Veong | — Vbn
dt VconC V.
l d1MJ o
L .
dt (Appendix F4.8)
Utilizing the abc-dg0 axis transformation yields:
| lag
dtlit 10 0 Vg | [LOOTVog] [0 @b 071y
L d(t’q =kpwm 010 Vconq -1010 Voq —|-oL 0 0 qu
dl 00 1| Voo [001]Veo] [0 0 0],
L 00
L dt

(Appendix F4.9)

dst 1001,] [200]1,] [0 @C 0fVy
dsq:010|0q—010 lg |~|-aC 0 0V,
< Voo 001le] [001]le] [0 0 0]y,
R

(Appendix F4.10)
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Figure Appendix F4.1 Control Architecture of Three-Phase Four-Wire
Standalone Inverter

Utilizing (Appendix F4.9), the current loop of the converter can be
designed as shown in Figure Appendix F4.2. The power circuit
block is drawn using (Appendix F4.9). The controller employs both
feedback control (vs) and feedforward control (ve1 and vig). The
feedforward control is used to directly counteract the disturbances
of Vi, @ Ll (d-axis, g-axis, and 0-axis principles are similar) on the
current loop. The feedback control consists of a proportional-
integral (G;) and low-pass filter (LPF) forming a type II error
amplifier. The Bode plot of the control loop is shown in Figure
Appendix F4.3(d). The bandwidth of the current loop can be set to
1/10~1/8 of the switching frequency.
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Figure Appendix o Vose
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Utilizing (Appendix F4.10), the voltage loop of the converter can be
designed as shown in Figure Appendix F4.3. The power circuit
block is drawn using (Appendix F4.10), and the current loop is set
to be ideal, meaning the current tracking response is set to 1. The
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controller employs both feedback control and feedforward control.
The feedforward control directly counteracts the disturbances of
the load current (iq, iLq, and iro) on the voltage loop. The feedback
control consists of a proportional-integral (Gv) and low-pass filter
(LPF) forming a type II error amplifier. The Bode plot of the control
loop is shown in Figure Appendix F4.3(d). The bandwidth of the
voltage loop can be set to 1/4 of the current loop bandwidth. The
commands for the d-axis and 0-axis are set to zero. The voltage
control of the 0-axis is used to balance the three-phase line voltage,
ensuring balance under unbalanced three-phase load conditions.
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(d) Bode Plot
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Experiment 5 Three-Phase Four-Wire

Photovoltaic Grid-Connected Inverter

Based on the PEK-540 two-stage circuit architecture, a grid-
connected three-phase four-wire PV inverter as shown in Figure
Appendix F5.1 can be realized. The input of the two sets of DC-DC
converters is the photovoltaic module, forming a multi-string PV
inverter. The purpose of the DC-DC converter input from the
photovoltaic module is to boost the PV module voltage to the DC
bus voltage and enable the photovoltaic module to operate at its
maximum power point. The second stage inverter then feeds the
power into the grid. The control architecture of the DC-DC
converter is shown in Figure Appendix F5.2, which is a three-loop
control architecture. The outermost loop is the maximum power
point tracking control loop (MPPT), which generates the voltage
command (vpc) for the photovoltaic module. The middle loop is the
voltage control loop, which aims to make the photovoltaic module
voltage (vp) follow its command. The voltage controller generates a
current command () for the innermost current loop, which aims
to make the inductor current (Ir) follow this current command. The
current loop generates the final PWM control voltage (Vconp), which
is then compared with the PWM triangular wave (vi) to obtain the
duty cycle of the switch.

As derived from Appendix F5.2:

L—==dV, —V,

dt (Appendix F5.1)

The duty cycle can be expressed as:

Vconp

1
d==+
2 2Vm (Appendix F5.2)

The amplitude of the triangular wave is denoted as vtm. By
substituting (Appendix F 5.2) into (Appendix F 5.1), the following
can be obtained:

Ao _ la_y,

L v d_

dac pvmenr o vy (Appendix F5.3)
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Va
k wm =
Among ' 2Vim (Appendix F5.4)
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The current loop controller can be designed using Appendix F 5.3,
as illustrated in Figure Appendix F 5.3(a). The block H; is plotted
based on the small-signal transfer function from Appendix F 5.4.
The parameter ks represents the current sensor's sensing ratio
(V/A), and LPF1 is the low-pass filter applied during sensing. The
current controller employs Proportional-Integral (PI) control, and
the combination of PI and LPF1 forms a type-2 controller. The PI
controller generates a feedback control signal Vp, which, when
added to the feedforward control signal Vg, results in the control
voltage ven for the PWM. The purpose of the feedforward control is
Va

v
to eliminate. 2 ' Disturbance to the current loop. The zero-
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crossing frequency (equivalent to bandwidth) u; of the current loop
is designed to be 1/8 to 1/10 of the switching frequency. The Bode
plot of the current loop is shown in Appendix F 5.3(b), where z can
be set to u;/3 and p to f./4.

Figure Appendix vpv—%_,
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The PV module can be regarded as a voltage source, and the
voltage loop can be represented by the small-signal model shown
in Appendix F 5.4(a), from which it can be derived:

—(1+wiz) 1
= w

€T ReC (Appendix F5.5)
The command of the current loop is generated by the voltage loop.
The combined control block diagram of the current and voltage
loops is shown in Appendix F Figure 5.4(b). It is assumed that the
bandwidth of the current loop is significantly wider than that of the
voltage loop, thus the current loop can be considered ideal

:‘zlg |

(i.e.’t = i) Ko represents the voltage sensing ratio, and LPF2 is a
low-pass filter, which, combined with the proportional-integral (PI)
voltage controller, forms a type 2 controller. The Bode plot of the
voltage loop is shown in Appendix F 5.4(c). The zero-crossing
frequency of the voltage loop, uv, must be significantly lower than
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the bandwidth of the current loop and can be set to u,=u;/4, z =
u,/4, p = f:/10.
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Maximum Power Point Tracking (MPPT) control generally employs
the Perturbation and Observation (P&O) method. The concept, as
illustrated in Appendix Figure F5.5(a), involves moving the
operating point on the P-V, characteristic curve. The slope dP/dV,
calculated from the current sample determines whether the
operating region is in Interval I or Interval II. If in Interval I, the
next movement direction is to increase Vy; conversely, if in Interval
II, the next movement direction is to decrease V. Each time, the
operating point must be moved and reassessed, hence the name
Perturbation and Observation method. The P&O method must be
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executed through a program, with its flowchart shown in
Appendix Figure F5.5(b).
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Experiment 6 Three-Phase Four-Wire Battery
Energy Storage System

Due to the previous chapters having already discussed the
applications of DC-DC converters and standalone inverters, the
following sections will focus on the energy management controller
in grid-connected mode.

A. P-o and Q-V droop control

In the event of normal grid operation, the energy management
controller is depicted in Appendix F6.1(a). The real power
command for the inverter can originate from the battery charger or
from an external (or preset) command regulating the load level. To
assist in supporting the grid voltage, the PCS must adjust the real
and reactive power commands based on the grid voltage and
frequency. Appendix F6.2(b) illustrates the P-& droop control
method. When the grid frequency falls below the normal f..: value,
the PCS provides real power higher than the original set value.
Conversely, when the grid frequency exceeds the normal f.; value,
the real power output is reduced. Here, the adjustment range of
P-w is set to +1Hz. The normal real power output setting is
maintained within +0.5Hz. If it exceeds 0.5Hz, the output setting
will be linearly increased (or decreased). When it reaches +1Hz, it
will increase or decrease by 50%. Figure Appendix F6.1(c) shows
the Q-V droop adjustment method. The Q-V droop adjustment
range is set to #20% of the rated voltage. When the V) voltage is
lower than the rated value, the PCS provides a higher virtual
power than the original setting. On the contrary, when the V.
voltage is higher than the rated value, the virtual power output
setting is reduced. The adjustment method is linear increase or
decrease, and when the voltage reaches +20% of the rated voltage,
the virtual power setting value is adjusted to £50%.
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B. PQ Controller and Active Power Filter (APF) Controller

Figure Appendix F6.2 includes the PQ controller and APF
controller, which are located within the management controller's
inner loop. The PQ controller receives commands (Pc and Qc)
generated by the aforementioned power management controller,
adjusts them through Proportional-Integral (PI) control to obtain
the current commands ioem and ioaem, and then the APF controller
derives the final current commands. The purpose of the APF
controller is to compensate for load current harmonics (q and d
axes), reactive power, and load current imbalance. To achieve these
compensation functions, it utilizes the load current on the g-axis
(irg) to obtain the fundamental wave of the active load current (izs)
through a low-pass filter, calculates the harmonic of the active
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current (irgn) from the difference between the two, and finally, the
current command on the g-axis is obtained by adding iogem and
iLgh (iogea=logem+irLqn), enabling the PCS to compensate for the active
current harmonics of the load. The reactive power and reactive
current harmonics of the load need to be fully compensated, so the
current command on the d-axis is obtained by adding isicm and iL4
(fodca=lodem+iLd). To compensate for the load current imbalance, the
current command on the 0-axis is generated from the 0-axis component of
the load current (igoca=iLg)-

V,

oq .
VDd > quca

o P = Voglog +V6

—20 5 Q= Vg log - V. : To current
[} > lodgca

—od ) controller

PQ controller

\ APF controller .o 7—"00%

Figure Appendix F6.2 PQ Controller and APF Controller

C. Phase-Locked Loop Controller

The Phase-Locked Loop (PLL) controller, as shown in Figure
Appendix F6.3, determines the presence of grid voltage. When the
Grid-on signal is selected, it uses the grid signal on the d-axis (V)
to generate a frequency correction signal (Aw) through a
Proportional-Integral controller. Adding Aw to the preset frequency
®, yields the phase-locked frequency ;, which, after integration,
produces the angle signal 0. This 0 is then fed back to the abc-dq
axis transformation, achieving synchronization when A is
corrected to zero. The PLL output frequency signal can also be used
for grid voltage frequency detection, and the 6 angle can be used to
generate synchronized sine wave signals. In the absence of grid
power, the Grid-on signal selects the PLL to generate the angle
signal 0 from the preset frequency o, for use in independent mode
axis transformation.
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Figure Appendix F6.3 Phase-Locked Loop (PLL) Controller
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Experiment 7 Three-Phase Four-Wire Hybrid
System

Experiment seven integrates experiments five and six to form a
hybrid system, using one phase of the interleaved converter from
experiment six as a photovoltaic converter. The design method is
the same as before, so it will not be elabor

169



	Introduction
	The Description on Chapters

	Experiment 1 – Interleaved Buck Converter
	Circuit Simulation
	Experiment Devices
	Experiment Procedure
	The purpose of experiment
	The experiment result
	Electronic Load 26Ω
	Electronic Load 13Ω

	The Conclusion

	Experiment 2 – Interleaved Boost Converter
	Circuit Simulation
	Experiment Devices
	Experiment Procedure
	The purpose of experiment
	The experiment result
	Electronic Load 100Ω
	Electronic Load 50Ω

	The Conclusion

	Experiment 3 – Bi-directional DC-DC Converter
	Circuit Simulation
	Experiment Devices
	Experiment Procedure
	The purpose of experiment
	The experiment result
	PSM_Id2set = 0
	PSM_Id2set = -1
	PSM_Id2set = 1

	The Conclusion

	Experiment 4 – Three Phase Four Wire Boost Stand-alone Inverter
	Circuit Simulation
	Experiment Devices
	Experiment Procedure
	The purpose of experiment
	The experiment result
	GPL-500 in no-load mode
	GPL-500 in half-load mode (20Ω)
	GPL-500 in full-load mode (10Ω)
	GPL-500 in out-of-balanced load mode (Ra/Rb/Rc = 20/10/10Ω)

	The Conclusion

	Experiment 5 – Three Phase Four Wire PV Grid-connected Inverter
	Circuit Simulation
	Experiment Devices
	Experiment Procedure
	The purpose of experiment
	The experiment result
	The Conclusion

	Experiment 6 – Three Phase Four Wire Battery Energy Storage System
	Circuit Simulation
	Experiment Devices
	Experiment Procedure
	The purpose of experiment
	The experiment result
	Battery Discharge Mode
	Battery Charge Mode
	Inverter Independent Mode (balanced half-load)
	Inverter independent mode (out-of-balanced mode Ra/Rb/Rc = ∞/20/20Ω)
	Active power filter

	The conclusion

	Experiment 7 – Three Phase Four Wire Hybrid System
	Circuit Simulation
	Experiment Devices
	Experiment Procedure
	The purpose of experiment
	The experiment result
	Battery Discharge Mode
	Battery Charge Mode

	The Conclusion

	Appendix A – PEK-540 Circuit Diagram
	Power Conditioning System
	F28335 Delfino control CARD
	Gate Driver
	Gate Driver Power

	Appendix B – C Code Burning Procedure
	Appendix C – RS232 Connection
	Appendix D – SAS Operation Procedure
	Installation and Startup
	Interface Introduction
	Program Running Interface
	Real-time readings monitor

	Operation
	Device connection setup
	Establish PV reference curve
	Select Trajectory Parameter
	Stop and End

	Appendix Description
	A: PSW Tracking Mode
	B: Normal Mode
	C: IVP Real-Time Record Curve


	Appendix E – BATSim Operation Procedure
	Installation
	Startup
	Interface Introduction

	Operation
	Device Connection
	Simulating Parameter Setup

	Monitor Screen

	Appendix F Design Principles
	Experiment 1 Interleaved Buck Converter
	Experiment 2 Interleaved Boost Converter
	Experiment 3 Bidirectional DC-DC Converter
	Experiment 4 Three-Phase Four-Wire Boost Standalone Inverter
	Experiment 5 Three-Phase Four-Wire Photovoltaic Grid-Connected Inverter
	Experiment 6 Three-Phase Four-Wire Battery Energy Storage System
	A. P- and Q-V droop control
	B. PQ Controller and Active Power Filter (APF) Controller
	C. Phase-Locked Loop Controller

	Experiment 7 Three-Phase Four-Wire Hybrid System


