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GUWINSTEK Introduction

I ntroduction

The power converter utilizing digital control,
which largely improves both functions and
performances, further elevating the added values
itself, is the mainstream tendency for the
contemporary industrial products. It has seen
more and more digital control technologies
deployed in power converters nowadays. The
purpose of this manual as shown in the figure 1.1
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.
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The main features of this teaching aid are elaborated below.

1. To provide both electric and electronic analysis,
design, simulation and practical verification.

2. To complete programming and burning via
hardware circuit established within PSIM,
facilitating new learner in DSP firmware to
quickly grasp tips for programming, thus
realizing the area of digital control with ease.

3. This teaching aid offers resourceful instructional
materials containing SimCoder usage to set up
method of hardware programming, in-depth
instructions on teaching aid to each part of
circuit, detailed principle and design of
experiment circuit, PSIM circuit simulating file,
DSP hardware layout and setting, the method of
program burning, etc.

4. This teaching aid provides completely
educational slides for both teachers and users’
reference.

5. This teaching aid offers purchasers for free on
any additional experimental items later.
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Instruction on Teaching Aid of Single-phase
Inverter Module

As the figure 1.2 shown, the single-phase inverter experiment
module currently provides the following 5 experiments.

1. Unipolar voltage switching SPWM

2. Stand alone inverter with dual loop inductor
current control

3. Grid connected single-phase inverter
4. Totem Pole Bridgeless PFC AC-DC converter
5. Full-bridge AC-DC switching rectifier

Figure 1.2 Single-

phase Inverter

experiment
module

jadddy |
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In addition to the Inverter main power circuit, the experiment
module comprises the following components.

DSP Control Module

o The module TI F28335 is available.

o Each module is equipped with the isolated RS-
232 interface, which allows DSP internal signal
to be sent back to PSIM for observation during
the process of experiment.

Figure 1.3 DSP
Control Module

1 F28335-P-V1
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Auxiliary Power Module

Input voltage ranges from 100 to 250Vac with multiple isolated
power outputs (+15V, -15V, 12V, 5V) and the output maximizes up
to 23W. Check the table 1.1 for the specification.

Figure 1.4
Flyback Auxiliary
Power Module

Description Svmbol Min Tvo Max Units
Inbut
Voltage VIN 100 250 VAC
Freauency fLNE 47 50/60 63 Hz
Output
Output Voltage 1 Vout 1.4 12 12.6 \"
Output Current 1 louT 0.1 0.5 0.6 A
Output Voltage 2 Vout2 1.4 12 12.6 \"
Output Current 2 louT2 0.1 0.5 0.6 A
Output Voltage 3 Vours3 14.25 15 15.75 \Y
Output Current 3 louTs 0.1 0.2 0.24 A
Output Voltage 4 VouTs4 -14.25 -15 -15.75 \"
Output Current 4 louT4 -0.1 -0.2 -0.24 A
Output Voltage 5 Vourts 4.75 5 5.25 \"
Output Current 5 louTs 0.5 1 1.2 A
Total Output Power | Pout 7.505 23 28.98 W
Table 1.1
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Motor Power and Switch Driver Modules

o With one set of 12V isolated power, this module
can provides multiple groups of isolated power,
addressing the issue of complicated multiple
groups of isolated motor powers validly.

 Driver module offers driving power of high
frequency and current (2A) with the protection
circuit equipped with Miller effect to prevent
from false actions by accident.

Figure 1.5 Motor
Power and
Switch Driver
Modules

JTAG Burning Module

It offers isolated protection burning to free from computer burnout
during the experimental process due to lack of proper insulation.

Figure 1.6 JTAG
Burning Module
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The Goal of Experiment

The teaching aid proceeds to query-oriented learning on the basis
of circuit analysis, design, simulation, experiment, etc., and designs
electric circuit and controller quantitatively based on the converter
specification. Furthermore, it facilitates readers to have profound
understanding of relevant technology of inverter, via PSIM
simulation verification, SimCoder programming process, therefore
developing the following capabilities for readers.

1. The capability of analysis and design on power
converter.

2. PSIM circuit simulating capability.

3. The design capability for controller of power
converter.

4. DSP digital control technology (programming
via SimCoder).

5. The layout and integration of hardware and
firmware.

6. The capability for circuit production and
verification step by step.

10
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The Descriptions on Chapters

See the chapter arrangements as follows

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

PSIM Brief Briefly introduces the setup and functions of
PSIM to help user realize the working contents of
PISM that is able to assist converter to analyze
and design circuit.

Introduction on Thoroughly introduces the working principle of
hardware and each circuit and way to operate the equipment of
equipment of the teaching aid.

teaching aid

Experiment 1 Learns the switch theory of unipolar voltage

Unipolar voltage ~ SPWM, the measuring method of voltage and

switching SPWM  current for open loop of inverter module, the pin
setting of TI F28335 DSP IC, the A/D and PWM
module settings of DSP, the DSP internal signal
monitoring by RS232, etc.

Experiment 2 Learns the modularization of single-phase full
Stand alone bridge inverter, the controller design of current
inverter with dual  loop and voltage loop, the RMS voltage loop
loop inductor design, the inverter hardware layout, the
current control SimCoder programming, etc.
Experiment 3 Learns the method of phase-lock loop of grid
Grid connected connected single-phase inverter, the controller
single-phase design of current loop and voltage loop, the
inverter hardware layout, the SimCoder programming,
etc.

L
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Experiment 4 Learns the theory of Totem Pole Bridgeless PFC
Totem Pole AC-DC converter, the controller design of
Bridgeless PFC AC- current loop and voltage loop, the hardware
DC converter layout, the SimCoder programming of PFC, etc.
Experiment 5 Learns the theory of Full-bridge AC-DC

Full-bridge AC-DC  switching rectifier, the controller design of
switching rectifier  current loop and voltage loop, the hardware
layout, the SimCoder programming, etc.

12
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PSIM Introduction

PSI M Introduction

PSIM, the simulating software specifically
designed for diversified systems of electric and
electronic, motor-driven as well power converter,
has the following features: full functions, intact
components, fast and precise simulation, user-
friendly interface, etc. It is the most popular
teaching and researching software in the
international academic community and related
industry. Therefore, this teaching aid, by
adopting the software as platform, makes efforts
in helping reader better sync with the
international research and education.

PSIM, with abundantly all-directional features
including simulation, design as well as hardware
circuit realization, provides the functions as the
figure 2.1 shown. In addition to the main frame
that supplies simulation of electricity, electron
and circuit, the following modules are included.

Figure 2.1

Simulation
provided by
PSIM

Hardware

Design Simulation Implementation
Fas
— PSIM \  E2s0h
SmanCtrl m Auto Code | | Tarzets
\ / Analysis Power Generation | [ %
Thermal Electronics SimCoder
Y e—
( HEV Design Suite Jg— ]
o Solar \\]nd‘ MedCouplers
Power ModelSim )

\_ Design Suite -
\ D e/ \_Digital Control Molor Drive /
FPGA
SimCoupler / IDH N

\_Simulink / N oltware / Link to Saber, AMESim, ¢t

13
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Motor Driver It includes DC motor, brushless DC motor,

Module squirrel—cage rotor, wound-rotor motor,
permanent-magnet synchronous motor,
synchronous motor, switched reluctance motor,
various feedback circuit devices for speed, location
and torque, different mechanical loads and drive
source devices that can be utilized as various
motors and generators for simulation in
application systems.

Digital Control It includes several discrete components like zero-

Module order hold, z-domain transfer function, digital
filter, quantization blocks, etc, all of which are
components that can execute digital control and

analysis.
SimCoupler It can be used to be the interface of PSIM and
Module Simulink that empowers Co-simulation for PSIM

and Simulink, while allowing the user of Simulink
to use the original technology. In addition, due to
the advancements in simulating speed and
convergence by adopting PSIM, it empowers the
user of PSIM to make use of abundant Toolbox
functions of Matlab via Simulink.

Thermal Module It provides the module with actual power
semiconductor component characteristics that is
able to calculate the loss of power of semiconductor
component for measuring temperature rise and
reference on radiator mechanism design. User is
able to construct power semiconductor component
with Thermal in accordance with the data manual
of actual component.

Renewable It contains Photovoltaics module, wind turbine and
Energy Module  battery module.

14
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PSIM Introduction

SimCoder
Module

F2833X Target

F2803X Target

MagCoupler
Module

MagCoupler-RT

ModCoupler
Module

HEV Design
Suite

Motor Control
Design Suite

It automatically converts control circuit into C
program, and executes burning, via TI Composer,
for DSP chip. Also, it offers a platform for
interaction between hardware and firmware
engineers through PSIM to build a specific field of
closely tight cooperation.

It contains the element database of TI DSP F2833X,
which automatically generates program for
burning F2833X.

It contains the element database of TI DSP F2803X,
which automatically generates program for
burning F2803X.

It offers the interface for PSIM and magnetic circuit
analysis software JMAG and further links the
above 2 for Co-simulation.

It provides link of data files for PSIM and magnetic
circuit analysis software JMAG.

It offers the interface of PSIM and ModelSim and
further links the 2 for Co-simulation. 2 versions are
available: ModCoupler-VHDL supporting VHDL
program and ModCoupler-Verilog supporting
Verilog program.

It has some templates providing assistant design
for power train system of HEV.

It has some templates providing assistant design
for induction motor, linear and non-linear
permanent-magnet synchronous motor actuator.

In addition, PSIM offers user link with CosiMate, through which
co-simulation can be realized with various software including
Matlab/Simulink, ModelSim, Saber (from Synopsys), Easy5 and
Adams (from MSCSoftware), Inventor (from Autodesk), AMESim
(from LMS), GT-Power (from Gamma Technologies), etc. For more
details, refer to the website link www.chiastek.com.

15
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Teaching Aid Hardware &

Equipment Introduction

The teaching aid is a single-phase inverter and
the input device is GW PSW 250-4.5 360W with
the input voltage ranging from 60V to 200V. The
output device is GW GPL-100 available for
rectified load or resistive load. GW GPM-8212 is
responsible for measuring output power, and
GW GDS-2304A is the main oscilloscope. Also,
we utilize GW APS-7050 to simulate grid
connected electricity in the parallel experiment.

16
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Power Circuit

The physical appearance of teaching aid is shown as the figure 3.1,
and the circuit is shown as the figure 3.2. For safety concern, the
input voltage is limited at 70V in case of critical issue from users
unfamiliar with the circuit operation. There is a 5A fuse in the
forefront of input terminal of inverter followed by a 330uF /450V
input electrolytic capacitor, and a full-bridge inverter consisting of
4 MOS follows behind, for which the later part will further
elaborate. Also, a second order low-pass filter composed of L-C
(inductance: 661.5uH, capacitance: 10uF/400V) switches output, in
accord with high frequency of attenuator inverter, to generate low
frequency sine wave for output voltage with the RMS value 40V.

Figure 3.1

Single-phase
Inverter
Experiment
Module

17
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Figure 3.2 Single-phase Inverter Circuit Diagram

In the control and feedback circuit, the five parameters (input
voltage (Vpc), output voltage (Vo), output current (lo), inductor
current (IL) and grid connected electricity voltage (Vs)) will be
sampled before sent to DSP. The sample process before sent to DSP
will be further illustrated in-depth in the following section.

1. The sample process of input voltage is
excerpted as the figure 3.2 shown. Refer to the
figure 3.3, the input voltage, after routing 16
resistors and attenuating by 1/30k times, is
sent to the sampled IC with model name LEM
LV 25-P. The IC magnifies the voltage by 2.5
times followed by timing 150 to produce the
VDCS signal. It will be then sent to DSP after
passing through the OP magnifier with the
amplification of 0.976 times. The sampled
attenuated ratio is shown as the figure 3.1.

Gain = 3%k><2.5x150><0.976 =1.22x107" 3.1)

18
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o _ame A AN —— AN —— AN ——AN—
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Figure 3.3 Input voltage sampled circuit

The sample process of output voltage is excerpted
as the figure 3.2 shown. Refer to the figure 3.4, the
output voltage, after routing 16 resistors and
attenuating by 1/30k times, is sent to the sampled
IC with model name LEM LV 25-P. The IC
magnifies the voltage by 2.5 times followed by
timing 150Q. It will be then sent to DSP after
passing through the OP magnifier with the
amplification of 0.496 times. The sampled
attenuated ratio is shown as the figure 3.2. Due to
the fact that the output voltage is alternative
signal, and the signal to sent to DSP must be
within 0 ~ 3V, it is necessary to add a 1.5V level to
comply with the requirement, which happens to
the pin 12 of U1.

Gain = ﬁx 2.5x150x0.496 =6.2x10°° (3.2)

19
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Figure 3.4 output voltage sampled circuit

2. The sample process of output current is

excerpted as the figure 3.2 shown. Refer to the
figure 3.5, the output current passes through
the current sensor IC LEM HX 05-P with the
conversion ratio 8x10- times. It will be then
multiplied by 10k€2 followed by routing
through the OP magnifier with 0.357
amplification to be sent to DSP. The sampled
attenuated ratio is shown as the figure 3.3. Due
to the fact that the output current is alternative
signal, and the signal to sent to DSP must be
within 0 ~ 3V, it is necessary to add a 1.5V level
to comply with the requirement, which
happens to the pin 5 of

U5.Gain = (8x10°)x10k x0.357 =0.286  (3.3)
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Qutput Current Sensor
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Figure 3.5 output current sampled circuit

Inductor Current Sensor

The sample process of inductor current is
excerpted as the figure 3.2 shown. Refer to the
figure 3.6, the inductance capacitance passes
through the current sensor IC LEM HX 05-P with
the conversion ratio 8x10-5 times. It will be then
multiplied by 10kQ followed by routing through
the OP magnifier with the amplification of 0.36 to
be sent to DSP. The sampled attenuated ratio is
shown as the figure 3.4. Due to the fact that the
inductor current is alternative signal, and the
signal to sent to DSP must be within 0 ~ 3V, it is
necessary to add a 1.5V level to comply with the
requirement, which happens to the pin 5 of U13.

Gain = (8 x107°) x 10k x 0.36 = 0.288 (3.4)
4 1t
C9 C66
47K .
AN
R88 R0 —AAA
104 35 R% R104
s ANN—d 27 ] 104 10
5 O .
2 G1zA sz *
oNS-p  TLO7ACDR U13B
TLO7ACDR

R102
106

GND-D

Figure 3.6 Inductor current sampled circuit
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The sample process of grid connected electricity
voltage is excerpted as the figure 3.2 shown. Refer
to the figure 3.7, the grid connected electricity
voltage, after routing 16 resistors and attenuating
by 1/30k times, is sent to the sampled IC with
model name LEM LV 25-P. The IC magnifies the
voltage by 2.5 times followed by timing 150Q. It
will be then sent to DSP after passing through the
OP magnifier with 0.496 amplification. The
sampled attenuated ratio is shown as the figure
3.5. Due to the fact that the grid connected
electricity voltage is alternative signal, and the
signal to sent to DSP must be within 0 ~ 3V, it is
necessary to add a 1.5V level to comply with the
requirement, which happens to the pin 12 of U3.

. 1 _
Gain = —-—x2.5x150x0.496 = 6.2x10™° (3.5)
30k
A \NN—ANN—ANN—ANN— Grid Voltage Sensor
R84 R85 R86 R87
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ANA——ANN——ANA,—— e
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B ANA——AM—AAN—AAA— - o
R76 R77 R79 - i
75E 75K 5_75@ 7.5k LV25-P | 1 | o2 RO9 | 085
ANN——ANN——— — ANA— 7 0.AuKT| 0.1uK > 150RF | *
R72 R73 R74 R5. ‘ |
7.5k 75  TBFE 75
Y
GND-D
3
=TT 5 i3
W2LA 3 !
TLO74CDR 3300pJ c10
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2 . o 21K Re7
3 E s 13 [~ B2
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R26
82¢€ 2> 0
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Figure 3.7 Grid connected electricity voltage sampled circuit
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In general, hardware circuit has the built-in OV (Over Voltage) and
OC (Over Current) Protection design with the normality of high
level. Once either voltage or current is beyond the limit, output will
switch to low level to trigger the protection mechanism which
forces inverter to stop operation at once in case of damage. Refer to

the figure 3.8 for the circuit.

Over Current Protection
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v .
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2.1kF é
GND-D
GND-D
GND D
AN
R115 R128
R108 4.64kF R120 S 10kF
L s« AAA—d 217 . * ‘
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Ul7:A iU ANAN—, ]
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155355 v R120
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Figure 3.8 Over voltage and over current protection circuit
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Single-phased inverter teaching aid provides the following test
points for users to measure:

1. DSP sends PWM1 ~ PWM4 to CPLD LC4032V
before obtaining signal Q1 ~ Q4. It will then
pass through the drive circuit to drive MOS,
and the signal Q1 ~ Q4 can be measured from
the measuring point.

2. Input voltage (VDC), after routing 16 resistors
and attenuating by 1/30k times, is sent to the
sampled IC. The IC magnifies the voltage by 2.5
times followed by timing 150€Q to generate the
exactly measuring value of measuring point.
The attenuated ratio is shown as the figure 3.6.

Gain =ix2.5x150=0.0125 (3.6)
30k

3. Inductor current (IL) passes through the current
sensor with the conversion ratio 8x10- times. It
will be then multiplied by 10k to generate the
exactly measuring value of measuring point.
The attenuated ratio is shown as the figure

3.7.Gain = (8x107°) x10k = 0.8 (3.7)

4. Output current (10) passes through the current
sensor with the conversion ratio 8x10- times. It
will be then multiplied by 10k to generate the
exactly measuring value of measuring point.
The attenuated ratio is shown as the figure 3.8.

Gain = (8x10°) x10k =0.8 (3.8)
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5. Output voltage (Vo), after routing 16 resistors
and attenuating by 1/30k times, is sent to the
sampled IC. The IC magnifies the voltage by 2.5
times followed by timing 150Q to generate the
exactly measuring value of measuring point.
The attenuated ratio is shown as the figure 3.9.

Gain = = x2.5x150 = 0.0125 3.9
30k

6. Grid connected electricity voltage (Vs), after
routing 16 resistors and attenuating by 1/30k
times, is sent to the sampled IC. The IC
magnifies the voltage by 2.5 times followed by
timing 150Q to generate the exactly measuring
value of measuring point. The attenuated ratio
is shown as the figure 3.10.

Gain = = x 2.5x150 = 0.0125 (3.10)
30k
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DSP Control Circuit

DSP control circuit is the hardware based on the TI TMS320F28335
(check figure 3.9 and 3.10 for the circuit diagram) to supply, via
dual output regulator IC, 3.3V, the 28335 IC working power, and
1.8V. Before sent into DSP, the signal passes through the diode
clamp circuit to ensure the voltage sent to IC is within 0 ~ 3V in
case of damage to DSP. Through the isolated RS232 interface, it is
available to sent DSP internal signal back to the oscilloscope of
PSIM for observation. The output definition of each pin on control
panel is well explained in the table below.

Pin
+5V in 1 2 +5Vin
GND 3 4 GND
GPIO-00 / EPWM-1A 5 6 GPIO-01 / EPWM-1B / MFSR-B
GPIO-02 / EPWM-2A 7 8 GPIO-03 / EPWM-2B / MCLKR-B
GPIO-04 / EPWM-3A 9 10 GPIO-05 / EPWM-3B / MFSR-A

/ ECAP-1

GPIO-06 / EPWM-4A / ., GPIO-07 / EPWM-4B / MCLKR-
SYNCI / SYNCO A / ECAP-2

GPIO-08 / EPBWM-5A / ., GPIO-09 / EPWM-5B / SCITX-B
CANTX-B / ADCSOC-A / ECAP-3

GPIO-10 / EPWM-6A / .  GPIO-11/ EPWM-6B / SCIRX-B
CANRX-B / ADCSOC-B / ECAP-4

GPIO-48 / ECAP5 /

XD31 (EMIF) 17 18 GPIO-49 / ECAP6 / XD30 (EMIF)

GPIO-50 19 20 GPIO-51

GPIO-12 / TZ1n / 51 9y GPIO-13 / TZ2n / CANRX-B /
CANTX-B / MDX-B MDR-B

GPIO-15 / TZ4n / 53 94 GPIO-14/ TZ3n / SCITX-B /
SCIRX-B / MFSX-B MCLKX-B

GPIO-24 / ECAP1 / o5 o GP10-25 / ECAP2 / EQEPB-2 /
EQEPA-2 / MDX-B MDR-B

GPIO-26 / ECAP3 / o7 og GPIO-27 / ECAP4 / EQEPS-2 /
EQEPI-2 / MCLKX-B MFSX-B

GPIO-16 / SPISIMO-A /29 30 GPIO-17 / SPISOMI-A / CANRX-
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CANTX-B / TZ-5 B/ TZ-6
GPIO-18 / SPICLK-A /

SCITX.B 31 32 GPIO-19 / SPISTE-A / SCIRX-B
GPIO-20 / EQEP1A / 33 34 GP10-21/ EQEP1B/ MDR-A/
MDX-A / CANTX-B CANRX-B

GPIO-22 / EQEP1S / 35 3¢ GP10-23/ EQEP1l/ MFSX-A /
MCLKX-A / SCITX-B SCIRX-B

?1;1205'28 [SCIRX-A [ = 37 38 GP10-29 / SCITX-A / -/ TZ6

GPIO-30 / CANRX-A 39 40 GPIO-31 / CANTX-A
GPIO-32 / I2CSDA / GPIO-33 / I2CSCL / SYNCO /

SYNCI / ADCSOCA 442 ADCSOCB
ADCIN-B7 43 44 ADCIN-A7
ADCIN-B6 45 46 ADCIN-A6
ADCIN-B5 47 48 ADCIN-A5
ADCIN-B4 49 50 ADCIN-A4
ADCIN-B3 51 52 ADCIN-A3
ADCIN-B2 53 54 ADCIN-A2
ADCIN-B1 55 56 ADCIN-A1
ADCIN-B0 57 58 ADCIN-A(Q
GND 59 60 GND

Figure 3.9

DSP control
circuit

I ERARRRRRRERRREREE
P
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Figure 3.10 F28335 circuit diagram
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Auxiliary Power

Based on the layout design of Flyback, this module has input
voltage from 100 ~ 250V, and 3 groups of isolated power, which is
(1)12V, (2)12V, 5V (3)15V, -15V respectively. Refer to the figure 3.11
for physical appearance and figure 3.12 for circuit diagram.

Figure 3.11

Auxiliary power

3.12 Auxiliary power circuit
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Drive Circuit

Drive power module, which consists of Gate Driver board and Gate
Driver Power board, provides multiple isolated powers. Refer to
the figure 3.13 for Gate Driver (left) and Gate Driver Power (right).
Also refer to the figures 3.14 and 3.15 for circuit diagrams.
Inputting the 12V voltage to Gate Driver Power generates the
output of £12V square wave. The £12V square wave along with the
PWM signal generated by DSP, via the input of Gate Driver, will
output the signal of drive MOS. Gate Driver meets the objective of
isolation through inverter and optical coupling driver IC.

Figure 3.13

Circuit drive
circuit module

AV

R701

1.5kF
u701

C705 C709

P o l R704 T 0.1uK 0.1uK
01K oAy J70L
. ; 221kF uree f
A nFAULT NC| e
REG, + e
cror - o
Touk

F cru | cms | cis

J— 1
\ 1 R 1 722m T 2am T ouK

—c7o1
22000K

R705 * LAk

5 sz

Figure 3.14 Gate Drive Power circuit diagram
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Figure 3.15 Gate Drive circuit diagram
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JTAG Burning Circuit

The module helps burning program from PC to DSP chip. Refer to
the figure 3.16 for hardware circuit and 3.17 for the circuit diagram.
Connect USB to PC, and JTAG to DSP port individually.

Figure 3.16

USB_JTAG
burning circuit

Lesor
220k | 220

Fr2230

Figure 3.17 USB_JTAG circuit
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Experiment 1

Experiment 1: Unipolar

voltage switching PWM

The purpose of experiment

Learn the principle of switch for Sinusoidal
PWM (SPWM)

The voltage and current measuring method for
open loop of inverter module

The pin setting of TI F28335 DSP IC
The setting of PWM and A /D module for DSP

The method of monitoring DSP internal signal
by RS232

Get familiar with the hardware circuit operation
from this experiment

33



GUYINSTEK PEK -110 User Manual

The principle of experiment

The principle of Sinusoidal PWM (SPWM) inverter

As the figure 4.1 shown, the single-phase full bridge inverter has
the switch control that is based on trigger signal of switch, known
as sinusoidal PWM (SPWM), from comparison between a low-
frequency sine wave (Veontrr) and a high-frequency triangle wave
(V). L-C forms a 2-level low pass filter, which is used to attenuate
high-frequency switch item from inverter output, to turn the output
voltage into low-frequency sine wave. AC load can be divided into
2 parts: linear and non-linear load, in which linear load includes
resistive (voltage and current same-phase), inductive (current
phase lagging voltage) and capacitive (current phase leading
voltage), while non-linear load contains rectified load of current
distortion.

To provide the aforementioned loads, inverter output is supposed
to be with the functionality of 4 quadrants; the classic load is the
output voltage and current wave form (figure 4.2 (a)) of inductive
inverter which passes through 4-quadrants operation
simultaneously within an alternative cycle.

With the 4-quadrants operability, bridge converter is the most
popular circuit architecture for inverter. The definition of power
flow direction of single-phase full bridge inverter is highlighted as
the arrow within figure 4.1; the power of 1st and 3rd quadrants is
P, >0, known as inverter mode, whilst the power of 2nd and 4th
quadrants is P,< 0, known as rectifier mode. Although 4 quadrants
have been passed through within a single cycle in terms of the
instantaneous power, power keeps in and out constantly. On the
basis of average power, however, the inverter mode (figure 4.2(a))
is active when current lags behind voltage by the angle < 90 degree,
whilst rectifier mode is active when current lags behind voltage by
the angle > 90 degree.

The switch of full bridge inverter (figure 4.2(b)) has up to 8
conduction modes. For instance, P,>0 is in operation under the I
quadrant of v,-i, plane where output voltage and current are
positive when the switch of diagonal (Ta+, Tp.) is conducted; P,<0 is
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in operation under the IV quadrant where output voltage is
positive but negative for current when the diode of diagonal (Da-,
Dg.) is conducted; P, >0 is in operation under the III quadrant
where output voltage and current are negative when the switch of
diagonal (T4, Tp+) is conducted; P, <0 is in operation under the II
quadrant where output voltage is negative but positive for current
when the diode of diagonal (Da., Ds+)is conducted. In addition, the
flyback conduction mode of the 4 output short-circuit (v, = 0) is the
so-called 4 conduction modes indicated within the i, axis including
the (Ta+, Dp+) and (Da., Ts.) when i, current is positive and the (T4.,
Dg.) and (Da+, Tp+) when i, current is negative.

In respect to single-phase inverter, SPWM can be separated into 2
ways: Bipolar-voltage switching and Unipolar-voltage switching.
The details are explained below.

A. Bipolar-voltage switching

The comparison method of bipolar-voltage switching is illustrated
as the figure 4.3(a). The switch of diagonal of full bridge circuit is
paired trigger. The trigger signal of switch within same arm is
complementary but requires a Dead-time to add in case of
simultaneous conduction at the time of instantaneous switch
changing.

Duty cycle of switch is determined by the comparison between
control voltage vcontror and periodic sawtooth wave vy:. When veontror
> vyi, (Ta+, Ts.) is triggered; non i, direction forces A arm connected
to high level (i, >0 through Ta+, v, <0 through Da+), and B arm is
connected to low level (i, >0 through T3, i, <0 through Dg.);
therefore v, = V. On the contrary, (Ta., Tp+) is triggered when vcontrol
< vyi,; regardless of direction of i,, A arm is connected to low level,
whilst B arm is connected to high level; therefore i, =- V4. The figure
4.3(b) indicates the output waveform of inverter where v, switches
between 2 levels: +V; and -V, and thus it is called Bipolar-voltage
switching.
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Figure 4.1 Single-phase full bridge inverter with bipolar-voltage switching

Vo

Figure 4.2

The output
waveform and
component
conduction of full
bridge converter

(a) The output voltage and current waveform of
inductive load

36



GUYINSTEK Experiment 1

1 (P,<0) ° | (P,>0)
(TA+pB+)

(DA-,DB+) (TA+,TB-)
(DA-{TB-)

VO
(DA+[TB+)
(TA-TB+) (DA+DB-)

(TA-IpB-)

11 (P,>0) IV (P,<0)

(b) The 8 conduction modes of full bridge inverter
2 parameters can be defined by SPWM:
Amplitude modulation index
my = eontrol 1)
Viri
Frequency modulation index

mg =1 4.2)

From the abovementioned, Vqyptro) and Vyj are control voltage and

amplitude of triangle wave individually, while f; and f; are control
voltage and frequency of triangular wave respectively. The
spectrum of output voltage v, is shown as the figure 4.3(c) where
the size of basic wave is directly proportional to ma, whilst the rest
harmonic waves appear right in or close to the integral multiples to
mf .
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Figure 4.3

Bipolar-voltage
switching
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B. Unipolar voltage switching

The comparison method of unipolar-voltage switching is illustrated
as the figure 4.4(a) where the control voltage of A and B arms
individually compare with triangle wave, and trigger signal of
switch within same arm is complementary. The 2 control voltages
are inverting: Ucontrold = +Vcontrol, VcontrolB = ~Ucontrol. The output
waveform of inverter from the previous comparison is illustrated
as the figure 4.4(b) where Vo switches between +V;and 0 or -V
and 0 level and thus being called unipolar voltage switching which
utilizes 8 conduction modes with flyback mode included as the
figure 4.2 shown. The spectrum of output voltage v, is shown as the
figure 4.4(c) where the size of basic wave is directly proportional to
ma, whilst the rest harmonic waves appear right in 2m or close to
the integral multiples to 2my. Compared with output of bipolar
voltage switching, the size of basic wave is identical but with
equivalently twice switching frequency and lower voltage
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fluctuation. More compact LC filter component is acceptable and
therefore unipolar voltage switching is easily adoptable for most of
the cases.

Figure 4.4

Unipolar voltage
switching

vabn n
L1H
" VAN = VBN) N ot
ol ‘(/’ f

. Ll .

1 m FEN 3my

(2my — 1) t@my + 1) ( jes of 1)
te)

T LE¥F ¥,
Aoy

The relation between output voltage basic wave of single-phase
SPWM inverter and m, is illustrated as the figure 4.5 where m, <1 is
called linear zone and output voltage basic wave is directly
proportional to ma.

1< m, <3.24 is called over-modulation area where the amplitude of
output voltage basic wave ( (%) ) is beyond 1.

Vd
m, >3.24 is called square wave area in that output voltage results in
square waveform with the amplitude of basic wave as ((%)1) =4/ .

Vg

As the figure 4.6 shown, output voltage under over-modulation
area (1< m, <3.24) will be low-frequency harmonic wave, which is
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forbidden for inverter of general sine wave output because it will
cause critical distortion for output voltage. Nevertheless, for motor
drives, over-modulation and operation of square wave area are
highly adopted due to higher torque garnered from higher basic
wave, which is helpful for momentarily heavy load and startup for
motor. For pulsating torque resulted from low-frequency harmonic
wave, the characteristics of mechanically low-frequency filter can
greatly overcome by reducing vibrations and noises.

o)y
Figure 4.5 Va
4

The relation (=1278) - —————
between output
voltage basic 1ob—
wave of single-
phase SPWM

inverter and ma Linear

n&mm+hwn-mn

|
I
|
|
|
|
|
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I
I
I
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|
I
I
1
1
1
[
(4] |
0 10 324
(for my = 15)

(Yo)n
Vd

Figure 4.6

The spectrum of
output voltage
harmonic wave ™ =28
of single-phase  ©%
SPWM inverter

ma>1 o ! I : I I I L] 1[? 19 21 23 B I Harmonic A
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Circuit Simulation

The circuit parameters of inverter are as follows:

Vi =70V, Vi, =5Vpp/18kHz, L=661.5mH*2, C=10uF, R=14Q

chnA, Veons =2.4Vp/60HZ

The simulating circuit utilizing unipolar voltage switching is

illustrated as the figure 4.7, and the result of simulation is shown as

the figure 4.8.
l V1o e
T Farameters | simCoder | Color |
5 a o, rfiLe5u e T b
| VA .8 e s
70 (5 [ ymm ‘I'VB 10u I SN0 1A e oo
Il_i ! [ | 0
_:1*7 J1 & B61. 51 s i
t | | oad Fisg [o =l
-‘r A A _:_ ave Fisg 0 ~l
A Lo
(Y (Y
o 00
1u[%: = |:|‘ E
vy .. VeconB
x, A v) -1
J S T I X ke
WNconA* |
e .Y.'VL[‘L |5 w24
< s 18k
218k -
1 L

4

Figure 4.7 The simulating circuit utilizing unipolar voltage switching
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Figure 4.8 The result of simulation by utilizing unipolar voltage switching
from the figure 4.7
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SimCoder Program Layout

Based on the simulating circuit of analog unipolar voltage
switching indicated in the figure 4.7, the SimCoder circuit layout of
control circuit (figure 4.9) is realized by TI F28335, and the gain
hardware setting of sense circuit is as follows:

Current sense gain K, =1/3.472
Voltage sense gain K, =1/162.2

Sense signal of voltage/current has to pass through a limiter, which
forces input voltage clamped at 1.5V, before entering the DSP
A/D pin.

The above hardware circuit is merely for SimCoder simulation.

Due to the fact that DSP of actual circuit only accepts 0~3V signal,
the AC signal will be risen to 1.5V followed by 3V clamp to enter
the A/D pin, which means DSP, originally 1.5V, will be regarded 0
to AC signal.

The setting of each component of SimCoder is as follows.
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rSimu\ation Control ﬁ1

Parameters lSimCUder] Color ]

Parameters Help

Time step 0.5u
Total time 0.1 [~ Free run

Frint time ,07
Print step 1

Load flag m
Save flag m

Hardware Target |TI F28335 ﬂ |Flash RAM Release ﬂ

%

Figure 4.9 The SimCoder simulating circuit utilizing unipolar voltage
switching

DSP Clock Setting

Dsp
Clock

F28335

DSP Clock is available for external or built-in setting; external
setting asks user to manually modify parameters of External Clock
(default=30MHz), whilst built-in setting requests DSP speed

.D.SJCb.Ck.....

Parameters lcg\gr ]

DSF speed specification (F28335)
Display
Name TI_DSPSPD2 [
External Clock (MHz) 30 I~ =l
DSP Speed (MHz) 150 =
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28335 Hardware Config

Hardware
Config

F28335

The hardware setting of this experiment DSP F28335 requires tick
for each cell within the following table.

GPIO 0

GPIO 1

GPIO 2

GPIO 3

GPIO 4

GPIO 5

GPIO 6

GPIO 7

GPIO 8

GPIO 9

Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input

2 sets of PWM; A arm adopts PWM1(GPIO 0,
GPIO 1), while B arm utilizes PWM2(GPIO 2,
GPIO 3).

Use a set of DI (Digital Input - GPIO 15), and
PWM can be activated via external circuit.

When circuit is active, use a set of serial
communication (SCI C, GPIO62, 63) to send
signal to computer through RS5232-USB to
monitor system status.

Digital V PWM

Output

Digital V PWM Capture
Output

Digital V PWM

Output

Digital V PWM Capture
Output

Digital PWM

Output

Digital PWM Capture
Output

Digital PWM

Output

Digital PWM Capture
Output

Digital PWM

Output

Digital PWM Capture Serial
Output Port
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GPIO 10 Digital Digital PWM
Input Output
GPIO 11 Digital Digital PWM Capture Serial
Input Output Port
GPIO 12 Digital Digital Trip-
Input Output Zone
GPIO 13 Digital Digital Trip-
Input Output Zone
GPIO 14 Digital Digital Trip- Serial
Input Output Zone Port
GPIO15 V Digital Digital Trip- Serial
Input Output Zone Port
GPIO 16 Digital Digital Trip- SPI
Input Output Zone
GPIO 17 Digital Digital Trip- SPI
Input Output Zone
GPIO 18 Digital Digital Serial SPI
Input Output Port
GPIO 19 Digital Digital Serial SPI
Input Output Port
GPIO 20 Digital Digital Encoder
Input Output
GPIO 21 Digital Digital Encoder
Input Output
GPIO 22 Digital Digital Encoder Serial
Input Output Port
GPIO 23 Digital Digital Encoder Serial
Input Output Port
GPIO 24 Digital Digital PWM Capture Encoder
Input Output
GPIO 25 Digital Digital PWM Capture Encoder
Input Output
GPIO 26 Digital Digital PWM Capture Encoder
Input Output
GPIO 27 Digital Digital PWM Capture Encoder
Input Output
GPIO 28 Digital Digital Serial
Input Output Port
GPIO 29 Digital Digital Serial
Input Output Port
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GPIO 30

GPIO 31

GPIO 32

GPIO 33

GPIO 34

GPIO 35

GPIO 36

GPIO 37

GPIO 38

GPIO 39

GPIO 40

GPIO 41

GPIO 42

GPIO 43

GPIO 44

GPIO 45

GPIO 46

GPIO 47

GPIO 48

GPIO 49

Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input

Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output

PWM

Serial
Port
Serial
Port
PWM

PWM

PWM

Capture

Capture

Capture

Capture
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GPIO 50 Digital Digital Encoder
Input Output

GPIO 51 Digital Digital Encoder
Input Output

GPIO 52 Digital Digital Encoder
Input Output

GPIO 53 Digital Digital Encoder
Input Output

GPIO 54 Digital Digital SPI
Input Output

GPIO 55 Digital Digital SPI
Input Output

GPIO 56 Digital Digital SPI
Input Output

GPIO 57 Digital Digital SPI
Input Output

GPIO 58 Digital Digital
Input Output

GPIO 59 Digital Digital
Input Output

GPIO 60 Digital Digital
Input Output

GPIO 61 Digital Digital
Input Output

GPIO 62 Digital Digital 'V Serial
Input Output Port

GPIO 63 Digital Digital 'V Serial
Input Output Port

GPIO 64 Digital Digital
Input Output

GPIO 65 Digital Digital
Input Output

GPIO 66 Digital Digital
Input Output

GPIO 67 Digital Digital
Input Output

GPIO 68 Digital Digital
Input Output

GPIO 69 Digital Digital
Input Output
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GPIO 70

GPIO 71

GPIO 72

GPIO 73

GPIO 74

GPIO 75

GPIO 76

GPIO 77

GPIO78

GPIO 79

GPIO 80

GPIO 81

GPIO 82

GPIO 83

GPIO 84

GPIO 85

GPIO 86

GPIO 87

Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input
Digital
Input

Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
Digital
Output
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AD Converter (ADC) Setting

ADC
o no ol o
o Bl ol |—o
o A2 oz o
o &3 o2 o
o Rd oé o
o5 RE oE o
o RE OE |—o
o &7 o7 o
o= B0 oE o
o =1 oE o
oB2 D10 lo
o B2 Dl o0
o2& izl o
oE5 izl g
oy E6 Dlalo
o087 Dislo
F28335

F28335 contains 16 groups of ADC, which can be divided into
A0~A7 and B0~B7 channels, respectively. ADC module requires
setting ADC sampling mode where Continuous sampling mode,
input mode and Gain mode of each channel are necessary for
setting. The experiment feedbacks 4 signals in total, which are load
current (I, A0O)), inductor current (lo, Al)), input voltage (Vq4, A2)
and output voltage (Vo, B0), where only input voltage is defined as
DC mode, whilst the rest 3 are AC mode. The gain of each ADC is
set 1.

A/D Converter &‘
Parameters | FettPoint | Coor |
AJD converter (F28335) Help
Display Display Display
Name [ T ciasmoce [ =M | cezmoce [
ADC Mode [contimass =] T x| | chasGan o x| omem o
Ch A0 Mode [ =l 2l chasmode [ac >[I x| | choemade [ac ~|
Ch AD Gain [f 2 cisscan lu}il’j Ch 84 Gain ,L[-i!’j
Ch Al Mode [ ATl chazmoce AC + | =] | chasMade [ac - =
Ch AL Gain o 2l oarean o x| osea o+
Ch A2 Mode pc <l 2l chsamode AC ~| " x| | chBoMade [ac -
Ch A2 Gain [l x omen ,H%irj Ch 86 Gain ,Lﬁirj
Ch A3 Mode ﬁ [T |  cheiMode aC v |[" x| che7mode |aC > [ =
Ch A3 Gain e = osicn o | omem w4
Ch A4 Mode [ AT ommee AC -
Ch 24 Gain o x| oezcan o o
L
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PWM Setting

The single-phase PWM, with A arm for PWM1 and B arm for
PWM2, adopts 18kHz triangular wave with dead time 2pus and
amplitude setting: Vp=10V, offset=-5V, i.e., the triangle wave
between -5V~+5V. The initial status of PWM is not auto-activation;
instead, it activates and stops via control of 2 modules: Start PWM
and Stop PWM. Either PWM1 or PWM2 has its own Start PWM
and Stop PWM modules.

1-ph PN —_—
ar Stop
o Alao —
sl ETM 1 o
F28335 F28335 F28335

1-phase PWM ﬁ

Parameters I Other Info ] Color ]

Single-phase PWM generator (TI F28335)
Display Display
Name TI_PWM2 r Use Trip-Zone 4 Disable Trip-Zone4 v |[ |
PWM Source ’F’Wl\"\l—LI I~ x| || use Trip-zone 5 ’W =
Output Mode ’W I ﬂ Use Trip-Zone 6 ’W [ ﬂ
Dead Time ,%7 [~ =| || Trip Action W =
PWM Frequency ’18)(7 [~ >| || Peak-to-Peak Value ’57 =l
PWM Freq. Scaling Factor ’ﬁ I Offset Value ’257 =
Carrier Wave Type ’W I Tnitial Input Value ’07 =
Trigger ADC W I Start PWM at Beginning ,Wl [ ﬂ
ADC Trigger Position ’07 r
Use Trip-Zone 1 ’W I
Use Trip-Zone 2 ’W I
Use Trip-Zone 3 W I

KR E I R KR E i

PWM 1
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Name

FWM Source

Output Mode

Dead Time

PWM Frequency
PWM Freq. Scaling Factor
Carrier Wave Type
Trigger ADC

ADC Trigger Position
Use Trip-Zone 1
Use Trip-Zone 2
Use Trip-Zone 3

ECTT—
Cr—
[eerwres =] =l
o r=
18k r =
R
- r

e e

1-phase PWM X
Parameters 1 Other Info } Color ]
Single-phase PWM generator (T1 F28335)
Display Display

Use Trip-Zone 4
Use Trip-Zone 5
Use Trip-Zone &
Trip Action
Peak-to-Peak Value
Offset Value

Initial Input Value

Start PWM at Beginning

[ossbie Trpzone s =] I =]
[owabie Trpzone s =] I =]
[owabie Trpzone s =] I =]
[Figh mpedance =] I =1

Do not start x|

PWM 2

Digital Input (DI) Setting

The experiment enables or disables PWM1 and PWM2 via DI (by
GPIO 15). DI input signal is generated from DSP external signal.

| Digital Input

|

Farameters 1 Fixed-ant] Color }

Digital input (F28335)

Hame

Port Position for Input 0
Use as External Interrupt
Port Position for Input 1
Use as External Interrupt
Port Position for Input 2
Use as External Interrupt
Port Position for Input 3
Use as External Interrupt
Port Position for Input 4
Use as External Interrupt

Port Position for Input 5

Display
[frome
—
T
Motvsed =] =l
o ~lr =
T
R
T I— I
o =
fotwed <]
R
Motwsed <]

(RN E R E R E R R ET

Display

Use as External Interrupt m [ ﬂ
Port Position for Input 6 ’m =
Use as Bxternal Interrupt ’m =
Port Position for Input 7 ’m =l
Use as External Interrupt m [ ﬂ
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Sinusoidal Signal Generator

A signal of 60Hz amplitude representing angle with 360V is
produced by the PSIM sawtooth generator. It passes through
sampling process of 18kHz ZOH (zero-order-hold) and Sin function
followed by multiplied by gain K to generate control voltage of
PWM. It is available to make use of K value to define the amplitude
modulation exponent of PWM.

.

18k

ZOHH sinH K l_.

360

SCI Setting

The experiment send signal back to computer via SCI. The settings
of 2 modules, SCI Config and SCI out, are as the following. The SCI
communication speed is 115200(bps) without parity check and its
buffer size is defined as 4000 points. SCI output, on the other hand,
is set to send signal in every single point.

SCI __
Config X S0
F28335 F28335
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A Note

54

SCI Configuration

X

Farameters I Color ]

SCI configuration ( F28335)

Name
SCIPort
Speed (bps)
Parity Check

Output Buffer Size

PSM_F28335_COMMCFGL [
[scic (or062, 63) | [~ =]
T
None | =
e

Display

SCI Output

)

Parameters lcg|g|— ]

SCI output (F28335)

Name

Data Point Step

Runtime graph: PSIM_Io

Show probe's value during simulation

PSIM_Io v
1 [ =l

Display

-
P

SCI out module must work with ZOH module, which is
used to define breaking interval of SCI.

|
jas] o jas jas]
18k|a] 18] []] |8
[Tl 1 le
Slodlo Blo 8lo
& |00 58 |00 5 | 5l |0
L
PSIM_lo PSIM_Vdc
PSIM_IL

PSIM_Vo
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Simulating result of SimCoder circuit

Figure 4.10 S A AT AN
The simulating

esultof EVAVAVAVEAVEAS,
SimCoder circuit -

Code Autogeneration

Convert the SimCoder control circuit of the above inverter circuit
into the C Code via Simulate => Generate Code under PSIM. PSIM
will generate a subdirectory named by the simulating file in the
same directory with the simulating circuit. The auto-generated
Code along with the related files for next project of TI Code
Composer will be collectively saved into the subdirectory. For
example, Labl.psimsch generates a subdirectory named “Lab1”.
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Compile and burn via TI Code Composer
Enter the TI Code Composer Studio

1. Bring up project: Labl.pjt of the previous
subdirectory (Lab1) by the following steps:
Project => Import Legacy CCSv3.3 Project =>
Lab1.pjt under the subdirectory => Next =>
Finish.

The following screen will therefore appear
where clicking Labl.c is able to check the C file
generated from SimCoder.

File Edit View Navigue Projct Sun Scrts Window Help

cievids - £ %Ces Debu |
TiResource Eaplorer |4 1031

2. Click Lab1[Active, FlashRamRelease] => Build
all to check if any error occurred. Warnings can
be simply omitted.
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3. Click Lab1[Active, FlashRamRelease]=> Right
click button => Set as follows

¥ Properties for Lab3vel™ o X

type filter text CCS General S T
Resource
CCS General
ccs Build Configuration: lLFIashRamRelease [ Active ] '] IManage Configurations..

C2000 Compiler
C2000 Linker

Builders = Main

C/C++ Build Output p—
€/C++ General utput type: | Executable
Debug Device
Project References Famil Eon
. -
Run/Debug Settings amiy -
Variant: 2833x Delfino ¥ |TMS320F28335 5.
Connection: | Texas Instruments XDS100v2 USB Emulator ~ | (applies to whole project)

~ Advanced settings

Device endianness: little A

Compiler version: I'I'[ v6.1.0 'l l More... ]
Qutput format: legacy COFF -

Linker command file: - Browse...

Runtime support library: b

4. RUN => Debug => Burn program to DSPIC =>
Remove JTAG => Execute Experiment
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Experiment Measurement

The experimental devices and teaching aid layout are illustrated as
the figure 4.11. DC power supply, PSW 160-7.2, connects to the
input terminal J1 of PEK-110. The output terminal ]3 first passes
through AC power meter GPM-8213 followed by connecting to
passive load GPL-100. The switch trigger signal waveforms are
indicated in the figure 4.12 and 4.13. The waveforms of output
voltage/current and inductor current are indicated in the figure
4.14 and 4.15.

DC Pawer Supply | Single-Phase Inverter Power Meter

Figure 4.11 e
& =8

Experiment -mj I:] ‘& [ &J

devices |ayout PSW160-7.2 PEK-110 GPM-8213 GPL-100
GWINSTEK. - = o~ Stop S 1
Figure 4.12 Q1 [ wan
\‘ Source 1
CH1
The waveforms s [ rrrrrrr J
i " Aoy o [ i . . voxe
(1/2) of unipolar S . _ —
V0|tage e R N e B e I e N L it
itching tri @
nnnnnnn
syw ching trigger ~ ™~ [" .
Slgnal [ nnnnnnn
a
¢
Figure 4.13 o -

hemessured L DTITTALL LTTOOAL 1=
waveforms (2/2) - mﬂ sowes
e T T
switching trigger IO HHHHHI LI LR
signa - LEL I E—", <

[ ; - S—[ ]
Advanced

Math FFT
[ J_Math |

3 888Dy

-
8
£
H
H

Unitidiv
£
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Figure 4.14 curerec [ s

The measured \

waveforms of

Vo
inverter output ey

voltage and
inductor current

vDC:70V
LOAD:100/7 ohm

= ) I
|
i 5 5oy
Figure 4.15 GuinsTEK C—— 1]
s
The measured oy
waveforms of /
inverter inductor S
current and load
current
VDC:70V
LOAD:100/7 ohm

| Ses @ 58.0us | ‘

It is allowed to turn on DSP Oscilloscope under PSIM when
hardware circuit is active so that the signal feed backed from
RS232-USB will be shown on computer.

Method to open DSP oscilloscope:

Utilities => DSP Oscilloscope => Refer to figure 4.16 for setting
Serial port, which can be retrieved from the Device Manager under
Control Panel, Baud rate, which requires to integrate with SCI
Configuration, Parity check, which requires to integrate with SCI
Configuration => Press Connect once completing setting. The
screen shows as figure 4.17, 4.18 and 4.19 in which green light and
signal feed backed screen show when connecting successfully. If it
needs to access to DSP Oscilloscope result, refer to the instructions
as figure 4.20 by clicking Save to select a location for file storage
followed by observing and processing to these signals via
SIMVIEW.

59



GYINSTEK

PEK -110 User Manual

D3P Oscilloscape ie "y T (= -
H Port seltings
Figure 4.16 e —
. ——=}
DSP ST s
Oscilloscope Al S
setting = e
=l
Sat Input voriables
e |
Timebase scale vanales Trigger
[ | vanabe x| var| ~] W
| _crange mactgrouna | < r—’—g | & once E
Comedt_| | | - o [ = m!—i
I~ Auto scale Dl =
C v | ] ] ow "
D5 Oscilloscope.
Figure 4.17 T e
- |
partpchede e -]
} —
The inverter € Conros syt
‘Sekect output variables
output voltage . =
and inductive j
current
waveforms from ==
DSP

Oscilloscope

Figure 4.18

The inverter
inductor current
and load current
waveforms from
DSP
Oscilloscope
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Figure 4.19

The input voltage
waveforms from
DSP
Oscilloscope

€ Contruus @ Snap-shot
Select aulput variables

Figure 4.20

The method of
converting DSP
Oscilloscope
waveforms to
SIMVIEW

Cormen Sl Gt e Hetee !

T ERPARRED TTmE A 9T

e e [ A T s s
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Experiment 2 — Individual

Inverter of Dual-loop
Inductor Current Control

The purpose of experiment

o Learn the way to modularization of single-
phased full bridge inverter

o The control design of current loop and voltage
loop

« RSM voltage loop design

o Hardware layout of inverter and programming
of SimCoder
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The principle of experiment

The working principle and model derivation of inverter
circuit

As the figure 5.1 shown, the circuit architecture of full bridge
converter utilizes dual-loop design in which outer loop is voltage
loop whose deviation used to generate inductive current command
for inner loop, and inner loop is inductor current loop whose
deviation used to generate control voltage for PWM.

PWM adopts the sinusoidal PWM switch to generate trigger signal

of switch, whilst L-C forms a 2-level low pass filter, which is used

to attenuate high-frequency switch item from inverter output, to

turn the output voltage into low-frequency sine wave.

From the figure 5.1, we may infer as follows:

v
dt

dly

L = Van ~Ven —Ve = SaVy —SgVy —Ve (52)

Sa and Sp are switch functions for A arm and B arm switch
individually:

C leap = lo = 11 (5.1)

_1 Veoni (j=a4,B) (5.3)

Veona and veonp are PWM control voltage for A arm and B arm
individually. If switch utilizes unipolar voltage switching, it
becomes as follows:

(5.4)

VeonB = ~Veona
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Figure 5.1

The circuit
architecture of
single-phased
full bridge

inverter

Trigging Signals

Sinusoidal PWM

Control voltage T T

Current Controller

Current command v,

Voltage Controller ;

We may infer as follows from the (5.3):

Sa :1+Vconi Sg :E_{_ — Veoni (5.5)
2 2V, 2 2vy

Where v, is the amplitude of PWM triangle wave. We get as
follows by substituting (5.5) into (5.2):

Ldﬁ — VCOH Vd _Vc (56)
at vy,
To make
K Vy (5.7)
pwm = %
We get as follows:
dl, (5.8)

LW =KpwmVeon —Ve

The aforementioned (5.6) and (5.8) can be applied to voltage loop
and current loop respectively as the figure 5.1 shown.
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Controller Design

A. The Design of Current Loop Controller

As the figure 5.2 shown, the current loop design where power
circuit block is illustrated in accord with (5.8) and k, and k are
voltage sense gain and current sense gain, respectively. The
adopted feedforward control makes voltage command v: be

multiplied by gain 1/kywmk, to directly offset the disturbance in
current loop from output voltage V..

Feedforward Control

Figure 5.2

Current control
loop design

Feedback Control

Ks:

rrent sensor gain (V/A)

Current control G; can be designed by the controllers including P,
PI and Type 2. When P controller is under operation, G; = k; and we
can infer as follows from the figure 5.2:

. I(1kskpwm
io _ L Y (5.9)
i; s+ kiksKpwm  s+u;

L

The pinnacle u; here is equal to bandwidth of current loop, from
which we can infer as follows:

_ ol (5.10)
17 kk

s™ pwm

When Type2 is being utilized, it becomes as follows:
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~ s(s+p) (5.11)
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The design of current loop bode plot is illustrated as figure 5.3 with
the following details:

1. Sety, 1/10~1/8 of the switch frequency. ki can

be directly retrieved when adopting P
controller. If Type2 is adopted, jump to the step

2 instantly.
2. Set ,_ U
3

4. Get ki by utilizing G (uz)Hl(u1)=1'

Figure 5.3 NG
(P, Pl or Type 2)

The bode plot of P (G/=ky)
current control z p

loop response \ w
uy
N
Type 2

<
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B. The design of voltage loop control

As the figure 5.4 shown, the block diagram of voltage loop control
where power circuit is illustrated based on (5.1).

If the bandwidth (u;) corresponding to current loop is higher than
the bandwidth of voltage loop by 4 times above, analysis of the
corresponding current loop to the corresponding voltage loop is
regarded as 1. Voltage loop controller adopts both feedforward
control and feedback control. Due to the sense load current, voltage
controller adds the sense load current (ir) into current command as
feedforward control to directly offset the disturbance in voltage
loop from load current.

CdvC | lo—1
i o =lo~ L
Figure 5.4 I dt/ @ = le
) ke e /

The block i e R — T e
diagram of .o i |+ y 0" g [ L]0+ 1]

i o[k SUBNELD
voltage control - i ks sC
loo Ve Current loop : :

P Tl
Hy(s)

Voltage controller (G,) can design via Proportional (P) or
Proportional integral (PI) controller; when P controller is under
operation, G, = k2 and we may get as follows from the figure 5.4.

I(2kv
v c. _.u, (5.12)
Vy gy Kk st
k,C
When PI controller is under operation, it becomes as follows:
_ K(s+72)
v s (5.13)

The design of voltage loop bode plot is illustrated as figure 5.5. The
voltage loop bandwidth uv designed by P or PI controller can be
defined 1/4, i.e., u,= u; /4, of current loop bandwidth (u;). When P
controller is under operation, it becomes as follows:
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(5.14)
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When P controller is in operation, the way to design is as follows:

1. Setu, is Ui
4
2. Set ;Y
3
3. Get k2 via Gv(uv)Hv(Mp)=1
Figure 5.5 A GH,
The bode plot of ;
voltage control G,
loop response Uy

C. To enhance voltage adjustment rate by adding voltage RMS

value loop

To make inverter output be equipped with better voltage
adjustment rate, it is recommended to add a RMS (Root Mean
Square) value loop outside of voltage loop (figure 5.6(a)), which
compares output voltage RMS value v, calculated from Hs with
the command of RMS value V:m followed by G,; adjustment to
generate an amplitude corrected signal A, that is used to correct
the original amplitude command A,u,o. The ultimate amplitude
command A, is acquired, which will be further multiplied by unit
sinusoidal wave sinwt to obtain the transient voltage command v:-
In order to acquire precise RMS value, it is required to utilize Hys
to calculate RMS value with the necessary definition of RMS value
as the following equation.

Vem = [vedat /2 (5.11)
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The calculation result from (5.11) is generally processed by a low-
pass filter, which can be represented as follows:

- (5.12)
Hipr s+a)

The cutoff frequency 4, in general, is set below 20Hz, and Gy
generally adopts the proportional integral control to obtain the

accurate voltage adjustment rate.

The calculation of RMS value, however, is energy-consuming in
memory, the generic calculation utilizes the simpler block diagram
(figure 5.6(b)) for design, which makes use of rectification (ABS
block) and low-pass filter (Hyrr) to calculate the average of
sinusoidal wave followed by multiplied by Lf (=1.11) to acquire
242
RMS value. Considering the filter signal in connection with the 2nd
ripple, it is suggested to add a band-pass filter (Hppr) to calculate
the 2nd ripple, which will be subtracted from the original signal to
obtain a mild-prone RMS value.

sinot

RMS Controller A”ITO

Figure 5.6 (a) Voltage RMS value control loop block diagram; (b) Simpler
block diagram

n



GYINSTEK

PEK -110 User Manual

Circuit Simulation

Inverter .
Specification

Controller Design e

P,=115W, V,=40Vac/60Hz,

Vi =70V, v=18kHz/5Vpp, k. = 1/3.472V/A,
ko=1/162.2,

Utilize unipolar voltage switching with blank
time 2us

L =1.323mH, C=10pF

ur=18kHz/10=1.8kHz = 11310 rad /s => k; =
1.68

u, = 1.8kHz/4=450Hz = 2827 rad /s => k, = 4.6

Based on the simulating circuit constructed by the above
parameters (figure 5.7), the simulating result under linear load is
illustrated as the figure 5.8. Change the calculation of RMS value of
the above control circuit to the method described as the figure
5.6(b), and the simulating circuit is illustrated as the figure 5.9.
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661.5u 1/3.472 1/3.472
LA g . IR

By g% T \ Ty
| i ‘ o L -
7005 I T . 10u | — a4z | o
T t T T Z4p T15Mm
; . L
Vorms
v
v
60 E;:IHSZ.Z
«1@‘—
0.1 1
. -0.1 0.01 |
R E e Cl ety
N 1
| (*ra0/162.2

5.79 1 T
+

Voo

02 014 016 018 02
Time (9

Figure 5.8 The simulating result of dual-loop control inverter
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661.5u0 1/3.472 1/3.472
“re g -

R R e

i a0/162.2

Figure 5.9 The simulating circuit of linear load from the RMS calculation
of figure 5.6 (b)

012 014 016 018 02
Time (9

Figure 5.10 The simulating result of linear load from the RMS calculation
of figure 5.6 (b)
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661.5u 1/3.472 1/3.472

e e e B
| 7 Eode T.T 0L m
To0(L) T T 10u| ~ L LT ] Ay
\ 171 G
Vo
&) .
) (™
{ixt S Ty S
T
i o
T L~
1.11E=r T
Ft_lt’:?..}!
1
Voe 0.1 1
(O] “0.1 0.01 |
(Zre T ) o L e
L Cr ]
5.79 1 4L I 40/162.2
<} 607 (D40/162.2¢1.414 |

Figure 5.11 The simulating circuit of non-linear load from the RMS
calculation of figure 5.6 (b)

Figure 5.12 The simulating result of non-linear load from the RMS
calculation of figure 5.6 (b)
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SimCoder Program Layout and Circuit
Simulation

Based on the inverter simulating circuit of figure 5.9, change to the
SimCoder circuit layout of control circuit (figure 5.13) realized by
TI F28335 in which AD sampling is continuous, while each sense
signal has to pass through a 18kHz ZOH. To calculate low-pass and
high-pass digital filters of RMS, utilize the s2z Converter under
PSIM Utilities to digitize the analog filter (figure 5.9) to obtain. The
sample frequency is 18kHz, and the way to digitization is Back
Euler. The simulating results of linear R load (0.95A=>1.9A) and
non-linear (RCD, C=75.2uF, R=42Q) are illustrated as the figure
5.14 and 5.15, respectively, both of which are almost identical with
the analog simulating result.

i R { ! y} A
7:] ase Vload LIJ
R Ak k -
e - Ce ) Ze 'fz'.',:l | M2
T | e I L = GPIOLS fns
L I A | o Ear
5 | 1S o PAM 1
,sl_\ i 5 @ 1A P w
| | Lz sCIC (GPTo62, 63)0- o] e 2
[l e
gy g o Do L : (i v 2
i Fr T (e 18k -
- - I 150
=T sk
RE3g Vrms cal
e J . was (¥
TIT & & L= H]
G =1
T =]
e
= VImsFB
. ) 30/162.2
]
L% Do - BAe224
i L DT =
oa T ez
Table, - s L . o T
| I T “Z{=F []start |§| 1
0.1 " 0.0056 - T
. =
/3 18k Fa8
uld 124
o HEIvE

Figure 5.13 The inverter simulating circuit constructed by the method of
SimCoder
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PSMio  PSM_lc

Time (5

Figure 5.14 The simulating result of linear load

PSMVa  PSM_Vec

Figure 5.15 The simulating result of non-linear load
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Experiment Measurement

Refer to the figure 5.16 for the layout of experimental devices and
teaching aid. DC power supply, PSW 160-7.2, connects to the input
terminal J1 of PEK-110. The output terminal ]3 first passes through
AC power meter GPM-8213 followed by connecting to passive load
GPL-100. The figure 5.17 indicates measured waveforms of linear
load. The figure 5.18 indicates measured result sent from RS232.
The figure 5.19 indicates measured waveforms of non-linear load.
The figure 5.20 indicates measured result sent from R5232.

DC Power Supply Single-Phase Inverter Power Meter
Figure 5.16 L-—-
- (et v Y L - BEH
i U ey - Y
Experiment BT T
. —-—— >
device |ayout PSW160-7.2 PEK-110 GPM-8213 GPL-100
GWINSTEK | e EN e
Figure 5.17

result of linear
load

I
The measuring \
VO\

Vdc:70vV
Vo:40V
LOAD:100/7 ohm

7 N nrors
J[_18es @1 A.668s |
F28335_PSM_Vrmsc F28335_PSM_Vms

Figure 5.18 w4

256
The measuring ¢
result (a) sent ’
f_ Rsz32 F28335_PSM_Voc F28335_PSM_Vo
rom .

X R o . oy

under linear 02 N, N AN NG A
load NSNS NN

1.5
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Figure 5.18

The measuring
result (b) sent
from RS232
under linear
load

Figure 5.19

The measuring
result under
non-linear load

Figure 5.20

The measuring
result (a) sent
from RS232
under non-
linear load
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Vdc:70V
Vo:40V
RCD LOAD:40 ohm,75.2uF
@ 19 sazaiz |
| Sns u,uuusj[il
I
F28335_PSM_Vrmsc F28335_PSM_Vims
384
2532
6.4
15 — § §
o LN 7\ 2 N\
. A F RN Fd £\ rd
0s A { A4 N/ /
p oot o s w4
15
0 0.02 0.04 0.06
Time (3)

79



GYINSTEK

Figure 5.20

The measuring
result (b) sent
from RS232
under non-
linear load
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Experiment 3 — Single-

phased Grid-connected
Electricity Parallel Inverter

The purpose of experiment

To learn the phase-locked loop, current/voltage loop control
design and hardware layout of grid-connected electricity parallel
inverter. Also, it is to learn the SimCoder program composing of
grid-connected electricity.
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The principle of experiment

The working principle and control design of grid-connected
parallel inverter circuit.

As the figure 6.1 shown, the control architecture of single-phased
parallel inverter adopts dual-loop design in which outer loop is DC
voltage control used to maintain DC-link voltage (V,), and inner
loop is inductor current control used to regulate grid-connected
input current, turning input power factor into 1. Refer to the figure
6.2 for current loop control block diagram design. Similar to the
inverter of the experiment 2, by utilizing both feedback and
feedforward controls, if input current meets the identical unit
power factor with input voltage, feedforward control signal vo*
will be used to erase disturbance in current loop from Vs. Therefore,
current loop can be feedback loop to acquire as follows:

) ksklkpwm
o _ L __Ug ,R:M (6.1)
i S+k5klkpwm S+ Ug L

L

ur is equivalent to bandwidth of input current loop, which can be
set by gain ki. As the figure 6.3 shown, the inverter current
command (i,") is generated by DC voltage control G, of outer loop,
which results from deviation of voltage adjustment multiplied by
an unit sinusoidal wave (sinwt) that syncs with input voltage.

G, design must be derived from the module of DC voltage loop.
Refer to the figure 6.4(a) for the circuit under equivalent unit power
factor to infer design. The module of DC side can be only DC
capacitor in that DC-link connects to other converter which
receives/supplies electricity provided/absorbed by grid-connected
electricity. The input power of AC side is as follows.

V,
P )sina;t-lmsina)t:&
2

Vil
=V, = —75(';) ™ cos 2k (6.2)

s(p
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In addition to a DC item, a twice harmonic wave item is also
included, which will cause twice ripples in DC voltage. The
average power of DC side is equal to DC item of AC side power

Pac = Pac (63)

The equivalent circuit as the figure 6.4 (b) shown is acquired by AC
current source responding to DC side. We further obtain the
following based on the (6.3).

Vil

s(p) 'm :led (64)
2
Vol
Iy =75;\p/> =Kl (6-5)
d

Cd capacitor charged by DC current source Id leads to the module
of voltage loop as follows:

Vo _ K ;K :Vs(p) (6.6)
I, sCy, * 2,

Voltage control G, can be designed in accordance with the figure
6.5 where the current loop response (6.1) is simplified to be equal to
1 due to the fact that current loop bandwidth is much wider than
voltage loop bandwidth. Therefore, the gain of current amplitude I,
from |, to actual I, is the reciprocal of current sense ratio k. With
bode plot of voltage loop Hyy, it is able to draw the contents shown
in the figure 6.6.

Considering the DC voltage in connection with the 2-times ripple, it
is suggested to lower down the bandwidth of voltage loop by large
scale below 120Hz in order to attenuate the 2-times ripple of
voltage in that it needs to make grid-connected electricity current
command to low distortion. Therefore, G, adopts the design
method of type Il compensator, that is, PI + Low-Pass). The bode
plot is illustrated as the figure 6.6. The closed-loop gain and the
response utilizing only PI controller are supposed to being drawn
collectively within the figure 6.6 for further comparison.
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Figure 6.1
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Figure 6.4 Iy Is
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Phase-locked Loop Design

As the figure 6.7 shown, phase-locked loop utilizes grid-connected
electricity voltage (Vi) sampling (5/H) and obtains a signal Vsin(wt)
followed by a delay of % cycle grid-connected electricity to acquire
the other signal V,cos(wt). The above 2 signals will be individually
multiplied by the synchronizing signals cos(@:f)and sin(wit) to

result in as follows:

e =V, {sin(at) cos(mt) — cos(at)sin(ayt)} (6.7)

The signal e passes through a proportional integrator (PI) to obtain
a frequency corrected signal Ao which plus the original set
frequency wo(=377) is equal to frequencyw;. oifurther experiences
integral to acquire an angle signal 6, which again passes through a
limiter between 0~2n followed by referring to both Sine table and
Cosine table to finally obtain cos(@1f) and sin(w:f) signals. Through
proportional integral adjustment to decrease deviation ¢ down to
zero so that the phase-locked, also known as & = @y, is properly
achieved.

sin(o,t)

V,sin(et)

Range

Limiter \

v, Delay
S/H Y
cycle

cos(e,t)

g\
Figure 6.7 Phase-locked Loop
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Circuit Simulation

Rectifier e P,=115W, V,=40Vac/60Hz,
specification
o Va=70V, v4,=18kHz/5V,,, ks =1/3.472V /A, k, =
1/162.2,

o Adopts unipolar voltage switching with blank
time 2us

o L=1.323mH, Cs= 330uF, Co=10F

Current loop Kpwm =70/2.5=28

design . =18k /10 = 1.8kHz

ug =1.8k x27 =11310rad /s
k,=1.68

Voltage loop . ~26.21
design Hoo(s) = S

» Sets f.=20Hz, w, =125rad/s
e When G, of p=180rad/s, z=30rad/s is selected, it
turns out G (S) _ 1024(5 + 30)
! s(s+180)

PSIM Simulation
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Figure 6.8 Grid-connected electricity parallel inverter PSIM simulating
circuit

VAV VEVAVEVAVIAVEAVE VYAV

MU

Time

Figure 6.9 Grid-connected electricity parallel inverter PSIM simulating
result
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SimCoder Program Layout and Circuit

Simulation

Refer to the figure 6.10 for the grid-connected electricity parallel
inverter circuit. In addition to the aforementioned voltage and
current controls, phase-locked circuit, it also covers the following
items: 1. A relay control which detects if input voltage (Vi) and
grid-connected electricity voltage are normal to activate relay with
turning on grid-connected electricity. 2. A PWM startup circuit,
which not only detects grid-connected electricity voltage apart from
relay, but also inspects inverter voltage following relay in parallel;
when both voltages are normal, PWM is allowed to start triggering
and voltage integral is permitted to operate. Refer to the figure 6.11
for the simulating result.

L L
e Tl
. L

IEREYS
e 1
m e

f .,.

e .
- |- S Tae
o1 s1a/162.2
B =
[ooere

Figure 6.10 Grid-connected parallel inverter circuit built by SimCoder
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Figure 6.11 Grid-connected parallel inverter circuit simulating result built
by SimCoder
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Experiment Measurement

Refer to the figure 6.12 for the layout of experimental devices and
teaching aid. DC power supply, PSW 160-7.2 (75V with CC level in
1A), connects to the terminal ]J1. The terminal J3 first passes through
AC power meter GPM-8213 followed by connecting to passive AC
load GPL-100. The terminal J7 connects with AC power supply,
APS-7050 (40Vac with CC in limited setting 4A) to simulate grid-
connected electricity. The passive AC load GPL-100 connects to the
AC side in order to make the power by inverter consumed properly
in AC load, of which set the 3-level resistor ON (below 40Vac,
150W above).

Make sure the power button of inverter is OFF before startup
followed by opening the DC and AC power and then turn on the
inverter.

The power diagram of AC and DC (figure 6.13) shows waveforms
of output voltage and grid-connected electricity voltage measured
by DSP oscilloscope in phase-locked loop. Refer to the figure 6.14
for actual waveforms of grid-connected electricity voltage and
inductor current. Refer to the 6.15 for the waveforms shown on the
DSP oscilloscope.

The current feeding into grid-connected electricity can be adjusted
through CC level of DC power.

Power Meter
Figure 6.12

m:m-s-ndy! Single-Phase Inverter | E J
Experiment B _5 ﬂ

O S |e
devices layout ]! ol e
y - p i h ;;—I— GPM-8213
_l {ve} AC Source
PEK-110 | |

%)

GPL-100

PSW160-7.2 |
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Experiment 4 — Bridgeless
PFC AC-DC Converter

The purpose of experiment

To realize the principle of CCM PFC, the control design of current
and voltage loop, the design of Totem pole bridgeless PFC
converter, hardware layout and PDC SimCoder programming.
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The principle of experiment

The control method of single-phased CCM step-up PFC
converter

CCM step-up PFC converter mostly adopts the dual-loop average
current control architecture (figure 7.1), in which K; and K
represent voltage sense ratio and current sense ratio, respectively.
The comparison result between feedback output voltage (V) and
reference voltage (V") passes through voltage deviation amplifier
(Go) to acquire signal V., which will be further multiplied by
sensed input voltage signal K, Vi, to obtain inductor current
command Is". The I;" will be compared with feed backed inductive
current signal Is followed by experiencing the adjustment of
current deviation amplifier (Gca) to further acquire PWM control
voltage Veon, which will be then compared with sawtooth wave (V)
to forwardly obtain the duty cycle of switch. The input voltage is
illustrated as follows:

an= Vmsinwt (71)
From the figure 7.1, we may acquire as follows
|; =K\VinVea (7.2)

If current loop can force current to follow the command, I;=I" and
input inductor current can be illustrated as follows:

lin =1/ Kg =13 / Kg = K\ViVea / Ks (7.3)
We may obtain as follows from power balance:

2
I:’chg =Vglo =Fn = linVin = KWinVea / Ks
V.2 (7.4)
= Kv7m(l—c052a)t)vea/K5

=Fo + o2
From the (7.4), omit two-times reactive power to obtain as follows:

_ KWV (7.5)

| =
° 7 2Ky

Vea
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Based on (7.5), the gain of (I,/ V) is directly proportional to the
square of input voltage. Due to the fluctuation of grid-connected
electricity is up to 3 times (90~264V,.) under universal electric
voltage, the gain variation reaches the maximum 9 times, which
causes adverse effect in design of voltage loop deviation amplifier.

Pchg

AR A aY I~

A

11 |0
IS — l
N +
+ .
Vq éQ v, RE Vo T
% " - |G R

-

PWM
B d
Vi - Kv []
i
- A ls Vi
Veon /—‘ 1 Vea Gy -
( T {x} s
Gea \Z

Figure 7.1 CCM step-up PFC converter adopting dual-loop average
current control architecture

To improve the abovementioned influence to voltage loop gain

from input voltage fluctuation, the voltage feedforward control is

added as the figure 7.2 where V., signal is multiplied by K, Vi, and

then divided by the square of input voltage to obtain the inductor

current command Is as the following:

- KiVinVea (7.6)
K(Kwin )2

We may acquire as follows via the deployment:
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I:)chg =Pn = linVin =Vadlo

Rk (7.7)
=Viplg /Ky

= KvViﬁVea I(KsK(KyVin )2)

=Vea /(KSKVK)

Therefore, it turns out as follows:

1 (7.8)

lo=—--—"YV,
0 KKy K ea

In the (7.8), it indicates the gain of (I,/ V.,) is no longer directly
proportional to the input voltage. Instead, though the fluctuation of
grid-connected electricity is up to 3 times, for maintaining the
certain value, voltage loop gain remains unchanged, which is
efficient for designing deviation amplifier of voltage loop.

P — —

Figure 7.2 | 7 - .f
The CCM step- v “:’—r T || v, GERIIY T, ??R
up PFC 1

converter with L] APy

feedforward

control dual-

loop average
current control

The control design of single-phased CCM step-up PFC
converter

A. Current loop design

For the dual-loop control architecture where outer loop control
generates command of inner loop control, the bandwidth of general
inner loop is wider than that of outer loop (4 times generally).
Therefore, it is supposed to designing inner loop firstly, and
regarding the response of inner loop control as ideal when
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designing outer loop control. We start from the design of current
inner loop; prior to design of current deviation amplifier, it is
required to acquire the small signal module from current deviation
amplifier outputting to feedback inductor current. Refer to the
figure 7.1 for inductor current control loop and we can obtain as
follows via state average method:

Loy, — - dyg 7:9)
dt

T Ve (7.10)

d sL

From the (6.22), we may obtain the small signal module of current
loop as follows when taking PWM and current sense gain into
account.

i~s i~in Ks _ KeVg (7-11)

M= v, v,
con s sLVg

The limit of current loop bandwidth is determined by change rate
of PWM control voltage (Vcon), which should be no greater than
change rate of sawtooth wave voltage; that is to say, rising slope of
Veon must be smaller than that of sawooth wave (=Vf;). Because V¢on
is acquired from sensed inductor current descending slope
reversely amplified by GCA, we can obtain as follows:

Gea(@i)Ks(Va - Vin) L=V (7.12)

From the above equation where axi stands for the zero crossing
point (bandwidth) of current loop. Due to input voltage (Vin)
fluctuating in accord with sinusoidal wave, when inductor current
descending slope appears by the time of zero voltage, the limit of
current loop bandwidth, based on the (6.24), will be as follows:

Geal @) KsVo/L=Vifs (7.13)
It, therefore, becomes to:

Veon Vs fsL (7.14)
G —_¢con _7S’s

'CA,max Is VgKs
From the (7.11) and (7.14), we acquire as follows via an=2nf;:
f 7.15
GCA,max(wci)Hi(wci)ziszl ( )
24

97



GUYINSTEK PEK -110 User Manual

From the (7.15), the maximum bandwidth of current loop will be as
follows:

fs (7.16)
2

When the second-class deviation amplifier is adopted, as the figure
7.3(a), by G, it becomes as follows:

fei =

Geals) = 1+sR2C1 (7'17)
CAY ™ SR1(C1+C2)(1+ sR2CIC2/C1+ C2)
_K(s+2)
" s(s+P)
P i ’ 7 :i (718)
RoCo RoCy

As the figure 7.3(b) shown, first draw the bode plot of Hi followed
by setting f; < fJ/2 to obtain | Gea(fei) | =1/ Hi(f:). Specify R, to
acquire Ry =Ry | Gea(fei) | - Set P and Z before P=3ajand Z= /3,

i = 27if; followed by referring to (7.18) to acquire C;and C,.

Figure 7.3
GCA design:

(a) Deviation
amplifier circuit

Figure 7.3

GCA design:
(b) Bode plot
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oltage loop design

As the figure 7.4 shown, under the circumstance of unit power
factor, the input power factor of single-phased CCM step-up PFC
converter can be illustrated as follows:

Pac =Vmsinat - I, sin ot

N (7.19)
_m'm_ MCOSZQ}t
2
=Pac + Pac2

The equation above contains a real power P, and a two-times
reactive power P, ,. As mentioned previously, the real power P,

is in charge of adjustment of DC output voltage, whilst the two-
times reactive power p,, has no effect on voltage adjustment but

simply causes 2-times ripple of output voltage. Consequently, P,

is the only consideration for the adjustment of voltage loop. We
may acquire as follows on the basis of power balance.

Pac =P (7.20)
That is to say:
szlm Vgl (7.21)

If adopting the control architecture as the figure 7.1, we may obtain
the small signal module as follows via (7.21) and (7.5):

Ty = Vinlm _ VmVea (KWm) _ KgVea (7.22)
2Vy VyKs
Where
KV (7.23)
kdc =
2Vd Ks

In terms of 2-class circuit, the small signal module can be illustrated
as the figure 7.4(b) shown, and we further acquire as follows via
(7.23) and the figure 7.4(b):

Va _ kde (7.24)
Vea SC
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Figure 7.4
DC-DC
Voltage loop Converter

module

derivation of
single-phased
CCM step-up
PFC converter:

(a) The
equivalent circuit
under the unit
power factor

Boost
PFC
Rectifier

Figure 7.4 +

Voltage loop
module C
derivation of 0
single-phased -
CCM step-up

PFC converter:

(b) Small signal
equivalent circuit

oL

Utilize (7.24) to draw the control block diagram of voltage loop as

the figure 7.5(a) shown, where:

Hy(s) _ Vg _kacky
Ve Co

(7.25)

Refer to the figure 7.5(b) for the voltage loop bode plot where zero
crossing frequency takes the previously mentioned output voltage,
due to two-times reactive power causing 2-times ripple, into
account. Hence, voltage deviation amplifier G, adopts the second-
class compensator, which is supposed to be, along with zero
crossing frequency (f;) of loop gain G.H, built by H,, lower than the
2-times ripple frequency (2f, =120Hz) to attenuate the the 2-times
ripple of V., so that output current will be prone to low distortion.
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On the other hand, because the zero crossing frequency (f.) is
equivalent to bandwidth of voltage loop, a narrower (f;) results in
deficiency of voltage active response.

Therefore, the best suitable zero crossing frequency generally is set
20Hz, which properly takes both voltage response speed and input
current distortion into consideration.

In respect of universal input voltage 90~264Vac, which has
approximately 3 times fluctuation, due to the fact that gain (ki) of
voltage loop Hv is affected by fluctuation from square of input
voltage indicated as (6.33), H, gain will result in fluctuation of 9
times (=20dB). Hence, as the figure 7.5 shown, the zero crossing
frequency f.(H) and f.(L) generated by loop gain G.H, when input
voltage is in the moment of highest and lowest, respectively, turns
out to be with disparity of 10 times approximately.

For example, when f.(H)=20Hz comes from the design of voltage
loop control with higher input voltage parameter, the lower input
voltage will cause a narrower bandwidth of voltage loop f.(L)=2Hz,
thus making voltage response slower.

On the contrary, when fc(L)=20Hz comes from the design of
parameter of lower input voltage, it results in wider bandwidth
fe(H)=200Hz during high input voltage, being unable to attenuate
composition of 2-times ripple of output voltage, which further
causes deteriorating current distortion, among other issues.

| |
Figure 7.5 . Vea i lg 1 ~
g v k(s+2) | Vea | mkdc LU v,
s(s+p) o Co | -
Voltage loop . G [ !
design of control Vo ! ' — Hy !
; — K :
architecture L L] |

based on figure
6.3:

(a) Control block
diagram
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A

Figure 7.5 804
N GH(H)

Voltage loop 60 4 GyH(L)
design of control )

C 40 A
architecture
based on figure 20 +
6.3: 0dB - f(Hz)

ripple attenuation

(b) Bode plot -20 1

o add feedforward contro [

In an attempt to overcome the 9 times fluctuation of loop gain
derived from 3 times fluctuation of input voltage, it is
recommended to utilize the dual-loop average current control
architecture with feedforward control indicated as the figure 7.2,
further obtaining the small signal module via (7.21) and (7.8).

lg :lem _ ViVea (Kywm)
Ny NgKsK (KVin)?
In which:

(7.26)

= I‘dcf Vea

(7.27)

Kief ==
def = Vg KKy K

Redraw, based on (7.27), the control block diagram (7.6(a)) of

voltage loop, where:

Hy (s) :\-/\?7(1 _ Kgcf ky (728)
ea  Co

Refer to the figure 7.6(b) for the bode plot of voltage loop, because

bode plot of H, is fixed for each input voltage, the design of G,

deviation amplifier aims only at single H,, and puts the zero

crossing frequency fc within 20Hz(=125rad/s) to attenuate voltage

ripple of 120Hz(2f,).
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In general, the zero point and pole of the second-class deviation
amplifier G, are positioned within z=20~30rad/s, p=180~250rad/s.

| - |

Figure 7.6 + k(s+12) \79a | Id 1 | ~
- Kgc B

o ss+p| 1 = s, [T Vo
Voltage loop =z G | !
desi f | v v | H |
esign of contro 0 1 v .

: , — Kk :
architecture v |
based on figure L—mmmmimm
7.2:

(a) Control block
diagram
Figure 7.6 801 A
AN GVHV
Voltage loop O
design of control 0 L, G, b
architecture A
based on figure 20 4 N by
7.2: 0dB ; g A~ > f(Hz)
20 4 ripple attenuation
(b) Bode plot
-40

The working principle of single-phased CCM bridgeless
step-up converter

To improve efficiency of PFC pre-amplifier, due to conventional
step-up PFC converter whose conduction loss of input full bridge
rectifier occupies converter by percentage of large scale, a variety of
bridgeless PFC circuit architecture are present accordingly. Refer to
the figure 7.7 for the foremost released bridgeless step-up PFC
converter with mechanism indicated as the figure 7.8. S;and D; are
in operation during positive half cycle and bypass diode of Sis
treated as rectified diode, remaining conduction during the period
of positive half cycle, whilst S; and D are in operation during
negative half cycle and bypass diode of S:is treated as rectified
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diode, remaining conduction during the period of negative half
cycle. Due to switch in low bandwidth, MOSFET switch bypass
diode of S; and Sz is quite enough for use.

Compared with the conventional architecture, whether it’s positive
or negative half cycle of AC, it has one less diode in components,
which practically reduce the conduction loss, when switch in
conduction and AC input voltage in conduction.

However, it comes with deficiency that the negative terminal of DC
output voltage and the relative voltage of AC voltage are
fluctuating high bandwidth; more than that, the size is the exactly
voltage level of DC output, and the fluctuating high bandwidth
voltage will charge/discharge on output negative terminal and
ground terminal of grid-connected electricity, thus resulting in
critical common-mode noise, which requires, as a result, higher
investment in EMI prevention circuit.

Figure 7.7 J;
D1

Bridgeless step-
up PFC converter @v Ls +

WA
<

AAA
o

Figure 7.8

The operation of

bridgeless step- | A~
up PFC

converter: -

Cpg == R. 2V,

(a) Positive half _I'_ i
s1

it
cycle Syt
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Figure 7.8 i
Dy 4% D,
The operation of _
bridgeless step-  ~ | S I
up PFC 3 T "y
converter”

(b) Negative half 5155..} s:l

cycle

v AC

To improve the shortcoming of high-bandwidth common-mode
current (figure 7.7), the bidirectional switch bridgeless step-up PFC
converter (figure 7.9) is employed, and conducting path has only 2
switches when conduction is active, whether it’s positive or
negative half cycle. By the time conduction is close, D; and D, will
proceed to high-bandwidth switch to transfer power to DC link,
while the diode D3 and D, will proceed to low-bandwidth switch;
therefore, negative terminal of DC output voltage and relative
voltage of AC voltage are low-bandwidth fluctuation.

Either conduction loss or common-mode current has leaping
enhancement, compared with the figure 7.7. In addition, the trigger
of 2 switches is common ground and the trigger circuit design is
accordingly way compact.

Figure 7.9

Dw}s D:%
Bridgeless step- 'T__m
up PFC converter BS 1
utilizing ! |l L
bidirectional @ Vae o RL 2 °
switch s

D, D, A

T "
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Refer to the figure 7.10 for the bridgeless step-up PFC converter of
dual-step-up circuit where Lp;-Si-D1-Dsand Lp-S2-D;-D3 form 2
individual step-up converters in the AC positive half cycle and
negative half cycle, respectively. D3 and Dy are low-bandwidth
switch; hence, negative terminal of DC output voltage and relative
voltage of AC voltage are low-bandwidth fluctuation accordingly.

The component number of conduction path is equivalent to that of
the circuit (figure 7.7) but with 2 inductors, which ease the loss
sporadically and has flat and miniature design. The trigger of 2
switches is common ground and is available for similar PWM
signal. The trigger circuit design, most importantly, is accordingly
way compact.

Figure 7.10
D, 3 %)
Bridgeless step- S
up PFC § Loy .
converter he _ CyF R 3V,
utilizing dual o .
A . B2
step-up circuit
- H
A &
=5 s B s

Refer to the figure 7.11 for the bridgeless step-up PFC converter of
Pseudo totem-pole where Lgp;-S1-D1-D4 and Lgz-S2-D2-D3 form 2
individual step-up converters in the AC positive half cycle and
negative half cycle, respectively. D; and Dy are low-bandwidth
switch; hence, negative terminal of DC output voltage and relative
voltage of AC voltage are low-bandwidth fluctuation accordingly.

The component number of conduction path is equivalent to that of
the dual step-up circuit (figure 7.10). The trigger of 2 switches,
however, is non-common ground and requires 2 differed groups of
PWM signals individually. The trigger circuit design is complicated.
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Figure 7.11 Ji o, D‘JS S;E’}

Bridgeless step-
up PFC converter Ler i 3
of Pseudo totem- 3
pole Lez

j

[
L1
o

j

Refer to the figure 7.12 for the bridgeless step-up PFC converter of
totem-pole containing a switch arm and a diode arm where the
bypass diode of Lp-5:-D1-S2 and the bypass diode of Lp-S:-D2-51
form 2 individual step-up converter paths in the AC positive half
cycle and negative half cycle, respectively. D;and D; are low-
bandwidth switch; hence, negative terminal of DC output voltage
and relative voltage of AC voltage are low-bandwidth fluctuation
accordingly.

The component number of conduction path is equivalent to that of
the dual step-up circuit (figure 7.10). The advantage of it is fewer
components employed, and the 2 switches can be triggered via
bootstrap drive circuit or by synchronous rectifying method, which
greatly enhances the efficiency.

Figure 7.12 Jg
s, %ﬁ 0,
Bridgeless step- 2

up PFC ~ [+

converter of @ Vi ? C: T R 3Vo

totem-pole -
s;lE %& 0,
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Circuit Simulation

Specification of ¢ P,=115W, V,=40Vac/60Hz,
bridgeless
step-up PFC o V=70V, v,=18kHz/5Vpp, ks =1/3.472V /A, k, =
converter 1/162.2,
« PWM blank time 2us
e L=1.323mH, Cs= 330uF

Current loop  Utilizes the second-class control but puts low-pass

design portion in sense circuit (f. =20kHz). The controller
adopts proportional integral control (G_, = s +1000 )
S
and a feedforward control signal
(= Lvi”, Kopwm = Vi) is added in PWM control
A
voltage.

Voltage loop  « Designed in light of full-load resistor, R =4942.

design Therefore H . (s) = (2621
S+61.84

o Sets f, =20Hz, @, =125rad/s
o Selects p=180rad/s, z=30rad/s of G, and it turns

30(s+30
out Gv(s) :s(s(+180)).
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PSIM simulation
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Figure 7.13 The simulating circuit of bridgeless step-up PFC converter of
totem-pole
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Figure 7.14 The simulating result of bridgeless step-up PFC converter of
totem-pole
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SimCoder Program Layout and Circuit
Simulation
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Figure 7.15 The simulating circuit of bridgeless step-up PFC converter of
totem-pole built by SimCoder
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Figure 7.16 The simulating result of bridgeless step-up PFC converter of
totem-pole built by SimCoder
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Experiment Measurement

The experimental devices and teaching aid layout are illustrated as
the figure 7.17. AC power supply APS-7050 is connected to the
terminal J7 of PEK-110 and DC load PEL-2040A is connected to the
terminal J1 of PEK-110. Refer to the figure 7.18 for the actual
measured waveforms. Refer to the figure 7.19 for the waveforms
sent from RS232 in DSP oscilloscope.

[ Ac source Single-Phase Inverter DC Load |

»
. N SV Y
Experiment &1t
9w
devices layout Ao |

Figure 7.17

voc
voc

For PTS:3000 - PTS-5000

PEK-110 ‘ PEL-3031E | PEL-2040A

Figure 7.18 ve lo

The circuit = ] |med(m) [P
measuring result  Vd

of bridgeless

step-up PFC
converter of
totem-pole

@ ©6.0014Hz |
J(_ Sns (@ 2e8.8us)[ @ 5 1.68v  DC
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Figure 7.19 (a) e
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Figure 7.19 (b) tlpag—

The waveforms
sent from RS232
in DSP
oscilloscope
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Experiment 5 — Full Bridge
AC-DC Switchable Rectifier

The purpose of experiment

To learn the principle, current/voltage loop control design and
hardware layout as well as SimCoder programming of full bridge
AC-DC switchable rectifier.

The principle of experiment

The principle and design of single-phased switchable
rectifier

Refer to the figure 8.1 for the single-phased switchable rectifier
whose input is AC voltage Vs, and output is DC voltage V. It
utilizes dual loop design where outer loop is DC voltage control
loop used to adjust V4, whilst inner loop is current loop used to
adjust input current (Is= -I,) and input voltage into same phase
with sinusoidal wave with low distortion rate, thus reaching the
very goal of unit power factor.

The current loop module of single-phased switchable rectifier is
applicable to the previous rectifier module. Refer to the figure 8.2
for the control block diagram in which ks and k, are sense gain of
current and voltage, respectively. The current control utilizes both
feedback and feedforward controls. If input current reaches the
same unit power factor as the input voltage, feedforward control
signal v,"can be used to remove the disturbance to current loop
from Vs, and v,"is the output voltage command. Therefore, current
loop can be feedback loop to acquire as follows:
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I(sklkpwm
kekik
—io = L = uR ! UR = : 1prm (8'1)
i* ksklkpwm S+Ugr
0 +
L

uris equivalent to bandwidth of input current loop, which can be
set by gain k;. The general bandwidth setting is 1/10~1/5
frequency of the switch frequency.

Figure 8.1
. Tar Te.
Single-phased * we @} 2 E}
switchable g v, {7 =
rectifier
RL |G [
Drive Circuits
Trigging SignaIsT T T T
Sinusoidal PWM
Control voltage T T
i
Current Controller 0
Current command
Vd
Voltage Controller
Vg

sine-wave
generator

DC \ltage Controller

Figure 8.2 Control circuit design
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Outer loop DC voltage control G, generates the current command
(i0*) of rectifier, which results from the deviation of voltage
adjustment multiplied by the unit sinusoidal wave (sinot) of input
voltage synchronization. The design of G, derives from module of
DC voltage loop, which is based on the equivalent circuit of unit
power factor within the figure 8.3(a); the input power of AC side is
as follows:

Vel Ve !
Pae =Vy(p) Sinat - Imsina)tzyf%cosza 8.2)

=Py + P2

In addition to a DC item, a two-times harmonic wave item is also
included, which will cause 2-times ripples in DC voltage. The
average power of DC side is equal to DC item of AC side power.

5ac =Py

The equivalent circuit from the following figure 8.3(b) derives from
AC current source responding to AC side. Based on the (8.2) we
acquire as follows:

Vipla _y, (8.3)

2

| Vil (8.4)

d :Td:kdclm

From DC current source Id charging Cd capacitor, we may obtain
the module of voltage loop as follows:

Kee v
Vy  keR  Cy  KkelCy ' kgo=—tPl s g b (8.5)
- - = Y RC
I 1+sGR o, 1 s+a d d
RC,

Make use of the block diagram of voltage control loop from figure
8.4(a) to design voltage control G,, where due to current loop has
much wider in bandwidth over voltage loop, the current loop
response from (8.1) should be simplified to be equal to 1. Therefore,
the gain of current amplitude I, from I, to actual Io is the
reciprocal of current sense ratio ks, and it is able to, via the bode
plot of voltage loop Hy., draw the following figure 8.4(b).

Besides, considering the 2-times ripple of DC voltage, in order to
lower down distortion in grid-connected electricity current
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command, bandwidth of voltage loop is supposed to be far lower
than 120Hz to attenuate the 2-times ripple of voltage. Hence, G,,
adopts the design of type Il compensator (i.e., PI + Low-Pass),
where the bode plot is illustrated as the figure 8.4(b), and the loop
response and the response of PI controller adopted only are
illustrated within the figure 8.4(b) for comparison reference.

Figure 8.3

+
i ~V —<¥> I, =1,sinat
The equivalent R 'd | Inverter o=In

circuit of single-

1.

phased

switchable P
rectifier voltage

loop:

(a) The

equivalent circuit
of unit power
factor

Figure 8.3

The equivalent g p— Vd <>
circuit of single- R d T Id

phased
switchable
rectifier voltage
loop:

(b) The
equivalent circuit
of AC current
source
responding to
DC side
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. i |
Figure 8.4 o1 e [ksrp|™i] 2 [ 1
: i el ey L,
s(s+p) K s+a
DC voltage v G, Hac
. d
controller design: Ml
L v
(a) Voltage loop
control block
diagram
~ G.H,
Figure 8.4
4 ) ‘s @, is the zero-crossing frequency of closed loop,
G, K which is equivalent to that bandwidth p is less
DC Voltage than 120Hz x 2p = 754rad/s

controller design:

NEDW}
0dB - il » wi(rad's)
'o{l 1001
-10 / '._.

=20 4

(b) Bode plot of
voltage loop

Z is supposed to make the slope of ("\"dr
for W¢ of any rated load as -20dB/decade
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Circuit Simulation

Rectifier e P,=115W, V,=40Vac/60Hz,
specification
o Va=70V, v4=18kHz/5V,,, ks =1/3.472V /A,
k,=1/162.2,

o Utilize unipolar voltage switching with blank
time 2ps

o L=1.323mH, C;=330n

Current loop Kowm =70/2.5=28

design f. =18k /10 =1.8kHz
Ug =1.8k x27 =11310rad /s
k, =1.68

Voltage loop o Design via full-load resistor and R =492.
design 26.21

S+61.84

Hence, H w(8)=

o Set f. =20Hz, @, =125rad /s
o When selecting p=180rad/s, z=30rad/s of G, it

1141(s + 30)

becomes G,(s)= 5(5 1 180)

PSIM Simulation
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Figure 8.5 The simulating circuit (current loop controlled by P) of load
fluctuation from 98Q 10 49Q

AAAAY

Figure 8.6 The simulating result of load fluctuation from 98Q 1o 49Q
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Experiment 5

SimCoder Programming Layout and Circuit
Simulation
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Figure 8.7 The simulating circuit of single-phased switchable rectifier
built by SimCoder
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Figure 8.8 The simulating result of single-phased switchable rectifier
built by SimCoder
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Experiment Measurement

Refer to the figure 8.9 for the layout of experimental devices and
teaching aid. AC power supply APS-7050 is connected to the
terminal J7 of PEK-110 and DC load PEL-2040A is connected to the
terminal J1 of PEK-110. Refer to the figure 8.10 for the actual
measured waveforms.

[ acsource Single-Phase Inverter DC Load DC Load
Figure 8.9 W I — E
T — Vo ‘ 7 ’ E, o | [BFgeeNS
—L’L/-—V" Vool T |29
Experiment g P = ” | [
device |ay0ut l APS-7050 | PEK-110 PEL-3031E PEL-2040A
GINSTEK I T |[(swe)
Figure 8.10 - ;

VdC\
The circuit

measured result
of single-phased Vs
switchable \‘
rectifier
o———
(

m]:
D — o) Sne (@ B.eees )| I 4 D[I

I
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