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I ntl'Od u Cti on Relc\:tti)fli:ers
« 3 phase Power electronics rectifier device O
— Objectives 0
AC/DC

« AC to Dc, get constant Dc Voltage
« Harmonic regulation/compensation
 Active power/reactive power regulation/compensation
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Introduction
 Three Phase PFC Topology - 6 Pulse + SCR+ LC
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It is a non-controllable rectifier, the input current contains
many harmonic waves. (ie, 5,7,11,13....)

So the PF and the THDi performance is bad.
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Introduction
Three Phase PFC Topology - Vienna topology

-

A KT

Ia A
ﬁ i

: Hca = - u gu
el - " ! —— The Vienna topology is a controllable active power rectifier.
2y b i
[ 1% ol :-4:‘]'.:« » Controllable output voltage and BUS balance
= » High PF and low THDi

* High efficiency
* The controller is complicated
* Worse EMI than passive AC-DC

*inreversible current
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Introduction

Three Phase PFC Topology - 3 phase 2-level PWM
rectifier
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The 3-phase PWM rectifier topology is a controllable active powér rectifier.
« Controllable output voltage.
* High PF and low THDi, controllable PF
» Can share the same board with 3 phase inverter /\

* High efficiency
* The controller is complicated N

* Worse EMI than passive AC-DC

*Reversible bi-direction current
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Harmonic related Standards

« |EEE-std-519-1992 Total THDI < 5%
« |[EC_61000-3-2-2009
« GB-T_14549-1993

I3 TEXAS
INSTRUMENTS




Content

 Introduction

___________________________________________________________________________________________________________________________________________________________________________________________

— Modeling
— Control Loop Structure

 APF Application

— Modeling
— Control Loop Structure

« *Unbalanced grid voltage treatment
 TI EVM Implementation

I3 TEXAS
INSTRUMENTS




PFC Application

« 3-Phase 2-level PWM Rectifier principle

1.
>
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e B

The PWM Rectifier can be equivalent to the figure above,
then we can get the the equation:

E=V, +V
L.V, =1,V

ac “acC
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PFC Application

« Three Phase PWM Rectifier principle

When the V trace from the A to B in the above figure, the
converter can work in rectifier mode, when the V at the B,
then the we can get the highest power factor.

Control Objective:
-Constant Bus Voltage

-Sinusoidal current wave, PF= 1
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Modeling

o

—»
5+ | S‘+ a
Rl Sl j:j 7
U c
ac

N

- R —> resistance of the line reactor;
€, &, & > source voltages; . L > inductance of the line reactor;
Iy Ip, lc > line currents; - C > smoothing capacitor;

u,, U, u, —> rectifier input voltages; ., 3 > load current;
U > bus voltage; - R, > resistance;
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Modeling

di
- I.a - ea _(”a + HNO) f(’—>
dt
di Sy Sk S |2
L?b+Rrb = e, — (1, +1ly, ) ¢, = /éw_aa:ﬁ ﬂ Nﬁ
t 03\-’\ R, A5 . | = []Re
dI ,Oy_:'— ic u “IT
- d" (uc +u NO) Cr £y 2
Hie _ . % ;o S ; N
— = K +iy s, +i*s, — 1
dt
[ di, uC
| Jl_ up swtch cl osed, down sw tch opened L o *(2d,-d,-d.)
© 10, up switch opened, down switch cl osed di, udc 2d —d. —d)
u, =u, *s,.(k=a,b,c) ; (;jit Ud
LB o _Yeog _g —d
1" :—”d"(s +5,+s,) dt - 3( )
NO 3 “a “b “e dU u
| ' = (0, 0, +id) -~
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Frequency domain model

( %:ea—u—;"(Zda—db—dc)
<L%:eb—u—;°(2db—da—dc)
di u
L= % (2d,~d, ~d,)
c d;: —(id, +id +id) —“—Fc;c

)

CU(5) =(1(8)d, () +1,(8)d, (8)+ 1o (8)d: (5)) "5

(lea<s)=Ea(s>—“—§°(Zda(s>—db(s>—dc(s»
LsL<s)=Eb(s)—“—§C (2d,(s)—d, (5)—d, (+))

Lsk(5) =E.(9) 2 (20,(5) -0, ()b 6)

Yeel5)
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abc ordinate model & Direct Current Control

le (5) R Ue () .
a R3S +1 -
| i Ie (8)=(1,(s)d,(s) + 1,(s)d, (s) + 1. (s)d. (s))
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abc ordinate model & Direct Current Control

* |In steady state, and with the balanced input voltage Ua +

Ub+Uc=0,la+lb+Ilc=0,

* 5o the hypotheses could be made:

d_(s)+d,(s)+d_(s)=0

E,(s)—u.d,(s)

Do
Ug

da (S)

E.(s) T

E,(s) —u.d,(s) .

E,(s)

— BusRef | C o () S I | IaRef @—» C
I, (s) T

E(5)-Ua0.(5) 2 1
D o
E. (5
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dq ordinate modeling

Ldi: €, _u_;C(Zda _db _dc)

C
[ dt

Lo =6, —e(2d, ~d, ~d,)

L%:ec _u_3dc(2dc _da _db)

dt

di,
dt L

dt

Clark

dug,

. . . Uy,
=(i,d, +i.d, +|Cdc)—Td!

V. (£) +V, (t) +V.(t) = 0
L)+ 1,()+1 ()=0

Park

| dig
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du,.

dt

L i,

N

q§

C

3,. .
=§(|O,dOI +|qdq)—

.

udc

R

I3 TEXAS
INSTRUMENTS




Clark and Park Transfer

V_(t)=V_cos(at + a)
V,(t) =V cos(at —120" + )
V. (1) =V, cos(at +120° + )

_/\.

1 (t)=1_cos(at + &)
s, (t)=1_cos(at —120° + )
1 (t) =1, cos(et +120° + «x)
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dq ordinate modeling
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What’s APF

ANA - N A
(b |V L

Supply

-

Load

. N\
Control Unitz Relerence signal seneration gate J
signal generation capacitor voltage balance Active Power Filter
contral and vollage measurement
Power Circuiiz Eneray storape unit DOAC ‘ N |
| converter harmonic filter and system protection

p

Es

I3 TEXAS
INSTRUMENTS




APF
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Key Techniques

Harmonic detection technique
— Detection algorithm
— Response time (The best product 10ms response time)

* Decrease the volume of APF
— Only consider harmonic compensation
Volume = 25% of load power
— Reactive power considered

Volume = 100% of load power

Di 'pI'Catcd function |aI|Ly of APF

— Solar inverter + APF
 Paralleled APF

— Different APF in charge of different range of Harmonic
compensation

[}
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Harmonic detection

 Instantaneous reactive power theory*
« FFT

£ —
i
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Control loop Schema

« Control Loop of APF
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Fo=50Hz
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JLabe Filter2
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»
ude ] Saturation N
m -—. abc Uda
e e ’ " Plusia
From1
Iref
Pl fon B > Udb »
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Simulation Result
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Unbalanced grid voltage

All the above control loop are build based on
hypotheses : balanced three voltage!

But the reality is not so accurate.

* Positive and Negative sequence decomposition and
control
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Respect to Dr C.L.FORTESCUE

e DrC.L.LFORTESCUE’s research in 1918,

any unbalanced three vectors could be decomposed into a
balanced positive sequence, a balanced negative
sequence and a zero seguence. .

* Positive Sequence PARK:

*b

wt

Park? — coswt  sin wt
| —sinat cosamt

* Negative Sequence PARK:

Park” — coswt —sin ot ©
“|sinaot  cosat
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Positive & Negative sequence
decomposition

V{2 (t) =V, cos(e,) +V, cos(2at +a,) V(1) V) (t)=V,cos(x,)

_\/ i i Vi (t V. (t) =V, sin
Vi () =V, sin(a,) -V, sinet +a) | Va O o ey Ve O =Vesin(a,)

3 n n
Vi (t) =V, cosat +a, ) +V, cos(a,) | Vai (V) Vy' (t) =V, cos(a,)
V() =V, sinat +a,) -V, sin(a,) Lo ®] Vo () =~V sin(a,)
|5 (t)=1,cos(a'))+1,cosat +a') 12 (t) (1°(t) =1 Jcos(a’,)
1E) =1 sin(a' )—1 sinQRat+a',) | P (t 1P(t) =1 sin(a'.)
. : " | () *[NotchFilter]=4 ¢/ °~  ®’
1 (t)=1,cosRat+a' )+ 1, cos(a’,) |12(t) 11(t) =1, cos(a',)
ngi(t): | sinQat+a')) -1, sin(a’,) | 14(t) () =—1,sin(a’,)
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Specifications

« 3-phase PFC EVM basic specification
— 3 phase 4 wire(or 3wire) input
—  1200W @ 380VAC/50Hz
—  Output Voltage: 700VDC
—  Efficiency: >95%
—  THDIi<5% @ Full load
—  Current unbalance ratio: <3%
—  Power Factor > 0.99 @ >50% Load
—  Piccolo B
—  GUI support
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3-phase PFC EVM

« 3-phase PFC EVM Picture

3 A ws - A ws
Am G|

......
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Hardware Description

* Main circuit topology

Choke:
9mH, T184-8/90 core

Powerex IGBT Module
CP10TD1_24A:
1200V/10A@100 C

Electrolytic Capacitor:
470uF/450VDC

Vo
T X 1 i
Q2 Q4 Q6 /\§
O T
— e s ®
N__ HCT or Current Transformer
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Hardware Description

« Main circuit considerations

1.Switch Frequency ---- 20kHz.
For motor control application, the Fs can be reduced to 10kHz, and the

choke size will be bigger and the inductance is higher.

2. IGBT
1200V IGBT must be used in this topology, because the maximum

voltage between the Vce is over 700V in theory. Actually, the 30% margin
need to be considered.

3. Electrolytic Capacitor
The output DC voltage is larger than 600VDC in 380VAC system, then we

must use 2 electrolytic capacitors in series.

4. Current sensing ---- HCT need to be used for current controller. 2 HCTs
at least.

5. Line voltage sensing --- Line- Neutral voltage(or Line to Line) need to be
sensed
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Hardware Description
* Auxiliary Power

The project did not design a three phase input auxiliary power for the
system, all the power is from the external +15V adapter.
 The +5V is generated by the PTH08080 with the +15V input
 The +3.3V is generated by the TLV1117-33, with the +5V input
* The -15V used by the HCT, is generated by the DCH010515S with
+5V input.
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Hardware Description
« Soft start circuit

When the line voltage connect to the board, the bus capacitor will be
charged by the soft start circuit, and the voltage will rise to about 300V.
The soft start must be finished before the converter start to work.

In order to charge the bus in a limited current, there is a 1k/5w resistor in
each phase. Besides, 3 relays are used to connect the line input to
softstart circuit.
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Hardware Description

« MCU interface

EPWM1A
A
Q1 Q3 Q5
@ @
1 RI[
. )
S L | 5 ]
| Vo
T - L3
— C2 <
i " Q4 Q6 RY ]
] wif_rrcpen | @
A ] v
N__
ADCAG GPIO07
ADCA5
ADCA4 EPWM3A
ADCA3 EPWM3B
ADCA2 _
ADCA1 Piccolo A [EPwm2A
ADCAO F28027 EPWM2B
e EPWM1A
EPWM1B
| ] usB j D
Fe [\l Converter SCIRX
SCITX
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Software Description

 Software Flow
Main() Background Loop

y <
Initialize the MCU:
SYSCLK
GPIO; SCI Task
ADC;
ePWM
SCI;
eCAP
System Timming
A Task
Initialize the PIE
Table
System Running
A Data Cal Task

ADC Calibration

y

Initialize the
default Controller
Parameter

Y
Background Loop ) (== >' [ INT_EPWM1_ISR()

INT_SCI_ISR()
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Software Description

System Timing — Status machine

.‘/.’ H\"._

I'Il PowerOn ..III

\ Mode |

\\RL 1//

./.H---_---.‘\\x

[ StandBy -"-l

1. Tum On && Condition OK \  Mode )\
2. Auto start && Condition OK "~/
./"‘---_----k'\.\i‘""
| SofiStart |
. Mode | Turn Off

\ J/
g

Turn On OI{*H‘ ./.a--'_"--n -

e,

.

-,

N
{
[ MormalOn

| Mode |

_ Turm On Fail or
“~—Fault Occurs—

v

\
Fault Occursf,f“’\ﬁ_
o =

Fault
Mode

/
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Software Description

 Software Flow

Read the ADC
sample result

v

Sample data
processing

v

Protection
Processing

G

y

Voltage Loop
Cal

v

Current loop
Reference Cal

v

3 phase
current loop
Cal

v

CMPR Value
Cal

y -

RESET INT
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Software Description

« ADC & ePWM

INT_EPWMH1

Ao

EPWM1_CNT
—

ePWM1

SYNO

v oy

¢ SOCO SOCO0
ePWM2 EPWMxA

SYNO

fe opmm T 1T

SYNI

ePWM3
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Control SUITE

o http://www.ti.com/mcu/docs/mcuproductcontentnp.tsp?sec
tionld=95&familyld=916&tabld=2656

' Resource Explorer
File

[@X

R Reseurce Explarer &2

Packages: contro/SUITE L‘ Dievices: ~ Tapics: ’ﬁ = &)
& R v
“ :ze;ces 4 High Voltage Motor Control and PFC Developers Kit (v1.7)
% % contrlSTICK: Plolo F28027 Part Number. TMDSHVMTRPFCKIT
& * conrolSTICK: Piccalo F28069
@ * conrolCARDS Buy Now
0 oontrolCARD:; Bxperimenter's Kits
" confralCARL: Peripheral Explorer Kits IMPORTANT NOTICE:
0 Mator; High-voltage Mator Contral + PRC Kt v2.0 Version 1.7 software for the TMDSHVMTRPFCKIT is configured for revision R5 of the kit hardware.
© Hi | + 7 Revision R5 can be verfied by ensuring the PCB color is "green”.

# Motor: Low Voltage Dual-Axis Motor Corfral + PRCKIE Key features
& Motor: DRV8412-C2K1T Brushed and Stepper Motor Confre
“ Mofor; CRVB312-C2H1T Low Current 3PH BLDC/PVEM Support for three brushless motor types, AC Induction, Permenant Magnet Synchronous Motor,
% Moter: DRVB30x-HC-C2-KIT High Current 3PH BLDC/PMSM Brushless DC Motor

“Pawer: High Valtage Power Factor Correction Kit Can be used by both Piccolo and Delfino F2833x devices

4 Power: High Valtage LLC Resonant Developers Kit Support for three brushless motor types, AC Induction, Permenant Magnet
0 Power: High Voltage Phase Shifted Full Bridge Developers K Synchronous Motor, Brushless DC Motor

0 Power: High Voltage Bridgeless PRC Developers Kit 15 KiloWatt metor driver stage
-8 ' i .
Solar: Solar Explorer Development Kit TR e ey e S

0 Solar: High Voltage Solar DCAAC Inverter Kit
. ) ‘ ‘ . Open source software for power factor correction stage
0 Solar; High Voltage Solar Maximum Power Point Tracking D
Open source software for control of all three motor types

& % | ighting: i
P t:ggg?g kﬂi?tf[f%ggo\or LED Kit QOpen source hardware, _|nc\udipg schematics, BOM, and gerber files
0 Lighting: Isolated AC LED Lighting and Communications Kit LS 2t e =L D A T 11
#UPLC: Power Line Modem Developer's Kit
0 Ltlitles
0 Modules
D Libraries -
O Undate
- Datashests
Applicationhlotes

£l
<

~

< > [ s
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Simulation

 The simulation diagram

[+]

Multimeter

[ dq

From | {la}

Signal
Sampling

From+ | {16}
From

<]

b Gotod

=i
va Gotedt gbt_ord
From10

—

hanual Switch

mi]
L1 Lata Type Conwversign Y SE—
3 AT .
R Lz
262 il e
= L3 L —
3r — AT c
=1 / Uniwarzal Bridge
vnode 10 Choke: IGBTM
odule, 6pcs
9mH/0.10hm » P
[wa] “a Uma
[b] - Wh Umb —|
[t FToT e Ui —|
Fromd | fla} Ia Umed
From Ib Umez
— Uids Umc4 .
— Lot Umas S-function based
controller, the controller
From3 Controller

» ]
e al b 5 4
rl" From13 Gain FoRe
From1z2
% c3 % c1
T
R load

algorithm is realized by
C laguage. Execution
rate is 20kHz

I_.

Signal(=) Pulses

Phd Generator

Electrolytic
Capacitor

[labt_Dnd

Gotol

6 pulse PWM generator
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Simulation Result

e The simulation result

CH1: Vdc

CH2: R phase current
CH3: S phase current
CH4: T phase current

Conditions:
1. Directly input the
line voltage to the
converter from
0~0.04s;

2. At 0.04s, step to
700Vdc reference;

3. Full load.
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Close loop Controller Design

* The simulation result --- Stable state

CH1: Vdc

CH2: R phase current
CH3: S phase current
CH4: T phase current

Conditions:

Full load at stable
state.
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Close loop Controller Design

* The simulation result --- Stable state

Yellow : phase current

Red: Line Voltage( 1/100)
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Close Loop Controller Design

* The simulation result --- Stable state

CH2 : phase current

CH1: Line Voltage( 1/100)
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EVM Performance

M4 00ms A

i+~ 0.00000 s
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EVM Performance
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