Design Guide: TIDA-010257

10kW Vienna Rectifier-Based, Three-Phase Power Factor

Correction Reference Design

Description

The Vienna rectifier power topology is used in
high-power, three-phase power factor correction
applications such as appliances, electric vehicle (EV)
chargers, and telecom rectifiers. Control design of
the rectifier can be complex. This design guide
illustrates a method to control the power stage using
the C2000™ microcontroller (MCU). The design also
enables monitoring and control of a Vienna rectifier
based on GUI. The hardware and software available
with this design helps accelerate the time to market.

Resources

TIDA-010257
TMS320F2800137, TMCS1123
AMC1350, UCC5350
UCC28750, LM25180
ISOTMP35, 1ISO6721
TPS54202, TLV76133
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Product Folder
Product Folder
Product Folder
Product Folder
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Features

Three-phase input 380V, 400V, 50/60Hz, output
650V DC nominal, 10kW

40kHz pulse width modulation (PWM) switching

> 98% peak efficiency

Less than 1.5% total harmonic distortion (THD) at
full load

Software available for F280013x

Monitoring and control of Vienna rectifier based on
UART GUI

Applications

Air Conditioner outdoor unit
Heat pump

EV charging infrastructure
Telecom rectifiers

Factory automation and control
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1 System Description

Three-phase power is used by equipment operating at high power in industrial applications. To improve grid
power quality and reduce the harmonic currents drawn, power factor correction is needed as many of the
forward loads are DC. For example, commercial air conditioner, EV charger.

Though many topologies exist for active three-phase power factor conversion, a Vienna rectifier is popular due
to the operation in continuous conduction mode (CCM), inherent multilevel switching (three level), and reduced
voltage stress on the power devices. Traditionally, hysteresis-based controllers have been used for Vienna
rectifiers. Only recently have sine triangle-based PWM been shown to work for Vienna rectifier control. This
control can be quite challenging to design. Several variants of Vienna rectifiers exist, Figure 1-1 shows the
variant of the Vienna rectifier chosen in this design along with the key voltages and currents being sensed.
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Figure 1-1. Vienna Rectifier Variant Implemented
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A Y-connection Vienna rectifier is implemented in this design guide. With this design, the purpose is to provide
an example of how to control a Vienna rectifier and how to tune the different loops using the C2000 MCU.
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System Description

1.1 Terminology

PWM Pulse Width Modulation

FET, MOSFET Metal Oxide Semiconductor Field Effect Transistor
IGBT Insulated Gate Bipolar Transistor

HVAC Heating, Ventilation, and Air Conditioning

RMS Root Mean Square

PLL Phase Locked Loop

1.2 Key System Specifications

Table 1-1 details the three-phase Vienna rectifier key power specifications.

Table 1-1. Key System Specifications

PARAMETER

SPECIFICATION

Input voltage (Vin)

AC 208VRMS V|__|_ or 120VRMS L-N , 60Hz
or
AC 380VRMS V|__|_ or 220VRMS L-N, 50Hz

Input current (Iiy)

16A RMS maximum

Output voltage (Vour)

650V DC bus nominal

Output current (loyt)

Absolute RMS maximum 16A, pulse maximum 29A

Power rating

10kW at three-phase 380Vrus

< 1.5% at 10kW load

Current THD < 5% under 2.5kW load
Efficiency Peak 98%

Primary filter inductor 355uH under 31A bias current
Output capacitance 940uF

PWM switching frequency 40kHz

subsystems.

WARNING

Tl intends this reference design to be operated in a lab environment only and does not consider the
board to be a finished product for general consumer use.

Tl Intends this reference design to be used only by qualified engineers and technicians familiar
with risks associated with handling high-voltage electrical and mechanical components, systems, and

There are accessible high voltages present on the board . The board operates at voltages and
currents that can cause shock, fire, or injury if not properly handled or applied. Use the equipment with
necessary caution and appropriate safeguards to avoid injuring yourself or damaging property.
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CAUTION
Do not leave reference design powered when unattended.

High voltage! There are accessible high voltages present on the board . Electric shock is possible.
The board operates at voltages and currents that can cause shock, fire, or injury if not properly handled.
Use the equipment with necessary caution and appropriate safeguards to avoid injuring yourself or
damaging property. For safety, use of isolated test equipment with overvoltage and overcurrent protection
is highly recommended.

Tl considers it the user's responsibility to confirm that the voltages and isolation requirements are
identified and understood before energizing the board or simulation. When energized, do not touch
the reference design or components connected to the reference design .

Hot surface! Contact may cause burns. Do not touch!

Some components can reach high temperatures >55°C when the board is powered on. The user must not
touch the board at any point during operation or immediately after operating, as high temperatures can be
present.

2 System Overview
2.1 Block Diagram

Figure 2-1 shows the block diagram of the Vienna rectifier chosen in this design along with the key voltages and
currents being sensed.
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Figure 2-1. Block Diagram
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2.2 Design Considerations

2.2.1 Control System Design Theory

This section discusses the control system design theory
2.2.1.1 PWM Modulation

Figure 2-2 shows a simplified, single-phase diagram of the Vienna rectifier. To control this rectifier, the duty cycle
is controlled to regulate the voltage v,y directly. That is, if the software variable Duty is set to 1, vy becomes
the highest voltage possible by never turning the Q1 and Q2 switches on and letting the inductor connect to the
DC bus though the bridge diode. Similarly when Duty is set to 0, PWM is modulated such that Q1 and Q2 always
conduct, making v,y connect to the midpoint of the DC bus (which is zero), which creates the lowest possible
voltage for the switching cycle.

Vbus/2
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Gate Driver
PWM Modulator
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control loop
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Figure 2-2. Single Phase Diagram of Vienna Rectifier
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Figure 2-3 shows the detailed PWM configuration.
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Figure 2-3. Vienna Rectifier Detailed PWM Modulation Scheme
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2.2.1.2 Current Loop Model

To understand the current loop model, first closely look at the inductor current. In Figure 2-4 the duty cycle
D is provided to the PWM modulator, which is connected to the switches Q1 and Q2. Remembering this, see
Equation 1:

%
VxiN = D X bzus (1)

Note

When D is set to 1, all the switches are off, and when D is 0, all switches are on, which connect the
inductor to the point to M.

To modulate the current through the inductor, the voltage vy is regulated using the duty cycle control of the Q1
and Q2 switches. Assuming the direction of current is positive in the direction from the AC line into the rectifier
and using the DC bus feedforward, the input AC voltage feedforward along with the assumption that the grid is
fairly stiff. The current loop can be simplified as shown in Figure 2-4, and the current loop plant model can be
written as in Equation 2.

i*
_L_ 1
Hp_i =D = Kv_gain X Ki_gain X Ki_fl'cr X Gg % Z_1 (2)

where

* Ky _gain is the inverse of the maximum voltage sensed that is 1/Vmax sense for the bus and the AC input.
Assumed the AC voltage maximum sense and the DC Bus voltage maximum sense are equal.

*  Kj_gain is the inverse of the maximum AC current sensed.

* K, str is the response of the RC filter connected from the current sensor to the ADC pin.

« Gy is the digital delay associated with the PWM update and digital control.

+ i, " is the current command, ij; is the actual inductor current.

* Vpus/2 is the voltage across one of the output bus capacitor.

» Z;is the impedance of the inductor which includes inductance L; and resistance R;.

* Hy jis the current loop plant as seen by the digital controller G;.

* vjy is the instantaneous AC voltage at the input.
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Figure 2-4. Current Loop Control Model
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Note

The negative sign on the reference is in place because the current loop is thought to be regulating the
voltage vyin. To increase the current, v,;y must be reduced and thus, the opposite sign for reference
and feedback in Figure 2-4. This current loop model is used to tune the current compensator. A simple
proportional controller is used for the current loop. The gain of the proportional gain is adjusted to
make sure the system is stable.

2.2.1.3 DC Bus Regulation Loop

The DC bus regulation loop is assumed to be providing the power reference. This loop is divided by the square
of the line voltages RMS to provide the conductance, which is further multiplied by the line voltage to give the
instantaneous current command.

A small signal model of the DC bus regulation loop is developed by linearizing Equation 3 around the operating
point.

: : n vNrms.
IpCVbus = 3NVNrmsiNrms = ipc = 3n Vius 1L (3)

For resistive load, the bus voltage and current relate as shown in Equation 4.

~ Ry, -
Vbus = T¥5RC, 1 DC (4)

The DC voltage regulation loop control model can be drawn, as shown in Figure 2-5. An additional Vbus
feedforward is applied to make the control loop independent of the bus voltage, and, thus, the plant model for the
bus control can be written as shown in Equation 5.

Hp_bus = Hjpag X N X Ki_gain x Kv_gain X Ky _fie (5)

where

* Hyp bus is the voltage loop plant as seen by the digital controller G,.

+ Output of the G, is the power reference P, *

* Vpus  is the voltage command and voltage reference, v, is the actual bus voltage.
* G, is the output capacitor, R, is the load resistance.

Using Figure 2-5, a proportional integrator (Pl) compensator is designed for the voltage loop. The bandwidth of
this loop is kept low as the loop is in conflict with the THD below steady state.

Vac X Kv _gain
Vi i i
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: I — Vius avg XK |—>| K |—> Gl | 3 Vims o R Yo
2 2 us_avg X Ky_gai i oai —_— = T - ~
3Ve:u:RMS x Kv_gain pue-ave o _gain 1+ Ginfi N Vbus 1+ SRLCO
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Figure 2-5. DC Voltage Loop Control Model
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Additionally, a non-linear Pl loop is used to reduce the transients in case of step load changes. Figure 2-6 shows
the structure of the non-linear Pl loop implemented on this design
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/K2
|
|
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Umin =0 ) |
t ! » Ev
| Vs !
/i, s E1
/ |
! Kp = K1, for E(n)<E1 and E(n)>E2
/ Kp = K2, for E(n)<E1 and E(n)>E2

Figure 2-6. Non-Linear Pl Loop for Voltage Controller

2.2.1.4 DC Voltage Balance Controller

A split capacitor is used for the output voltage bus in the Vienna rectifier. The voltages across these capacitors
do not necessarily stay balanced naturally, hence a DC balance controller loop is added. This loop modulates an
offset, which is added to the duty cycle thus, modulating the current through the midpoint to balance the voltages
on the split capacitor.

A simple proportional gain is used for the DC bus balance controller, with the output of the balance loop given as
in Equation 6.

Gs_out = (Vbus_PM - Vbus_MN) X Gs_gain_Kp (6)
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2.3 Highlighted Products
2.3.1 TMS320F280013x

The TMS320F280013x (F280013x) is a member of the C2000™ real-time microcontroller family of scalable,
ultra-low latency devices designed for efficiency in power electronics. The real-time control subsystem is based
on TI's 32-bit C28x DSP core, which provides 120MHz of signal processing performance for floating- or fixed-
point code running from either on-chip flash or SRAM. The C28x CPU is further boosted by the Trigonometric
Math Unit (TMU), speeding up common algorithms key to real-time control systems. The F280013x supports up
to 256KB (128KW) of flash memory. Up to 36KB (18KW) of on-chip SRAM is also available to supplement the
flash memory. High-performance analog blocks are integrated into the F280013x real-time microcontroller (MCU)
and are closely coupled with the processing and PWM units to provide a best-in-class real-time signal chain
performance. Fourteen PWM channels enable control of various power stages from a three-phase inverter to
power-factor correction and other advanced multilevel power topologies.

2.3.2UCCS5350

The UCC53x0 is a family of single-channel, isolated gate drivers designed to drive MOSFETSs, IGBTs, SiC
MOSFETSs, and GaN FETs (UCC5350SBD). The UCC53x0S provides a split output that controls the rise and

fall times individually. The UCC53x0M connects the gate of the transistor to an internal clamp to prevent false
turn-on caused by Miller current. The UCC53x0E has a UVLO2 referenced to GND2 to get a true UVLO reading.
The UCC53x0 is available in a 4mm SOIC-8 (D) or 8.5mm SOIC-8 (DWV) package and can support isolation
voltage up to 3kVrus and 5kVgpys, respectively. With these various options the UCC53x0 family is a good fit

for motor drives and industrial power supplies. Compared to an optocoupler, the UCC53x0 family has lower
part-to-part skew, lower propagation delay, higher operating temperature, and higher CMTI.

2.3.3 AMC1350

The AMC1350 is a precision, isolated amplifier with an output separated from the input circuitry by an isolation
barrier that is highly resistant to magnetic interference. This barrier is certified to provide reinforced galvanic
isolation of up to 5kVgys according to VDE V 0884-11 and UL1577, and supports a working voltage of up to
1.5kVRms- The isolation barrier separates parts of the system that operate on different common-mode voltage
levels and protects the low-voltage side from potentially harmful voltages and damage. The high-impedance
input of the AMC1350 is optimized for connection to high-impedance resistive dividers or other voltage signal
sources with high output resistance. The excellent accuracy and low temperature drift supports accurate AC and
DC voltage sensing in DC/DC converters, frequency inverters, AC motor, and servo-drive applications over the
extended industrial temperature range from —40°C to +125°C.

2.3.4 TMCS1123

The TMCS1123 is a galvanically isolated Hall-effect current sensor with industry leading isolation and accuracy.
An output voltage proportional to the input current is provided with excellent linearity and low drift at all sensitivity
options. Precision signal conditioning circuitry with built-in drift compensation is capable of less than 1.4%
maximum sensitivity error over temperature and lifetime with no system level calibration, or less than 1%
maximum sensitivity error including both lifetime and temperature drift with a one-time calibration at room
temperature.

AC or DC input current flows through an internal conductor generating a magnetic field measured by integrated
on-chip Hall-effect sensors. Coreless construction eliminates the need for magnetic concentrators. Differential
Hall sensors reject interference from stray external magnetic fields. Low conductor resistance increases
measurable current ranges up to +96A while minimizing power loss and easing thermal dissipation requirements.
Insulation capable of withstanding 5kVRrys, coupled with minimum 8.1mm creepage and clearance provide up

to 1.3kVpc reliable lifetime reinforced working voltage. Integrated shielding enables excellent common-mode
rejection and transient immunity.

Fixed sensitivity allows the device to operate from a single 3V to 5.5V power supply, eliminating ratiometry errors
and improving supply noise rejection.

2.3.5UCC28750

UCC28750 is a highly-integrated current-mode, continuous-conduction-capable, PWM controller optimized
for high-performance, low standby power, and cost-effective offline flyback converter applications using an
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optocoupler. During light-load conditions, the device enters frequency foldback and burst modes, improving
light-load efficiency. The burst-mode algorithm used in UCC28750 controls the minimum effective switching
frequency to prevent audible noise during light-load conditions. Frequency dithering improves EMI performance,
and is active in normal, frequency foldback, and power boost operations.

UCC28750 provides protection features that enable a robust converter design with minimal external
components. Output over-power protection (OPP) and cycle-by-cycle overcurrent limit protect the load and
power-stage components from electrical stress. Overvoltage and under-voltage lockout (OVLO and UVLO)
prevent switching in unwanted input conditions. The FLT pin provides line brown-out sensing and protection, or
external overtemperature and overvoltage protection, depending on the device variant. The FLT pin is also used
to disable the device through external control by pulling the pin to ground, regardless of the device variant.

2.3.6 LM25180

The LM25180 is a primary-side regulated (PSR) flyback converter with high efficiency over a wide input
voltage range of 4.5V to 42V. The isolated output voltage is sampled from the primary-side flyback voltage,
eliminating the need for an optocoupler, voltage reference, or third winding from the transformer for output
voltage regulation.

The high level of integration results in a simple, reliable, and high-density design with only one component
crossing the isolation barrier. Boundary conduction mode (BCM) switching enables a compact magnetic design
and better than +1.5% load and line regulation performance. An integrated 65V power MOSFET provides output
power up to 7W with enhanced headroom for line transients.

2.3.7 ISOTMP35

The TI ISOTMP35 is the first isolated temperature sensor IC in the industry, combining an integrated isolation
barrier, up to 3000Vgys withstand voltage, with an analog temperature sensor featuring a 10mV/°C slope from —
40°C to 150°C. This integration enables the sensor to be colocated with high-voltage heat sources (for example:
HV FETs, IGBTs, or HV contactors) without requiring expensive isolation circuitry. The direct contact with the
high-voltage heat source also provides greater accuracy and faster thermal response compared with approaches
where the sensor is placed further away to meet isolation requirements. Operating from a non-isolated 2.3V to
5.5V supply, the ISOTMP35 allows easy integration into applications where sub-regulated power is not available
on the high-voltage plane. The integrated isolation barrier satisfies UL 1577 requirements. The surface mount
package (7-pin SOIC) provides excellent heat flow from the heat source to the embedded thermal sensor,
minimizing thermal mass and providing more accurate heat-source measurement. This reduces the need for
time-consuming thermal modeling and improves system design margin by reducing mechanical variations due to
manufacturing and assembly. The ISOTMP35 class-AB output driver provides a strong 500uA maximum output
to drive capacitive loads up to 1000pF and is designed to directly interface with analog-to-digital converter (ADC)
sample and hold inputs.

2.3.8 TLV76133

The TLV761 is a linear voltage regulator that improves the functionality of a traditional x1117 regulator (TLV1117
or LM1117) with tighter output accuracy and low quiescent current () to lower the standby power consumption.
The TLV761 is pin-to-pin compatible with other fixed SOT-223, TO-252 regulators. The TLV761 input voltage
range is from 2.5V to 16V and provides an output voltage range from 0.8V to 13V to support a wide variety of
applications. The wide bandwidth PSRR performance of the TLV761 is typically greater than 60dB at 1kHz and
40dB at 1MHz, which helps attenuate the switching frequency of an upstream DC/DC converter and minimizes
post regulator filtering. Additionally, the TLV761 has an internal soft-start feature to reduce inrush current during
start-up, which can help save space and cost in a design by minimizing input capacitance. The TLV761 features
a foldback current limit that limits the power dissipation of the device during high-load current faults or shorting
events.

2.3.9 TLV9062

The TLV9061 (single), TLV9062 (dual), and TLV9064 (quad) are single-, dual-, and quad- low-voltage, 1.8V to
5.5V) operational amplifiers, op amps) with rail-to-rail input and output swing capabilities. These devices are
highly cost-effective options for applications where low-voltage operation, a small footprint, and high capacitive
load drive are required. Although the capacitive load drive of the TLV906x is 100pF, the resistive open-loop
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output impedance makes stabilizing with higher capacitive loads simpler. These op amps are designed
specifically for low-voltage operation (1.8V to 5.5V), with performance specifications similar to the OPAx316
and TLVx316 devices.

The TLV906xS devices include a shutdown mode that allow the amplifiers to switch into standby mode with
typical current consumption less than 1pA. The TLV906xS family helps simplify system design, because the
family is unity-gain stable, integrates the RFI and EMI rejection filter, and provides no phase reversal in overdrive
condition. Micro-size packages, such as X2SON and X2QFN, are offered for all the channel variants (single,
dual, and quad), along with industry-standard packages, such as SOIC, MSOP, SOT-23, and TSSOP.

2.4 Hardware Design

2.4.1 Inductor Design

Input inductor (L;) filters out the switching frequency harmonics. Inductor design, amongst other factors, depends
on calculation of the current ripple and choosing a material for the core that can tolerate the calculated current
ripple. Figure 2-7 shows one switching cycle waveform of the inverter output voltage vi with respect to the
inductor current.
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Figure 2-7. Current Ripple Calculation

The voltage across the inductor is given by V = L;(di/dt). For the Vienna rectifier, see Equation 7.

Vbus Aipp
( 2 —Vin>=LiXDrTTS (7)
where

* T =1/Fg, is the switching period
« D’ is the duty cycle for which the switches are ON

For control design, D is assumed to be the voltage at the other terminal of the inductor and is related to D’ by D’
=1 — D. Rearranging the current ripple at any instant in the AC waveform is given as Equation 8.

Vbus
D’><TS><( > ~Vin

Aipp = I 8)

Now assuming modulation index to be m, the duty cycle can be given as D' = m,*sin(wt) and assuming that V;,
= D' x (Vpys/2), Equation 9 can be derived.
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Vbus x Tg X mg X sin(wt) x (1 — mgsin(wt))
Ai. = ) S a a (9)
pp I

From Equation 9, it is clear that the peak ripple is a factor where the input AC is in the sinusoidal waveform.

To get the maximum value differentiating the equation with respect to time, use Equation 10.

d(Aditpp) = K{cos(wt)(1 — m,sin(wt)) — mysin(wt) X cos(wt)} =0 (10)

Which gives the maximum ripple exists at sin(wt)=1/(2 x m,), Substituting this value, Equation 11 is derived.

Vbus Vbus

Ai =Z—XTS=>L.=+ (11)
PPmax 4 X Lj 1 4 X Fgy X Aippmax

With these values in mind, an appropriate core can be selected along with an inductor designed to meet this
inductance value.

2.4.2 Bus Capacitor Selection

The bus capacitor is responsible for removing the ripple on the DC voltage that can be caused by the draw of
sinusoidal currents. The capacitor value and the DC bus ripple are related by Equation 12.

(L P
c—(3)4xfx(vzjc(v_”)2) (12)

This equation is used to select the minimum DC bus capacitance value.

Note

The calculation in Equation 12 can yield to an over design of the capacitor. The capacitor sizing is
more dependent on the load and the nature of current drawn. For three-phase PFC the power ripple
is fairly small as the input always has a path to the output. Only use Equation 12 for reference and be
aware that this yields to over design.

2.4.3 Input AC Voltage Sensing

First a virtual neutral is constructed by using a resistor network connected in Y along with some capacitance for
stability. In this design, the controller is kept on the cold side, thus, an isolated amplifier AMC1350 is used to
process the VL-N’ voltages as shown in Figure 2-8. As the AMC1350 is designed considering low-impedance
sources for current-sensing applications, the input differential resistance plays a non-linear role in the total gain
calculation. Therefore, a final calibration during build level one must be done, and the maximum AC voltage
range must be adjusted according to the calibration.

3.3V_ACSensing

3.3V ACSensin§
C78] c79
25V 50V
1uF 100nF C80
c81 T ce2 ||__1nF
= U15 25/ 50 = 1150V P14
GND_ACSensi uF GND R79 2 124k
R80 R81 Rg2 "~ oensing ; ”8 100rF 0]
CvaA PR ey et VDD1 VDD2 3.3V U16A 5015
: ’ : R83 2 7 R84 100k 2

240k INP OUTP 1 R85
R86 > ( I A >< R87 ., 100k 3 = 70 VAVAD)
2406 Place close toAMP Place close touC
4 R88 TLV9062IDGKR
GND1 GND2 124K Cc85

Gain=1.24
1nF

5
= émmosf\(/]/a\\//vvm css  feutofi=15kHz InF
GND_ACSensing an=0 =
Bandwidth:300kHz GND 1.65V |l eno
50V

100nF

.|||_|

@
4
o

Figure 2-8. Input AC Voltage Sensing
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2.4.4 Output DCBUS Voltage Sensing

Similarly, the DCBUS voltage, which is split between two capacitors, is sensed using AMC1350 and TLV9062 as
shown in Figure 2-9. Because accuracy is important in the DCBUS voltage sensing, a further step of calibration
with offset and gain adjustment needs to be carried out.

3.3V_DCSensing

C1OT
o Too

3.3V_DCSensing

50V
WF qwom: cto8
c10g T cro I|__1nF
= U20 AMC1350DWVQ1 25V sV = 1150V P17
GND_DCSensing TuF 100nF GND R113 18.0k
R114  R115  RI16 : 5
VBUSP e — VDD1 VDD2 33V U2A 5015
’ ’ ’ R117 2| e oUTP L R118 ,,, 100k 2 ™S
240K A - R V_BUSP_AD
R120 M| OUTN & R121 100k 3ol 4 100
240k Place close to AMP Place closetouC
VBUSM 41 GNDA GND2 5 5973V TLV9062DGKR oz
o oS, | = Gan=04VIV R122 RI123  foutoff=15kHz 50V
[GND DGSensing | Ssensi Beanawi = =
Shio bz GND_DCSensing Bandwidth:300kHz = o0 o =
GND GND
ci13
sov =
100nF  GND

2.4.5 Auxiliary Power Supply

Figure 2-9. Bus Voltage Sensing

An auxiliary power supply is designed to provide 15V voltage rails. This power supply is controlled by U7
UCC28750 and a high-voltage MOSFET Q8. The 3.3V voltage rails are created with an LDO U11 TLV76133
followed after with a DC/DC buck supply. This setup helps reduce the voltage drop and heat on the LDO, and the
LDO also provides a clean and stable 3.3V, which can be used as voltage reference for ADC. Figure 2-10 shows

this circuit.

Vout = 15V@ 0.7A(avg)
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R32 2o N —I—=
10M 50345636 GND
VBUSN D12
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1 [|—1a8
BROWNOUT R3S R36 R4 =] F2sk183s5-E R37_,,, 100k
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Figure 2-10. Auxiliary Power Supply
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2.4.6 Isolated Power Supply

This reference design needs five isolated low-voltage rails to support AC input voltage sensing, DC output
voltage sensing, and for IGBT gate drivers to work. A simple low-voltage flyback power supply based on
LM25180 is designed to create these isolated voltage rails. Figure 2-11 shows this circuit.
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rss Q) 2015
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mgA 58 el csa 33\/ _DCSensing
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Figure 2-11. Isolated Power Supply

2.4.7 Inductor Current Sensing

The TMCS1123 Hall-effect sensor is used to sense the current through the inductor. The Hall-effect sensor has a
built-in 1.65V offset, which ADC can measure directly. Figure 2-12 shows the circuit.

u1

TMCS1123B2AQDVGR

50mV/A

Bandwidth: 250kHz
5015 +-31A

R13
A AD Place glose to uC e TTTQFT |_||| \GND
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1

Ol & O

1828
e

GND

VouT
ALER
VRE

GND

= ‘ .
c13 -

3.3V
= Elu ?%\F © h |

q 742792662

Figure 2-12. Current Sense Using Hall-Effect Sensor
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IN:
N

2.4.8 Gate Driver

Figure 2-13 shows the UCC5350MC device being used to drive IGBT on this reference design. This gate driver
has 10A source and sink current, and a Miller clamp. High-current driving can speed up IGBT rise and fall time,
and also reduce power loss during on-off transition.
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Figure 2-13. Gate Driver

2.4.9 Isolated Temperature Sensing

Figure 2-14 shows the ISOTMP35 isolated temperature sensor which is used to sense the temperature of power
devices. The TSENSE pad can be on the same copper pours with the power devices because the pad is
isolated. Ambient temperature is also easy to calculate with the output voltage, since this voltage is linear.

GND —{3 |I-enD
vout (4 ; OOkRzz TMPA
: c28

Ne 2 1F
50V

U4
TSENSE

TSENSE

vop Hle33v —
C31 =

50y GND
TSOTMP35BEDFORQT 100nF
IGBT Temperature sensing

TSENSE

Figure 2-14. Isolated Temperature Sensing

2.4.10 Overcurrent, Overvoltage Protection (CMPSS)

Most power electronics converters need protection from an overcurrent and overvoltage event. For this design,
multiple comparators are required, and references for the trip must be generated, as shown in Figure 2-15.

Filtering Comparators Trip References Generation

3.3V 33V

linv_fdbk

PWM Trip

[a—  Itrip-Hi

<

<+— ltrip-Lo

Figure 2-15. Trip Generation for PWM Using Comparators and Reference Generators

All this circuitry is avoided when using the C2000 MCUs such as TMS320F280013x, which have on-chip window
comparators as part of the CMPSS that are internally connected to the PWM module and can enable fast
tripping of the PWM. This device saves board space and is cost efficient in the end application because extra
components can be avoided using on-chip resources, as shown in Figure 2-16.
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Figure 2-16. Comparator Subsystem (CMPSS) Used for Overcurrent and Overvoltage Protection
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3 Hardware, Software, Testing Requirements, and Test Results
This section covers hardware, software and test results.

3.1 Hardware Requirements

3.1.1 Getting Started Hardware

This section details the necessary equipment, test setup, and procedure instructions for the reference design
board and software testing and validation.

3.1.1.1 Board Overview

The reference board has functional groups that enable a complete three-phase Vienna PFC system. The
following list show the function blocks on the board. Figure 3-1 shows the top view of the board and different
blocks. Table 3-1 shows the key connectors and functions.

* AC input line filters and relays

* Boost Inductors

» Bridge and IGBTs

» Auxiliary power supply and isolated power supply
+ DSP, F2800137

» Voltage sensing and gate drivers

» |GBT gate drivers

Js8, J6, J4
VBUSN

VBUSM VBUSP o0,

External
15V Power
" Supply

Auxillary
Power
Supply

Heatsink
|__Temperature
Probe

J9,Isolated
UART

3PH Bridge
+IGBT

J11,JTAG

3PH Boost : DSP
Inductors WA 12
Heatsink

A\ \.mlnfl///,/,» Yz A\ ’”””’ﬂ 3 Temperature
— = = =2 = Probe

-

S

AC Input,
J1,J2,J8,J5,J7

A\NSERYY
=) S

Neg

AL

AC Filters AC Voltage
and Relay Sensing

Figure 3-1. Board Overview
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Table 3-1. Key Connectors and Function
CONNECTOR NAME FUNCTION
J1,J2, J3 Lines of three phase AC input
J5 Neutral of three phase AC input
J7 Ground of three phase AC input
J4 Output DCBUS positive
J6 Output DCBUS middle
J8 Output DCBUS negative
J9 Isolated universal asynchronous receiver-transmitter (UART) for
GUI
J10 15V, 1A external power supply
J11 cJTAG for debugging
J12 Heat sink thermistor

3.1.1.2 Test Equipment
Make sure the following equipment is ready for testing:

1. 10kW AC power source range from OVAC to 400VAC L to L, or grid power from 208VAC to 400VAC L to L
2. 10kW DC load, load can be changed.

3. 15V, 1A power supply adapter

4. USB to UART adapter and cable

5. Multimeters

6. Three-phase power analyzer

7. Digital oscilloscope

3.

2 Software Requirements

3.2.1 Getting Started GUI

Source code for this reference design is provided so the designer can debug firmware directly, as explained
in Section 3.2.2. However, software debugging needs more time. To speed up development, a UART-based
GUI software is provided to help quickly control the board and observe the board working status. This section
introduces how to use the UART GUI.

When connecting the host PC to this reference board at J9, the UART port needs to be supplied with the
external 5V or 3.3V voltage rail since J9 is an isolated UART port.

3.2.1.1 Test Setup

Figure 3-2 shows the hardware connection for testing with the GUI. Set up the hardware using the following
steps:

1. Connect GND, TX, RX, and 3.3V or 5V to VCC_ISO at J9 to the host PC through a USB-to-UART adapter.

2. Connect the AC input cable to J1, J2, J3. J5 and J7 can be connected or left disconnected.

3. Connect the DC output cable to J4 and J8, set no load.

4. Connect the multimeter, oscilloscope probes, and other measurement equipment to probe or analyze various
signals and parameters.

5. Run GUI software on the laptop.
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Figure 3-2. Hardware Setup for GUI

3.2.1.2 Overview of a GUI Software

Any UART terminal GUI software can be used for the communication between the host PC and the reference
design board. Figure 3-3 shows a GUI software, this software has the display window to show the reported
working status from the reference design board, the GUI software can also send commands to the board in HEX
mode. The supported baud rate is 115200.

The reported board working status includes AC input voltage, DC output voltage, AC input current, AC input
power factors, power devices temperatures, heat sink temperature, and power on time. Those data are in ASCII
mode.

The commands are:

¢ 0x11 is the command to start PFC
* 0x22 is the command to stop PFC
¢ 0x33 is the command to clear errors

Working Status e Serial Port
Received (in ASCII

mode) COM20-USB-SERIAL
WEE 15200
Baud Rate
{Fakf 1
H{ 8
HERR E

20 @ %iA*L0

RS0 SERRIEN
16#HET ) aRETF

[J RTS (J DTR

Start PFC | O mmosemseim
Command

BagE PREE phise W8

11 (o] O 5 O kT
Stop PFC | (p2 1 0O 5 165 HIE 2
Command Qxn 2| O 7 [ 2BETRE

0 & 3] O 8 O mamRee Send Command in
Clear Error 8 s O o M 1000 ms HEX mode
Command ¥\ t-m T EA SASHAE

Figure 3-3. Overview of a GUI Software

3.2.1.3 Procedures of Test With GUI
Use the following steps to test the reference design with the GUI:
1. Connect the USB to UART adapter from the laptop to J9.
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2. Connect the AC source(208AC to 400VAC, ) to J1, J2, and J3. J5 and J7 can be connected or can be left
disconnected.
3. Connect the DC load to J4 and J8, set to no load.
4. Run the GUI software, choose the correct UART port and set the baud rate at 115200bps.
5. Power on the board, wait for the D25 LED to blink.
6. Wait for relays to close.
7. Check the GUI, the DC output voltage is about 530VDC at 380VAC input, since the PFC does not start.
8. Send the 0x11 command to start the PFC, until the DC output voltage is about 680VDC under no load.
9. Increase the load step by step, until the DC output voltage is about 650VDC (when the load is > 500W).
Check the AC input current, DC output voltage, and temperature during loading. Figure 3-4 shows the
waveforms under 380VAC, 650VDC, 9kW.
'. 100 v 2 ' ' 4 5.00”A 5]
’ value Mean Min Max Std Dev I[m.oims ][10.0M_S/si ][ 7 =% V]
& rMs 13.7 A 13.2 13.1 13.7 262m 1M points
@ vean 648 V 648 648 649 274m
@ ek perk 4324 305 g0 42 13
Note
* CH1 (Blue): DCBUS output voltage
* CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current
Figure 3-4. Waveforms 380VAC, 650VDC, 9kW
10. Unload the board step by step until there is no load.
11. Send the 0x22 command to stop the PFC.
12. To bring the system to a safe stop, bring the input AC voltage down to zero.
CAUTION
This reference design has electrolytic capacitors. The discharge rate of the capacitors is very slow
without an external load. Always pay attention to the DCBUS voltage.
A load on the DCBUS can speed up discharge; otherwise, wait a long time for the DCBUS to get to
zero.
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3.2.2 Getting Started Firmware

The software of this design is available inside DigitalPower Software Development Kit (SDK) for C2000™
Microcontrollers.

Note
The firmware for the design is supported for the TMS320F2800137 real-time microcontroller.

3.2.2.1 Opening the Project Inside Code Composer Studio™
To start using the software:

1. Download and install Code Composer Studio™ IDE from the Code Composer Studio™ (CCS) Integrated
Development Environment (IDE) tools folder. Version 20.0.0 or newer is recommended.

2. Download and install DigitalPower Software Development Kit(SDK)for C2000 Microcontrollers

3. Once the installation is complete, open CCS, and create a new workspace for importing the project by
clicking Project — Import CCS Projects, and browse to
<install_Tlocation>\C2000ware_bDigitalPower_SDK_5_03_00_00\solutions\TIDA-010257\
£280013x, and then click on the project name and import the project.

3.2.2.2 Project Structure

Figure 3-5 shows the project explorer inside CCS once the project is imported.

Project Name

[Build Configuration] 4——— v Iz pfc3phvienna F2837x [Active - FLASH]

";:.hﬂlnarles
Include File paths for different ¢ > {ilincludes
components in the project [&device J—> Device Support Files
(= FLASH

= libraries

=~ SFRAData

(& targetConfigs ———————— Target Configuration for debugger connection
Lh| CLAmathh

|8 DCL_PI C4.asm

[S/ DCL_PIL2.asm

27 f2837xd_flash_cpu1_Ink.cmd

Digital Control Library Files

€] sfra_gui_scicomms_driverlib.c
|h| sfra_gui_scicomms_driverlib.h
[€] vienna_clataskcla ————» CLA Files

SFRA Files {
Board & Device Specific Files with Drivers { £] vienna_hal.c

for this solution Ul vienna_hal h

L€ vienna_mainc ———— Main Function of the C project, ISR framework

[h] vienna_settingsh —————— Settings File generated

Solution Specific Files el vienna.c
[B] vienna.h

= graph1l.graphProp

=| graph2.graphProp

= Kitxml » XML Files generated by powerSUITE page (Do Not Modify)

powerSUITE GUI Page

Graph Prop File for populating the Graphs in
CCS

2 main.cfg [PowerSuite]
|&] setupdebugenv_build1js
[ setupdebugeny_build2 js
= setupdebugenv_build3 js
2] setupdebugenv_build4.js

javaScript for populating the expressions window for
different build levels

= setupdebugenv_demo.js

[& solutionjs ——— 3 Java Script File used by powerSUITE (Do Not Modify)

Figure 3-5. Project Explorer View of Design Project

The project consists of an interrupt service routine, which is called every PWM cycle, named controlISR(),
where the control algorithm is executed. In addition to this, there are background tasks A0-A3 and B0-B3, which
are called in a polling fashion and can be used to run slow tasks for which absolute timing accuracy is not
required. A slower 10kHz routine tenkHzISR() is called for instrumentation and to run some slower tasks that
require timing accuracy.
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The software of this design guide is organized in four incremental builds (INCR_BUILD). The incremental build
process simplifies the system bring up and design.

* INCR_BUILD 1: Open Loop Check

* INCR_BUILD 2: Closed Current Loop

* INCR_BUILD 3: Closed Voltage and Current Loop

* INCR _BUILD 4: Closed Voltage, Current, and Bus Cap Balance Loop

These build levels are detailed in Section 3.2.2.4.1 through Section 3.2.2.4.4.
3.2.2.3 Test Setup

Figure 3-6 shows the hardware blocks. Complete the following test setup steps before beginning each build level
test:

1. Connect emulator to J9
2. Connect AC power supply to J1, J2, and J3, set to OV output
3. Connect DC load to J4 and J8, set to 530Q
4. Connect J9 to a laptop with a UART to USB adapter
5. Connect 15V, 1A DC adapter to J10
Current
Probe Differential
. Probe
I a Va VBUSP
J1 Ja
ib
Three Phase I : oiree Vb 16 | vBUSM Load
AC Power Supply © Power J2 TIDA.010257 Power Resistor
(220VAC/380VAC, ) Analyzer - VBUSN
16A, 50/60Hz) ic Ve 3 J8
e Differential
Probe Vn GUI
J5 Jo
Heatsink
Barth | J12 Temperature
J10 J11 Probe
15V DC,
1A Power Supply Cccs
Figure 3-6. Hardware Blocks
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3.2.2.4 Running Project

This section introduces firmware debugging for build levels 1-4. The variable name mentioned in the user guide
is simplified compared with the real name in the code. For example, VIENNA_guiVbus_Volts is simplified as
guivbus.

3.2.2.4.1 INCR_BUILD 1: Open Loop

The board is run in an open-loop mode with a fixed-duty cycle. The duty cycle is controlled with the dutyPU_DC
variable. This build verifies the sensing of feedback values from the power stage and also the operation of the
PWM gate driver, which makes sure there are no hardware issues. Additionally, calibration of input and output
voltage sensing can be performed in this build. The software structure for this build is shown in Figure 3-7.
Blocks that run in the slower ISR are marked. Other blocks are run in the fast contro1ISR.

10 Khz ISR

: | + duty1PU,
! | f dutyPU_DC duty2PU,
: DLOG_4CH : duty3PU
! input_ptri output_ptr1 DBUFF1,
| P IMPULPIR  output_ptr2 DBUFF2| PWM
: ]
| INPULPHrS 0" alue | output_ptr3 DBUFF3i
: |
: input_ptr4| pre_scalar output_ptré DBUFF4:
| ]
X |
| |
| 3 ! +
! ] 2 | —
1 | iL1Meas, T
| ' L iL2Meas, |— I i
| POWER_MEAS_SINE_ ! iL3Meas i "
! ANALYZER | M
I 7171 ] | viMeas,
: v . v2Meas, |— YL ®
1 L -] : v3Meas 1 s Vde
| > ! !
K | I I
: | | sampleFreq ‘ | pioac i o E
| threshold | -acFreq ! vBusPMMeas ADg i " " i
| — an H !
: : scale i i
_________________________________ +
vBusMNMeas | to PU i 1 EE
1 1
1 1
1 1
1
1 1
1 1
1 1
1 1
1 1
e ———————————— 1
Figure 3-7. Build Level 1 Control Software Diagram: Open Loop Project
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3.2.2.4.1.1 Setting, Building, and Loading the Project

Open the vienna_settings.h file, set VIENNA INCR_BUILD to 1.
In the Project Explorer make sure the correct target configuration file is set as Active below

Right click on the project name and click Rebuild Project, the project builds successfully.

1.
2.
targetConfigs (see Figure 3-5).
3.
4. Click Run — Debug. This launches a debugging session.
5.

The project then loads to the device, and CCS debug view becomes active. The code halts at the start of the
main routine.

3.2.2.4.1.2 Setup Debug Environment Windows

1.

To add the variables in the Watch or Expressions window, click View — Scripting Console to open the
scripting console dialog box. On the upper right corner of this console, click the Open button, then browse

to the setupdebugenv_buildl. js script file located inside the project folder. This script file populates the
Watch window with appropriate variables needed to debug the system. Click the Continuous Refresh button

("1’}51 ) on the Watch window to enable continuous update of values from the controller. Figure 3-8 shows the
Watch window.

g % O e
it Expressions ® HE BB a8
Expression Type Vialue

= VIENMA_buildinfo enum VIENNA_BuildLev... Buildlevel 1 OpenlLoop
= VIENMA_boardStatus enum VIENNA_boardSt.. boardStatus NoFault
w0 VIENMA_clearTrip int 0

i VIENMA_dutyPU_DC float 0.0

= EPwm1Regs. TZFLG Register 0x0004

* EPwm2Regs.TZFLG Register 00004

i* FPwm3Regs.TZFLG Register 00000

= VIENNA_guiVbus Volts float 477491665
i WVIENMA_guiVbusPM Volts float 25455637
e VIENMA_guiVbusMMN_Volts float 2.22988749
o VIENMA_guivrms1_Vaits float 0.0

e VIENMA_guiVims2_Volts float 0.0

i VIENMA_guiVrms3_Volts float 0.0

w- VIENMA_guilrms1_Amps float 00

w0 WVIENMA_guilrms2_Amps float 00

i VIENMA_guilrms3_Amps float 0.0

v VIENNA_guiPF1 float 0.0

e VIEMMA_guiPF2 fioat 0.0

i VIENMNA_guiPF2 float 0.0

& Add new expression

e e}

2 r)

Figure 3-8. Build Level 1 Expressions View
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2. The current and voltage measurements can be verified by viewing the data in the graph window. These
values are logged in the slower 10kHz routine. Go to Tools — Graph — DualTime, and click Import and point
to the graphl.GraphProp file inside the project folder. This file populates the Graph Properties window.
Alternatively, enter the values as shown in the Figure 3-9. When the entries are verified, click the OK button.
Two graphs appear in CCS. Click the Continuous Refresh button ( ) on these graphs. A second set of
graphs can also be added by importing the graph2.GraphProp file.

Figure 3-9. Graph Settings
3.2.2.4.1.3 Using Real-Time Emulation

Real-time emulation is a special emulation feature that allows windows within CCS to be updated while the MCU
is running. This feature allows graphs and watch views to update but also allows the user to change values in
Watch or memory windows and see the effect of these changes in the system without halting the processor.

b %
1. Enable real-time mode by hovering the mouse on the buttons on the horizontal toolbar and clicking the 19
button.
Enable Silicon Real-time Mode (service critical interrupts when halted, allow
debugger accesses while running)
2. If a message box appears, select YES to enable debug events. This sets bit 1 (DGBM bit) of the status
register 1 (ST1) to a 0. The DGBM is the debug enable mask bit. When the DGBM bit is set to 0, memory
and register values can be passed to the host processor for updating the debugger windows.
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3.2.2.4.1.4 Running Code (Build 1)

Run the project by clicking the Lo button.
In the watch view, periodically check if the guivbus (VIENNA_guiVbus_Vvolts in the Expression window)

variable is updating. If there is no change in the value, then make sure the real-time mode is enabled, and
the hardware is set up correctly. Do not proceed further unless the update is verified.

N —

Note
As no power is applied right now, this value is close to zero.
3. Slowly increase the input AC voltage from 0Vrps to 80Vgus L-N.
4. Verify the voltage sensing: Make sure guiVbus, guivbusPM, and guiVbusMN display the correct values.
For the 80Vrys L-N, guiVbus is close to 190V, the graph function can show the waveform, as shown
in Figure 3-10. The guiVvbusPM and guiVbusMN variables are both close to 85V. The code runs a sine
analyzer module, which computes the RMS value of the voltage and current. Figure 3-11 shows that the

guivrmsl, guivrms2 and guiVvrms3 values are close to the input value, that is, 80Vgys. This verifies the
voltage sensing of the board.

] m} X
B DualTimeA -3 X HEE s vavaa Ry |S@ERizar vellE58 =0

200 4

180 1

160 1

140 1

120 4

100 1

80 1

60 1

40 A

20 1 Iy

0

19100 +10 +20 +30 +40 +50 +60 +70 +80 +90
Vdc

Figure 3-10. Build Level 1: Graph Showing Measured Output Voltages

® b

ke DualTimeA -2 % HESavavaalvy|e@@kE hsvei[E8 -0
140
120 4
100 4

T T T T T T T T T T
37000 +10 +20 +30 +40 +50 +60 +70 +80 +90
Vac

Figure 3-11. Build Level 1: Graph Showing Measured Input Voltages
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5. Verifying the current sensing: Notice the guivrmsl, guivrms2, and guiVvrms3 variables, for the given
test condition these values are close to 0.5A. Additionally, the graphs must be seen to verify the current
measurement. Figure 3-12 shows the currents on a graph.

& N o

B~ DualTimeB -2 < HESiva v QR - |[¢@®%kE wr -HEE=0

180 -

150 A

120 A

090 A

060 o

13100 +5

+10  +15 +20 +25 +#30 +35 +40 +45 +50 +55 +60 +65 470 +75 +80 +85 +90 495
lac

Figure 3-12. Build Level 1: Graph Showing Measured Currents
6. Figure 3-13 shows the scope capture of the input voltage and current.

[l

3:|Vigated)

B{vDC

@ 5.0V 2 @ 100V @ 200A W)
value Mean Min Max std Dev | L L
2 [10.0ms ][10.0M_S/s ][ 2 r 12.0\/]
& rMs 532mA 531m 531m 532m 1941 1M points
@ Mean 192V 192 192 192 12.0m

@ Frequency 166.7kHz Low signal amplitude

@ +Duty 96.67 % Low signal amplitude
+ CH1 (Blue): DCBUS output voltage

» CH2 (Light blue): AC input phase A voltage

* CH3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

Figure 3-13. Build Level 1: Scope Capture la and Va (80Vrys L-N) With PWM Tripped
Verify the PWM action, first reduce the input voltage to zero and wait for all the voltages to go down to zero.
Set the dutyPU_DC variable to 0.5 in the expressions view.
Clear the PWM trip by writing a 7 to clearTrip.

0. Slowly increase the input voltage and keep watching the input current. The duty cycle imparts a boost action.
For example, when VAC is 80Vrys without switching enabled, the guiVbus is about 190V; with switching,

the guiVvbus rises up to 380V. Thus, guiVbusPM and guiVbusMN are both higher than the input voltage
maximum.

= ©®N
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11. Below are the test conditions described in this build, the guivbus variable rises to about 380V and
guiVbusPM and guiVbusMN are close to 190V each, and the current is close to 1.1Agus When the input
voltage reaches 80Vrys L-N. The Expressions view appears as shown in step Figure 3-14. Make sure all
the variables are accurate, that is, guivrmsl, guivrms2, guivrms3, guiIrmsl, guiIrms2, guilrms3,
guiPF1, guiPF2, and guiPF3. If any variable is not accurate (as shown in Figure 3-14), this means there is
a hardware issue with the sensing circuit.

Figure 3-14. Build Level 1: Expressions View With Power Measurement
12. Figure 3-15 shows the scope capture.

@ 0.0V 2 @ 100V @ 200A &)

value Mean Min Max Std Dev | : - 2
2 [10.0ms ][10.0M_S/s ][ 2 5 110 v]
@ rMS 1.56 A 1.56 1.56 1.56 0.00 1M points
@ Mean 383V 383 383 383 36.2m
@ Frequency 40.38kHz 40.38k  40.35k  40.42k  19.31
@ +Duty 49.89% 49.88  49.80  49.92  39.34m 11:28:33

+ CH1 (Blue): DCBUS output voltage

* CH2 (Light blue): AC input phase A voltage
* CH3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

Figure 3-15. Build Level 1: Scope Capture la and Va (80Vgys L-N) With Duty Cycle 0.5
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13. This check verifies at a basic level the PWM driver and connection of the hardware.
14. Reduce the input voltage to zero, and watch for the bus voltages to reduce down to zero.

15.

16.
17.

18.

This completes the check for this build, the following items are verified on successful completion of this build:
a. Sensing of voltages and currents and scaling to be correct

b. Interrupt generation and execution of the build 1 code in the control1ISR and tenkHzISR() variables
c. PWM driver and switching

If any issue is observed, carefully inspection the hardware to eliminate any build issues, and so forth.
The controller can now be halted, and the debug connection terminated.
Fully halting the MCU when in real-time mode is a two-step process. First halt the processor by using the

Halt button on the toolbar ( =~ ) or by using Target — Halt. Then take the MCU out of real-time mode by

% »
clicking on the icon. Finally, reset the MCU by clicking on the button.
Close the CCS debug session by clicking on Terminate Debug Session (Target > Terminate all).

(=

3.2.2.4.2 INCR_BUILD 2: Closed Current Loop

In the BUILD 2 build, the inner current loop is closed, that is, the inductor current is controlled using a

current compensator Gi. Both DC bus and output voltage feedforward are applied to the output of this current
compensator to generate the duty cycle of the inverter, as shown in Equation 13. This action makes the plant
for the current compensator simple, and a proportional (P) controller can be used to tune the loop of the inner
current. The model for the current loop was derived in Section 2.2.1.2.

_ (iL1Meas — iL1Ref) x Gi_GainKp + v1Meas
duty1PU = v BusHalfMeas (1 3)
30 10kW Vienna Rectifier-Based, Three-Phase Power Factor Correction TIDUFB1 — DECEMBER 2024
Reference Design Submit Document Feedback

Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUFB1
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUFB1&partnum=TIDA-010257

13 TEXAS
INSTRUMENTS

www.ti.com Hardware, Software, Testing Requirements, and Test Results

Figure 3-16 illustrates the complete software diagram for this build.

V1/2/3Meas

vRmsMeasAvg

'

"‘ 1L1Ref,
1L2Ref,
@ 1L3Ref,
10 Khz ISR Feedforward
z Elements
! 1 + f + « Bus Voltage g”:V;EB
| 1 Feedforward P duty2PU,
! DLOG_4CH i duty3PU
| @ input_ptr1 output_ptri DBUFF1 ! « AC Voltage
1
! @ input_ptr2 output_ptr2 DBUFF2 E »| Feedforward vy
1 n
1 0 input_ptr3 size tout ptr3 H
i GiTaih (o] trig_value S DBUFFsE
H REEDR pre_scalar | output_ptr4 DBUFF4:
| |
: !
! 1
H 1
! +
: 8 2 i 3PH
: I ] 1 i TTTMeas AC -
1 il
i ! iL2Meas, i i
! POWER_MEAS_SINE_ ! iL3M " "
H ANALYZER ! Y Y Y\
i T=1/9 ! ViMeas,
1 v . v2Meas, Y Y ®
| B\ I yGM , 1 <1 vde
1 .
| A ! 1 i i |
1 | sampleFreq B i F/i%?g 1 o | i} H
i | | threshold | -acFreq ! vBusPMMeas i i
: : and | ! :
1 i scale | ! i
L e e H ! e
vBusMNMeas | o PU | | =
1 4 1] H m—
i —E I i
1 1
1 1
1 1
1
1 ]
1 1
1 1
1 1
] 1
S 1
Figure 3-16. Build Level 2 Control Software Diagram: Closed Current Loop
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3.2.2.4.2.1 Running Code (Build 2)

1.

Run the project by clicking the

(e ~ button.

2. Test first at a low voltage. Therefore, the input AC voltage is raised to only 40Vgrys, 50Hz.
3. Figure 3-17 illustrates the input current and voltage waveform.

[l

2:{VgateA

=7

[13vDC
@ 500V 2 @ 100V @ 1.00A &)
value Mean Min Max Std Dev | :
2 [10.0ms
@ rvs 262mA 262m 262m 262m 0.00
@ vean 91.1Vv 91.1 91.1 91.1 0.00
@ Frequency 176.5kHz Low signal amplitude
@ +Duty 97.79 %  Low signal amplitude

+ CH1 (Blue): DCBUS output voltage
* CH2 (Light blue): AC input phase A voltage

* CH3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

18 Nov 2024
11:40:24

Figure 3-17. Build Level 2: Scope Capture la and Va (40Vrys L-N) With PWM Tripped

4. A current reference is set by changing the iLRef variable in the Expressions view. This variable is set to
0.02.
5. Clear the trip by setting the clearTr1ip variable to 1.
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6. As soon as the trip is cleared, a sinusoidal current drawn from the input, which verifies correct operation of
the current loop. Figure 3-18 shows the waveform.

@ s0.0v 2 @ 100V @ 200A &)

Value Mean Min Max Std Dev | - — s —
2 [2u.oms ][5.00M§/s ][ 2 £ 350 v]
@ rRMS 1.07 A 1.12 1.06 1.82 193m 1M points
@ Mean 230 v 236 230 316 21.8
@ Frequency 40.22kHz 40.33k  39.42k  40.93k  294.1
@ +Duty 66.35% 66.09  60.10  87.89  3.607 11:49:48

» CH1 (Blue): DCBUS output voltage

» CH2 (Light blue): AC input phase A voltage
*  CHS3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

Figure 3-18. Build Level 2: Scope Capture la and Va (40Vgrys L-N) With iLRef = 0.02
7. The guiVbus variable is close to 230V, and the input AC current per phase is close to 1.07A.
8. Raise the input AC voltage slowly to 120VRrps. The board maintains the input current to be constant as the
input voltage rises. The output voltage is raised to 460V. Figure 3-19 shows what the waveforms look like.

(2 ’Vgaleﬁ |

v i ) |/ e W W N W W

@ 100V 2 @ 100V @ s004A ©)
value Mean Min Max std Dev | L L

2 [20.0ms ][S.OOMS/S ][ 2 5 36.0\']
@ RS 1.58A  1.58 1.58 1.58 0.00 1M points
@ Mean 459 v 459 459 459 0.00
@ Frequency  40.33kHz 40.26k  39.63k  40.97k  364.7 18 Nov 2024
@ +Duty 70.10% 71.06  58.62  91.29  10.19 12:04:32

+ CH1 (Blue): DCBUS output voltage

» CH2 (Light blue): AC input phase A voltage
* CH3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

Figure 3-19. Build Level 2: Scope Capture la and Va (120Vgys L-N) With iLRef = 0.02
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9. Now raise the current reference iLRef to 0.05. Observe the bus voltage go to 610V and the input current to

10.

around 2.5A. Figure 3-20 shows the waveforms.

1M points

][ 2 5 lzs.uv]

AR AR A AW AW A
E{vach S T } |
| | - L { b
| | f L J L | |
DvDC ‘,“ ! L / | \
\ ! . W} \
OO W W W
. P
@ 1oov 2 @ 100V @ sS5o00A &)
value Mean Min Max Std Dev | . — s
2 [20.0ms }[S.OOMSIS
@ rVS 2.51A 2.30 1.57 2.67 383m
@ Mean 611V 577 395 635 64.1
@ Frequency 40.37kHz 40.40k  39.42k  40.93k 187.3
@ +Duty 81.42% 77.86  60.10  §7.89  4.082

* CH1 (Blue): DCBUS output voltage

» CH2 (Light blue): AC input phase A voltage
*  CHS3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

18 Nov 2024
11:57:39

Figure 3-20. Build Level 2: Scope Capture la and Va (120Vrys L-N) With iLRef = 0.05
As only a proportional gain is used in the compensator, the current reference minus the feedback error is

never zero. Notice the current drawn deviates slightly from the reference.

11. To bring the system to a safe stop, bring the input AC voltage down to zero, and observe that guiVvBus
comes down to zero as well.

12. Fully halting the MCU when in real-time mode is a two-step process. First halt the processor by using the
Halt button on the toolbar ( 0 ) or by using Target > Halt. Next take the MCU out of real-time mode by
clicking on the » button. Finally, reset the MCU ( * ).

13. Close the CCS debug session by clicking on Terminate Debug Session (Target > Terminate all).
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3.2.2.4.2.2 Building and Loading the Project and Setting Up Debug

1. Open the vienna_settings.h file, set VIENNA INCR_BUILD to 2.
2. Right click on the project name, and click Rebuild Project. The project builds successfully. Click Run —
Debug, which launches a debugging session. In the case of dual CPU devices, if a window appears

indicating a CPU must be selected, then perform a debug. In this case, select CPU1. The project then loads

on the device, and CCS debug view becomes active. The code halts at the start of the main routine.
3. To add the variables in the Watch or Expressions window, click View — Scripting Console to open the
scripting console dialog box. On the upper right corner of this console, click on Open to browse to the
setupdebugenv_build2. js script file, which is located inside the project folder. This file populates the
Watch window with the appropriate variables needed to debug the system. Click the Continuous Refresh

button (-:1?' ) on the Watch window to enable continuous update of values from the controller. Figure 3-21

illustrates the Watch window.

i Expressions *

Expression

VIENMA_buildinfo

- VIENNA_boardStatus
VIENNA_clearTrip
VIENMA_iLRef_pu
VIEMNA_closeGiloop
EPwm5Rags. TZFLG

* EPwm4Regs. TZFLG

= EPwmbBRegs TZFLG

w0 VIENNA_guiVbus Volts
e VIENMNA_guiVbusPM_Volts
- VIENNA_guiVbusMN_Volts
e VIENMA_guiVrms1_Volts
e VIENMNA_guiVrms2_Volts
o VIENNA_guiVrms3_Volts
e VIENNA_guilrms1_Amps
= VIENNA_guilrms2_Amps
vi- VIENNA_guilrms3_Amps
- VIENNA_guiPF1

- VIENNA_guiPF2

wi- VIENNA_guiPF3

o

.

v

S

[z

3

Type

enum VIENNA_BuildLev...
enum VIENNA_board5t..

int

float

int
Register
Register
Register
float
float
float
float
float
float
float
float
float
float
float
float

S ode e N o8| r

Value
BuildLevel 2_Curmrentloop
boardStatus_NoFault
0
0.0500000007
0

00000
0x0004
0x0000
474759293
3.48382998
1.26423752
0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

0.0

Figure 3-21. Build Level 2: Closed Current Loop Expressions View

4. Enable real-time mode by hovering the mouse on the buttons on the horizontal toolbar, and clicking the

button.

¥
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3.2.2.4.3 INCR_BUILD 3: Closed Voltage and Current Loop

In this build, the outer voltage loop is closed with the inner current loop closed (designed in BUILD 2). Figure
3-22 shows the software diagram for this build.

vBusMeasAvg V1/2/3Meas

(3*vRmsMeasAvg) vRmsMeasAvg

vBusRefSlewed ! <> < 1L1Ref,
. —L>-—>‘—>-—>‘—>1 LRef 1L2Ref,
> Gv "‘ .‘. 1L3Ref,

Gi Gi_GainKp

Feedforward
10 Khz ISR Elements
e +®—>|vBusvleas|-> VB,\Z’:’::‘”
! + + « Bus Voltage duty1PU,
DLOG_4GH ! 4 Feedforward ~ [—®] duty2PU,
- ' duty3PU
input_ptr1 output_ptr1 DBUFF1, « AC Voltage
3 [} »
input_ptr2 output_ptr2 DBUFF21 ?| Feedforward
input_ptr3 size \ PWM
MPULPYS |ig Value |output_pir3 DBUFF3!
Nput_ptré | pre_scalar |oytput_ptr4 DBUFF4!

99!

11—

1
!
}
1
1
1
}
] 21 ! iL1Meas, TCH
] ' iL2Meas, I I
POWER_MEAS_SINE_ ! iL3Meas i 1
ANALYZER 1 Y'Y
T=1/f : viMeas,
v t v2Meas, [ Y Y Y\ L 2 L 2
3 --- ' v3Meas . 1 L ¢ Vde
. < [} 1 i i 1
| | sampleFreq | e H -0 H
threshold | -acFred ! vBusPMMeas | ADC | | ol " i
] ' and | ! !
l scale | ! !
————————————————————————————————— toPU| 1 |_\+_
vBusMNMeas ! ] —
: $ f ¥ |
1 i i 1
1 1
1 1
1 T
1 1
1 1
1 1
1 1
R i
Figure 3-22. Build Level 3 Control Diagram: Output Voltage Control With Inner Current Loop
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3.2.2.4.3.1 Building and Loading the Project and Setting Up Debug

1. Open the vienna_settings.h file, set VIENNA INCR_BUILD to 3.

2. Right click on the project name, and click Rebuild Project. The project builds successfully. Click Run —
Debug, which launches a debugging session. In the case of dual CPU devices, if a window appears
indicating a CPU must be selected, then perform a debug. In this case, select CPU1. The project then loads
on the device, and CCS debug view becomes active. The code halts at the start of the main routine.

3. To add the variables in the Watch or Expressions window, click View — Scripting Console to open the
scripting console dialog box. On the upper right corner of this console, click on Open to browse to the
setupdebugenv_build3.js script file located inside the project folder. This file populates the Watch window

with appropriate variables needed to debug the system. Click on the Continuous Refresh button ( )on the
Watch window to enable continuous update of values from the controller.
Figure 3-23 illustrates the Watch window.

Figure 3-23. Build Level 3: Expressions View
4. Enable real-time mode by hovering the mouse on the buttons on the horizontal toolbar and clicking the

X

button.
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3.2.2.4.3.2 Running Code (Build 3)

. . [
1. Run the project by clicking the
2. Raise the input AC voltage to 120Vgums VL-N or 208Vgms VL-L, 50Hz.
3. The DC voltage reference is set by the vBusRef variable. This value is set to as 1.0, which corresponds to
420V for this design.
4. Clear the trip by setting the clearTr1ip variable to 1. The bus voltage then rises to be 420V.
5. Closed loop operation can be verified by comparing the vBusRef and vBusMeas in the expressions window
as Figure 3-24 shows.
§ o
I Expressions I} o XM H &
Expression Type Value
e VIENNA_buildinfo enum VIENNA_BuildLev... Buildlevel 3_VoltageAndCurrentLoop
- VIENNA_boardStatus enum VIENNA boardSt.. boardStatus_NoFault
v VIENNA_clearTrip int 1]
t VIENNA _vBusRef pu float 1.0
v VIENNA_vBusMeas_pu float 1.00238335
v VIENNA_vBusRefSlewed_pu float 1.0
- VIENNA _closeGsloop int 1
v VIENNA_closeGvloop int 1
v VIENNA_closeGiloop int 1
# EPwm1Regs.TZFLG Register 0x0010
= EPwmZ2Reqgs. TZFLG Register 0x0010
& EPwm3Reqgs.TZFLG Register 0x0000
- VIENNA_guiVbus_Volis float 419.219788
= VIENNA_guiVbusPM_Volts float 208.482452
o VIENNA_guiVbusMN_Volts float 210.766205
v VIENNA_guiVrms1_Volts float 117.104988
- VIENNA_guiVrms2_Volts float 119.058693
v VIENNA_guiVrms3_Volts float 117.8958939
v VIENNA_guilrms1_Amps float 0.684259951
= VIENNA_guilrms2_Amps float 0.672801971
v VIENNA_guilrms3_Amps float 0.733398259
o VIENNA_guiPF1 float 0976726353
o VIENNA_guiPF2 float 0977419555
v VIENNA_guiPF3 float 0.979636371
&+ Add new expression
Figure 3-24. Build Level 3: Expressions Window With Vref = 1.0
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6. Figure 3-25 shows the input voltage and current waveforms.

@ 100V 2 @ 100V @ S00A w)

value Mean Min Max Std Dev | : :
2 [20.0ms ][S.OOM_S/S ][ 2 r ss.ov]
& rMs 1.28 A 1.28 1.28 1.28 0.00 1M points
@ Mean 412v 412 412 412 0.00
@ Frequency 40.05kHz 40.05k  40.05k  40.05k  0.000
@ +Duty 38.87 % 38.87  38.87  38.87  0.000 13:11:13

* CH1 (Blue): DCBUS output voltage

* CH2 (Light blue): AC input phase A voltage
*  CHS3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

Figure 3-25. Build Level 3: Scope Capture la and Va (120Vrys L-N) With Vref = 1.0
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7. Now raise vBusRef to 1.5 step by step, the bus voltage is raised to 630V, the vBusRef and vBusMeas
variables appear in the Expressions window as Figure 3-26 shows.

1] O
%’ Expressions h e X B | s
Expression Type Value

e VIENNA_buildinfo enum VIENNA_BuildLev... BuildLevel 3 VoltageAndCurrentLoop
v VIENNA_boardStatus enum VIENNA_boardSt.. boardStatus_NoFault
v VIENNA clearTrip int 0

v« VIENNA vBusRef pu float 1.5

v VIENNA _vBusMeas_pu float 1.50563121
v VIENNA vBusRefSlewed pu float 15

- VIENNA _closeGsloop int 1

v VIENNA_closeGvloop int 1

v VIENNA_closeGiloop int 1

* EPwm1Regs TZFLG Register 0x0010

*# EPwmZ2Regs. TZFLG Register 0x0010

* EPwm3Regs.TZFLG Register 0x0000

v VIENNA_guiVbus Volts float 628.745972
= VIENNA_guiVbusPM_Volts float 310.76004
- VIENNA_guiVbusMN Volts float 7977112
- VIENNA_guiVrms1_Volts float 116.462479
= VIENNA_guiVrms2 Volts float 119.577202
v VIENNA_guiVrms3_Volts float 117.590004
v VIENNA_guilrms1_Amps float 1.83488715
i VIENNA_guilrms2_Amps float 1.85533071
e VIENNA_guilrms3_Amps float 1.8863374

vi- VIENNA_guiPF1 float 099724108
o VIENNA_guiPF2 float 0994969189
= VIENNA_guiPF3 float 0994441211
5 Add new expression

Figure 3-26. Build Level 3: Expressions Window With Vref = 1.5

Figure 3-25 shows the input voltage and current waveforms.

[Zvaates

@ 100V 2 [ @ s.00A &)

10.0V
value Mean Min Max std Dev | L L

2 [20.0ms ][S.OOMS/S ][ 2) £ 88.0 v]

& rMs 2604 2.01 1.28 2.60 598m 1M points

@ Mean 624V 525 412 625 95.2

@ Frequency 40.33kHz 40.25k  40.05k  40.54k  156.3 18 Nov 2024

@ +Duty 60.00% 50.57  38.43  60.32  9.685 13:14:42

+ CH1 (Blue): DCBUS output voltage

+ CH2 (Light blue): AC input phase A voltage
* CH3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

Figure 3-27. Build Level 3: Scope Capture la and Va(120Vgys L-N) With Vref=1.5
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8. To bring the system to a safe stop, bring the input AC voltage down to zero, observe the guiVBus variable
comes down to zero as well.
9. Fully halting the MCU when in real-time mode is a two-step process. First halt the processor by using the

Halt button on the toolbar ( -~ ) or by using Target > Halt. Next, take the MCU out of real-time mode by

%) >
clicking on the board. Finally, reset the MCU ( ).
10. Close the CCS debug session by clicking on Terminate Debug Session (Target > Terminate all).

I
3.2.2.4.4 INCR_BUILD 4: Closed Balance, Voltage, and Current Loop

In this build, the board is operated as a three-wire system, that is, the neutral of the power supply is not
connected to the DC midpoint of the output. As Figure 3-28 illustrates, to maintain the DC bus balance, a
balance loop with a simple proportional gain is added in the control structure. In this build a third harmonic
injection is also carried out, which helps in stabilizing the DC bus balance point.

vBusMeasAvg V1/2/3Meas

vRmsMeasAvg

vBusRefSlewed |+ . <> < 1L1Ref,
—rb-—b‘—b-—b‘—b_ LRef -iLRef 1L2Ref,
> Gv "‘ "‘ 1L3Ref,

l

10 Khz 1SR Feedforward Elements
z Y VBusHalf
[Tt T T T T T T T T T T T T T T TR 5 I:I" usMeas Meas « Bus Voltage Feedforward SR
) [ I /e )
: : T * : GsﬁGainKp} * AC Voltage Feedforward [ duty2PU,
H DLOG_4CH | H duty3PU
= ! ! » Third Harmonic Inj
: input_ptri output_ptri DBUFF1: 4 : « Balance Controller
| pinput pir2 output_ptr2 DBUFF2! ! " Boost volage PWM
) e N N R  SE—— b eedforwar
| EEEREERUS = Size | output pr3 DBUFF3, >
) rig_value )
: TRERL pre_scalar | output_ptr4 DBUFF4, —9 »
l
l
l ! +
! |3 2 ' 3PH
1 ) =
| 1 | iL1Meas, AC —
| I - iL2Meas, — i I
: POWER_MEAS_SINE_ : iL3Meas o u
N ANALYZER 1 Y
! T=1/1 ' viMeas,
. v t v2Meas, [— Y Y'Y L g & v
! L (- ' v3Meas 1 il i Vdec
1 T T 1
: L] sampleFreq i : pEac i -0 i
' L threshold | -2cFreq ! vBusPMMeas lgag' | | ] :
| ] 1 1
1 \ scale | ! !
_________________________________ vBusMNMeas toPUf 1 :—H—
1 4 =
: $ f f |
1 i i 1
1 1
1 1
1 T
1 1
1 1
1 1
1 1
1 T
gy g Mg g g S g g S g g Sy 4

Figure 3-28. Build Level 4 Control Diagram: Output Voltage, Inductor Current, and Bus Cap Balance Loop

TIDUFB1 — DECEMBER 2024
Submit Document Feedback

10kW Vienna Rectifier-Based, Three-Phase Power Factor Correction

Copyright © 2024 Texas Instruments Incorporated

Reference Design

41


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUFB1
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUFB1&partnum=TIDA-010257

13 TEXAS
INSTRUMENTS

Hardware, Software, Testing Requirements, and Test Results www.ti.com

3.2.2.4.4.1 Building and Loading the Project and Setting Up Debug

1. Open the vienna_settings.h file, set VIENNA INCR_BUILD to 4, and set
VIENNA VBUS REF_SET VOLTS to 650.

2. Right click the project name and click Rebuild Project. The project builds successfully. Click Run — Debug;
this launches a debugging session. In the case of dual CPU devices, if a window appears indicating a CPU
must be selected, then perform a debug. In this case, select CPU1. The project then loads on the device and
CCS debug view becomes active. The code halts at the start of the main routine.

3. To add the variables in the Watch or Expressions window click View — Scripting Console to open the
scripting console dialog box. On the upper-right corner of this console, click open to browse to the
setupdebugenv_build4. js script file located inside the project folder. This file populates the Watch
window with appropriate variables needed to debug the system. Click the Continuous Refresh button (+ )
on the Watch window to enable continuous update of values from the controller. Figure 3-29 illustrates the
Watch window.

1) (]}
Expressions * -
Expression Type Value

e VIENNA_buildinfo enum VIENNA_BuildLev.. Buildlevel 4_BalanceVoltageAndCurrentloop
v VIENNA_boardStatus enum VIENMNA_boardSt.. boardStatus_NoFault

v VIENNA clearTrip int 0

t VIENNA _vBusRef pu float 1.55074549

v VIENNA_vBusMeas_pu float 0.0118904822

v VIENNA vBusRefSlewed_pu float 0.0

- VIENNA_closeGsloop int 0

v VIENNA_closeGvloop int i}

v VIENNA_closeGiloop int 0

# EPwm1Regs.TZFLG Register 0x0004

& EPwmZ2Regs.TZFLG Register 0x0004

® EPwm3Regs. TZFLG Register 0x0000

- VIENNA_guiVbus Volis float 490223408

= VIENNA_guiVbusPM_Volts float 341842031

o VIENNA_guiVbusMN_Volts float 1.48856926

v VIENNA_guiVrms1_Volts float 0.0

- VIENNA_guiVrms2_Volts float 0.0

v VIENNA_guiVrms3_Volts float 0.0

v VIENNA_guilrms1_Amps float 00

= VIENNA_guilrms2_Amps float 0.0

v VIENNA_guilrms3_Amps float 0.0

o= VIENNA, guiPH float 0.0

e VIENNA_guiPF2 float 00

v VIENNA_guiPF3 float 00

&+ Add new expression

Figure 3-29. Build Level 4: Expressions View

4. Enable real-time mode by hovering the mouse on the buttons on the horizontal toolbar and clicking the
button.
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3.2.2.4.4.2 Running Code (Build 4)

1. Run project by clicking the L

" button.

2. Raise the AC input to 120Vgrms V. and 208Vrus VL., 50/60Hz. Figure 3-30 shows a rectified current that is

going to be drawn from the input.

[l

3:[VgateA) i

@ s.00A &)

Il

5.00MS/SI
1M points

=7

@ so.ov 2 @ 100V
value Mean Min Max Std Dev | :
2 [20.0ms
@ rvs 837mA 837m 837m 837m 0.00
@ vean 287V 287 287 287 0.00
@ Frequency 170.5kHz Low signal amplitude
@ +Duty 71.59 %  Low signal amplitude

+ CH1 (Blue): DCBUS output voltage

* CH2 (Light blue): AC input phase A voltage

* CH3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

18 Nov 2024
13:05:01

Figure 3-30. Build Level 4: Scope Capture la and Va (120Vgns L-N) With PWM Tripped
3. Bus voltage is set by the vBusRef variable, and is about 1.55V already, which corresponds to 650V for this

design.

B

Start the PFC action by writing a 7 to the clearTr1ip variable.

5. The board now draws the sinusoidal current. Figure 3-31 shows the scope capture.

TIDUFB1 — DECEMBER 2024
Submit Document Feedback

10kW Vienna Rectifier-Based, Three-Phase Power Factor Correction

Copyright © 2024 Texas Instruments Incorporated

Reference Design

43


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUFB1
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUFB1&partnum=TIDA-010257

Hardware, Software, Testing Requirements, and Test Results

I

TeExAS
INSTRUMENTS

www.ti.com

I

(3% |
[ivaaten

@ s.00A &)

* CH1 (Blue): DCBUS output voltage
* CH2 (Light blue): AC input phase A voltage
*  CHS3 (Pink): IGBT gate voltage

* CH4 (Green): AC Input phase A current

Figure 3-31. Build Level 4: Scope Capture la and Va (120Vgys L-N) With Full PFC

100 vV 2 @ 100V
value Mean Min Max std Dev | L L
2 [10.0ms ][10.0MS/5 ][ 2) £ 88.0 v]
& rMs 2738 2.74 2.73 2.75 9.56m 1M points
@ Mean 646 V 646 646 646 151m
@ Frequency 40.01kHz 40.33k  40.01k  40.47k  155.5 18 Nov 2024
@ +Duty 61.08% 61.00  60.21 61.76  512.4m 13:24:21

6. Check the Expressions window shown in Figure 3-32. The DC bus voltages is also balanced, that is,
the guivbusPM and guiVbusMN variables are almost equal, which shows that the closed loop balance
controller is working.

&8 a
I Expressions lk SAECE &Nl e
Expression Type Value
e VIENNA_buildinfo enum VIENNA BuildLev... BuildLevel 4 BalanceVoltageAndCurmrentloop
v VIENMNA_boardStatus enum VIENNA_boardSt... boardStatus_NoFault
v VIENNA_clearTrip int 0
- VIENNA_vBusRef pu float 1.55074549
v VIENNA_vBusMeas_pu float 1.55194521
v VIENNA vBusRefSlewed _pu float 1.55074549
vt VIENNA_closeGsLoop int 1
v VIENNA_closeGvloop int 1
- VIENNA _closeGiloop int 1
# EPwm1Regs.TZFLG Register 0x0010
# EPwmZ2Regs.TZFLG Register 0x0010
= EPwm3Regs.TZFLG Register 0x0000
vi- VIENNA_guiVbus_Volis float 650.097412
o= VIENNA_guiVbusPM _Volts float 324 564972
v VIENNA_guiVbusMN Volts float 325.506866
v VIENNA_guiVrms1_Volts float 116.402916
= VIENNA_guiVrms2 Volts float 119.610641
v VIENNA_guiVrms3_Volts float 118.185844
oi- VIENNA_guilrms1_Amps float 197930729
v VIENNA_guilrms2_Amps float 200230312
v VIENNA_guilrms3_Amps float 200848341
v VIENNA_guiPF1 float 0997370422
v VIENNA_guiPF2 float 0995169103
- VIENNA_guiPF3 float 0994325578
% Add new expression
Figure 3-32. Build Level 4: Expressions Window With 120VAC and 650VDC
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7. The balance loop open loop gain is controlled by the Gs_GainKp variable and can be adjusted in case the
bandwidth is not enough. Though, for the balance loop, the bandwidth needs to be lower than the outer
voltage loop and only 1Hz to 2Hz of bandwidth is sufficient.

8. To bring the system to a safe stop bring the input AC voltage down to zero, observe the guiVBus variable
comes down to zero as well.

9. Fully halting the MCU when in real-time mode is a two-step process. First, halt the processor by using the

Halt button on the toolbar ( “- ) or by using Target > Halt. Then take the MCU out of real-time mode by

< 4
clicking on the » button. Finally reset the MCU by selecting the - button.
10. Close the CCS debug session by clicking on Terminate Debug Session (Target > Terminate all).

I
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3.3 Test Results

Section 3.3.1 through Section 3.3.11 show the test results including current and voltage waveforms, and thermal

performance.

3.3.1 IGBT Gate Rising and Falling Time

UCC5350MC is a 10A gate driver, this device drives the IGBT gate very fast, which can help to improve the
IGBT power loss. Figure 3-33 shows 200ns rising time and 120ns falling time of IGBT gate voltage.

M 100us
ngawMMMMMMUMﬂMMMM
Zoom Factor: 1kX Zoom Position: 12.5us
}: ] 12:35;15 e 0.000V
i . (@] 12.55us O 1370V
. A200.0ns A13.70 V
(b] M-—W” e e
,n"‘")"" ht
P
ar b 4
-~ et
® s0v )
value Mean Min Max Std Dev | i L
2 [z 100ns ][1.0005/5 ] @ . 790 v]
@ rVS 16.5mA  16.5m 16.5m 16.5m  0.00 1M points
@ RVS 115V 1.15 1.15 1.15 0.00
@ rrequency ————.Hz No period found 11 Nov 2024
@ ‘Duty .%  No\ref crossing 10:42:45

* CH3 (Pink): IGBT gate voltage

Figure 3-33. IGBT Gate Rising Edge

Figure 3-34 shows approximately 120ns of IGBT gate voltage falling time.

M 100us
BVQaleMMMMMMIMﬂMMMM
Zoom Factor: 1kX Zoom Position: 24.8us
1 O .
] 06 24.73us 0.000 V
O 24.85us 15.90V
A120.0ns A15.90 V
,,,,,,,,, S S
\/ﬁ“
N .
B{vaatea e [t mir iy
@ .00V
Value Mean Min Max Std Dev | o =
2 [z 100ns ][mocs_/s ] @ . 790 v]
@ RVS 19.2mA  19.2m  19.2m  19.2m  0.00 1M points
@ RVS 116V 1.16 1.16 1.16 0.00
@ Frequency ————.Hz No period found 11 Nov 2024
@ ‘Duty .%  No . ref crossing 10:43:40

* CHS3 (Pink): IGBT gate voltage

Figure 3-34. IGBT Gate Falling Edge
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3.3.2 Power On Sequence

After power on, the charging current of the electrolytic capacitors (C15, C16, C24, and C25) is limited by PTC
RT1. Once the DCBUS voltage is high enough, auxiliary power supply and isolated power supply start to work
to provide low-voltage rails for the chips to work. The LED also starts to blink, and the relay is engaged after a
delay. Make sure the DC load is less then 800Q when the board is powered on, or else RT1 is triggered by a
large inrush current. Figure 3-35 shows the waveform of the board powering on under 380VAC.

@ 100y 2 @ 100A &)

Value Mean Min Max Std Dev | L =
2 [1.005 ][SOOkS{s ] @ 5 592 v]
@ rVS 722mA 722m 722m 722m 0.00 SM points
@ Mean 455V 453 453 453 0.00
@ Peak-—Peak 556V 556 556 556 0.00
@ Peak-Peak 18.0A  18.0 18.0 18.0 0.00 09:43:21

+ CH1 (Blue): DCBUS output voltage
» CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-35. Power On Sequence

Total power on time including DCBUS electrolytic capacitor charging time, auxiliary power supply start time,
MCU reset, relay close delay. Figure 3-36 shows about 4 seconds power-on time under 380VAC input.

2] 0 :
0@ -3.570s 538.0V
OO0 770.0ms 0.000V
A4.340s AS538.0V

[EXIAC
»{vbd )
@ 100y 2 @ 100A &)
Value Mean Min Max Std Dev | ' =
2 [1.005 ][500ksgs ] o 5 592 v]
@ RMS 722mA  722m  722m  722m  0.00 5M points
@ Mean 455V 453 453 453 0.00
@ Peak—Peak 556V 556 556 556 0.00 18 Nov 2024
@ Peak Peak 13.0A  18.0 18.0 18.0 0.00 09:44:48

* CH1 (Blue): DCBUS output voltage
* CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-36. Power On Time
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3.3.3 PFC Started by GUI

After power on, the DCBUS voltage is about 530VDC, once PFC starts, the DCBUS voltage is about 680VDC.
Figure 3-37 shows the waveform when PFC is started with the GUI command 0x11.

BivDC
@ 100y B 200} @ 100A &)
Value Mean Min Max Std Dev | L = =
B RVS 220\ 0 0 0 0.00 [1.00; ][sooksgs ] @ - 592v]
@ rVS 762mA  762m 762m 762m 0.00 SM points
@ Mean 603V 603 603 603 0.00
@ Peak-—Peak 168V 168 168 168 0.00 18 Nov 2024
@ Peak-Peak 1404 14.0 14.0 14.0 0.00 09:46:20

+ CH1 (Blue): DCBUS output voltage
» CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-37. PFC Started by GUI

DCBUS rise from about 530V to about 680VDC under no load when PFC starts. Figure 3-38 shows the rising
time is approximately 55ms.

M 400ms

Zoom Factor: 20 X Zoom Position: 158ms

( O 117.6ms e 6700V
" @] 172.8ms (& 536.0V
g L AS5.20ms Al34.0V

NAAQS
VAVAVAY

vDC
@ 100V B 200 @ 100A 5 |
value Mean Min M ax Std Dev ot L
B RMS 220V 0 0 0 0.0 [z 20.0ms ][250ksgs ][ 2 5 228 v]
@ RMS 940mA  940m  940m  940m  0.00 1M points
@ Mean 613V 613 613 613 0.00
@ Peak-Peak 160V 160 160 160 0.00 15 Nov 2024
@D Peak-Peak 13.6A  13.6 13.6 13.6 0.00 11:40:23

+ CH1 (Blue): DCBUS output voltage
» CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-38. DCBUS Rising Time When PFC Starts
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3.3.4 Zero Crossing Under 380VAC, 9kW

Figure 3-39 shows the zero crossing time matches each other for the AC input voltage and current.

M 10.0ms

vac &
e \
[14vDC
Zoom Factor: 5X Zoom Position: 23.4ms

P ol =N
)\ ;,Aa,‘h_ A
o N N\

@ S5004A &)

@ o0V

Value Mean
2
@ rvs 13.8A 13.8
@ Mean 649V 649

@ Peak-Peak 36.0V  36.0
@ Peak-Peak 42.2A 42.2

Min Max Std Dev |

[z 2.00ms ][10.01\15/5 ][ 2 5 228 v]
13.8 13.8 0.00 1M points

649 649 0.00

36.0 36.0 0.00 15 Nov 2024
42.2 42.2 0.00 12:00:36

+ CH1 (Blue): DCBUS output voltage
» CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-39. Zero Crossing Time Under 380VAC, 9kW

3.3.5 Current Ripple Under 380VAC,10kW

Figure 3-40 shows the 6.8A boost inductor current ripple under 380VAC, 10kW, which is about £15.5% of the

peak AC input current 21.9A.

M 20.0ms

Zoom Factor: 1kX Zoom Position: 11.9ms

et e e e e e ]

l1vDC
@ 100V 2 @ 100A &) H H
value Mean Min Max Std Dev | |2 20.0us 100MS/s 2 5 228V
2 20M points
@ rvS 2194 219 21.9 21.9 0.00
@ Mean 648 V 648 648 648 0.00 15 Nov 2024
6.80 6.80 0.00 08:53:29

@ Peak-Peak 6.80 A 6.80

« CH?1 (Blue): DCBUS output voltage
* CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-40

. Current Ripple Under 380VAC, 10kW
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3.3.6 10kW Load Test With Grid Power
Figure 3-41 shows load test waveforms under 10kW with grid power.
\ M 20.0ms
Zoom Factor: 2.5 X Zoom Position: —2.76ms
11 {vDC
'. 100V 2 0 4 T00A W) : :
Value Mean Min Max std Dev [Z 8.00ms ][100M5/§ ][ 2 5 228 V]
2 20M points
@ rRvis 15.1A 151 15.1 15.1 0.00 =
&P ek Soon 300 500 300 oo
+ CH1 (Blue): DCBUS output voltage
» CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current
Figure 3-41. 10kW Load Test With Grid Power
3.3.7 9kW Load Test With AC Power Source
Figure 3-42 shows the 9kW load test with an AC power source.
o
'. 100V B 20 [ 5004 &)
Value Mean Min Max Std Dev | : .
2) 10.0ms 10.0MS/s 2 5
@ VS 13.7 A 13.2 13.1 13.7 262m [ ][W‘ points ][
@ Mean 648 v 648 648 649 274m
@ Peak—Peak 40.0V 40.7 36.0 44.0 3.01 15
@ Peak Peak 43.2A 40.9 40.2 43.2 1.13 11:
« CH1 (Blue): DCBUS output voltage
* CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current
Figure 3-42. 9kW Load Test With AC Power Source
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3.3.8 Power Analyzer Results
Figure 3-43 shows the power analyzer results under 10kW with grid power.

_ Sync:Il /11 Auto 600 V Upper: 1MHz 50ms
3P3W3M @ LPF :OFF Auto 20 A PS| Lower: 10 Hz

Uges 650.406 V  Una 381.772
lis 152202 A e 15.2825
9.8994kW  Une 384.819

- 0.99675 lrms2 15.3212

97.703 % Umns 385.034

1.589 e 15.2649 A 2T

16 Items

1.940 = 10.1321kW  seiems
1.334 P, 9.8994kw "

Figure 3-43. Power Analyzer Result Under 10kW Grid Power

Figure 3-44 shows power analyzer results under 9kW with an AC power source.
2024-11-12 16705743 degand

CH 173 Hany 600V Uppers  1M42 SO
3PANEM O Maru 10 A PS Lower: 10 Hz

650.008 V  Una 376.123
13.5301 A e 13.7889
8.794T4kW U 376.058
0.99872 == 13.8425

97.790 % Ums 377.015
1416 % e 13.8114
1581 % Py; - 8.9935kW
1337 % & 8.79474kW

Figure 3-44. Power Analyzer Result Under 9kW AC Power Sources
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3.3.9 Thermal Performance

Figure 3-45 shows the thermal performance under 10kW load and 25°C ambient temperature in a open area
without a cooling fan. The highest temperature rising is about 55°C of the MOSFET Q8. For auxiliary power
supplies, the boost inductor temperature rising is about 23°C, the IGBT temperature rising is approximately
40°C.

The temperature of power devices and the heat sink temperature can also be read from the GUI software shown
in Figure 3-3.

2024-11-14 15:08:56

Figure 3-45. Thermal Performance

3.3.10 Voltage Short Interrupt Test

Figure 3-46 , Figure 3-47, and Figure 3-48 show voltage short interrupt tests under 5kW at 90, 0, and 45 phase
angles. The current on boost inductors is monitored by DSP internal CMPSS, if this current is too big, IGBT is
turned off on each PWM cycle. This is the cycle-by-cycle protection. However, DSP cannot protect current on
diode bridges, since there is still uncontrolled rectified current with diode bridges when IGBTs are off.

M 20.0ms

Zoom Factor: 5 X Zoom Position: —=7.24ms

g

N

lijvpe. . .

@ 100V 2 @ 100A &)
Value Mean Min Max Std Dev |

Z 4.00ms 25.0MS/s @ - 592V
S5M points
15 Nov 2024
13:39:51

2

@ rMs 8.69 A 8.69 8.69 8.69 0.00
@ vean 613V 613 613 613 0.00
@ Peak—Peak 180V 180 180 180 0.00
@ Peak Peak 39.2A 39.2 39.2 39.2 0.00

CH1 (Blue): DCBUS output voltage
CH2 (Light blue): AC input phase A voltage
CH4 (Green): AC Input phase A current

Figure 3-46. Voltage Short Interrupt Test at 90 Phase Angle
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Nl Ve VoV a Ve
|l1qvDC

Z2oom Factor: 5X Zoom Position: —11.8ms

[14vDC
@ 100V 2 @ 100A &) . .
value Mean Min Maz std Dev | : : s
2 [z 4.00ms ]l’zs.om_ws ] ® - 592 v]
@ RMS 7.64 A 7.64 7.64 7.64 0.00 5M points
@ Mean 613V 613 613 613 0.00
@ Peak-Peak 184V 184 184 184 0.00 15 Nov 2024
@ Peak—Peak 31.2A  31.2 31.2 31.2 0.00 13:38:44

* CH1 (Blue): DCBUS output voltage
» CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-47. Voltage Short Interrupt Test at 0 Phase Angle

M 20.0ms

Zoom Factor: 5X Zoom Position: —7.24ms

N

[14vDC
@ 100V 2 @ 100A ) : :
value Mean Min Max std Dev | - - .
2 [z 4.00ms ]l’zs.ol\qs/s ] ® - 592 v]
@ RMS 8.60 A 8.69 8.60 8.69 0.00 5M points
@ Mean 613V 613 613 613 0.00
@ Peak-Peak 180V 180 180 180 0.00 15 Nov 2024
@ Peak—Peak 39.2A 39.2 39.2 39.2 0.00 13:39:51

» CH1 (Blue): DCBUS output voltage
» CH2 (Light blue): AC input phase A voltage
* CH4 (Green): AC Input phase A current

Figure 3-48. Voltage Short Interrupt Test at 45 Phase Angle
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3.3.11 Efficiency, iTHD, and Power Factor Results

Figure 3-49 shows average efficiency test results at each power level under 325VAC, 380VAC, and 400VAC.

Average peak efficiency is 98% across 3kW—4.5kW under 380VAC and 400VAC.

98.5
98 =
o75| A
o7 |-/ E——
g I N
= 96.5
o
s
2 96
5 ol
95.5/
95
/ —— 325VAC
94.5 —— 380VAC
—— 400VAC
94
05 15 25 35 45 55 65 75 85 95

Power (kW)

Figure 3-49. Efficiency Results

Figure 3-50 shows average iTHD test results at each power level under 325VAC, 380VAC, and 400VAC.
Average iTHD is less than 5% at > 2.5kW under 380VAC. iTHD is less than 1.5% at 10kW under 380VAC.

35
k — 325VAC
\\ —— 400VAC
25 \
< 20
O \
= 15 \
10 \\
5 N
O —
0.5 175 25 35 45 55 65 75 85 95
Power (kW)
Figure 3-50. iTHD Test Results
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Figure 3-51 shows average power factor test results at each power level under 325VAC, 380VAC, and 400VAC.

! ///_
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0.95 | / / Za
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Power (kW)
Figure 3-51. Power Factor Test Results
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4 Design and Documentation Support
4.1 Design Files

4.1.1 Schematics

To download the schematics, see the design files at TIDA-010257.
4.1.2 Bill of Material (BOM)

To download the BOM, see the design files at TIDA-010257.

4.2 Tools and Software

Tools

LAUNCHXL-F2800137 TMS320F2800137 LaunchPad™ development kit for C2000™ real-time MCU

Software
C2000Ware DigitalPower SDK DigitalPower software development kit (SDK) for C2000™ MCUs

4.3 Documentation Support

1. Texas Instruments, TMS320F280013x Microcontrollers Data Sheet

2. Texas Instruments, TMS320F280013x Real-Time Microcontrollers Technical Reference Manual

3. Texas Instruments, C2000™ Software Frequency Response Analyzer (SFRA) Library and Compensation
Designer User's Guide

4.4 Support Resources

TI E2E™ support forums are an engineer's go-to source for fast, verified answers and design help — straight
from the experts. Search existing answers or ask your own question to get the quick design help you need.

Linked content is provided "AS IS" by the respective contributors. They do not constitute Tl specifications and do
not necessarily reflect Tl's views; see TlI's Terms of Use.

4.5 Trademarks

C2000™, TI E2E™, and Code Composer Studio™ are trademarks of Texas Instruments.
All trademarks are the property of their respective owners.

5 About the Author

HELY ZHANG is a System Application Engineer at Texas Instruments where he is responsible for developing
home appliance related power delivery and motor inverters. Hely earned his master's degree from Anhui
University of Science and Technology with Power electronics in 2002, and worked in SolarEdge and General
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JIM CHEN is a system engineer at Texas Instruments where he is responsible for specifying and developing
system designs for Appliances. Jim earned his master's degree from Nanjing University of Aeronautics and
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