Design Guide: TIDM-02013

7.4-kW EV or HEV Bidirectional Onboard Charger

Reference Design With GaN

Description

The PMP22650 reference design is a 7.4-kW,
bidirectional, onboard charger. The design employs a
two-phase totem pole PFC and a full-bridge CLLLC
converter with active synchronous rectification. The
CLLLC uses both frequency and phase modulation
to regulate the output across a wide voltage

range. This design uses a single TMS320F280039C
microcontroller to control both the PFC and DCDC
stages. This design is also supported with a
TMS320F28P65x microcontroller. High density is
achieved through the use of high-speed GaN switches
(LMG3522-Q1). A peak system efficiency of 96.5%
was achieved with an open-frame power density of
3.8 KWIL.

This design illustrates control of this power topology
using a single C2000™ MCU in closed voltage and
closed current-loop mode. The hardware and software
available with this design help accelerate your time to
market.

Resources

TIDM-02013, PMP22650
TMS320F280039C, TMS320F28P650DK
AMC3330-Q1, AMC3302-Q1, UCC21222-Q1
C2000WARE-DIGITAL-POWERSDK
TMDSCNCD280039C, TMDSCNCD28P65X

Design Folder
Product Folder
Product Folder
Software Folder
Tool Folder
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Features

+ Power Max: 7.4 kW, 96.5% peak efficiency

* VAC 90-264V AC: 240V AC TYP

*  Vprim: 400 V DC nominal; Vsec: 250—-450 V DC

* CLLLC resonant tank with 500-kHz nominal PWM
switching (200 kHz—800 kHz range) enables
higher power density

» Soft switching with Zero Voltage Switching (ZVS)
on the primary; Zero Current Switching (ZCS) and
ZVS on the secondary enable higher efficiency

» Active synchronous rectification scheme
implementation using Rogowski coil sensor
enables higher efficiency

» Software support for TMS320F28003x device with
the Control Law Accelerator (CLA), which enables
integrated OBC design with AC-DC and DC-DC
controlled using a single C2000 MCU

» Software support for TMS320F28P65x device with
one CPU (CPU1) controlling AC-DC and DC-DC
stages is provided.

* Reduced CPU overhead with the new hardware
oversampling feature of TMS320F28P65x

Applications

» Hybrid, Electric, and Powertrain Systems
» DC Fast Charging Station
» Power Conversion System (PCS)
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1 CLLLC System Description

Onboard chargers (OBCs) are an essential part of Electric Vehicles (EVs) and Hybrid Electric Vehicles (HEV).
An OBC typically consists of an AC-DC [power factor correction (PFC) rectifier stage] and an isolated DC-DC
converter, as shown in Figure 1-1. C2000 MCUs are designed to implement advanced digital power control that
automotive applications demand; for more information, see C2000 Digital Power and C2000 EV.

AC-DC DC-DC
(PFC) (Isolated)

Figure 1-1. Typical OBC Architecture

The ability to charge the battery fully overnight is highly desired for most EV Level 1 and Level 2 chargers. With
battery capacity increasing, the OBCs need to be designed for even higher power. With the increasing power
capacity of the OBC, specifications such as power density and efficiency are even more important, due to limited
space and cooling capacity in the car.

The CLLLC (Capacitor-Inductor-Inductor-Inductor-Capacitor)—uwith its symmetric tank, soft switching
characteristics, and ability to switch at higher frequencies—is a good choice for these applications. In this
design, control and implementation of a CLLLC topology, as shown in Figure 1-2, is illustrated.

IPRIM_TANK_2 ISEC_TANK

VPRIM VSEC
CLLLC Resonant Tank

Dk DEE ICSEE=
PFCPowerStage:> = HEW\? E—PW i ! = :> Battery
m%}’ MEE: T NEQ‘ s

IPRIM —T
1H 1L 2H 2L 1H 1L 2H 2L ISEC
PRIM_LEGYs_H/L SEC_LEGY:_H/L

Figure 1-2. CLLLC Topology for Isolated DC-DC Converter

The nomenclature for Figure 1-2 is as follows:

VPRIM Primary side voltage (typically comes from a PFC converter)
IPRIM Return current of the primary side, can be used for protection and monitoring.

Tank current on the primary side, two methods to sense using shunt current sense and
IPRIM_TANK, IPRIM_TANK_2 other is Rogowski's coil. Only one is needed, used to implement synchronous rectification
in the reverse direction for example, secondary to primary. Also used for protection.

VSEC Secondary side voltage (typically, a battery)

ISEC Return current of the secondary side, used to implement the battery current control loop.
Tank current on the secondary side, used to implement the synchronous rectification for

ISEC_TANK N .
the forward direction power flow for example, primary to secondary.

PRIM_LEG1/2_H/L PWMs for the primary side full bridge

SEC_LEG1/2_HI/L PWNWMs for the secondary side full bridge
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1.1 Key System Specifications
The CLLLC reference design power specifications are listed in Table 1-1.

Table 1-1. Key System Specifications

PARAMETER SPECIFICATIONS
Prim Voltage (Vprim) 400 V-450 V DC (average)
250 V-450 V DC
Sec Voltage (Vsec) Max
Power Rating forward 7.4 kW
20
Output Current (I
p (louT) A Max
Efficiency (CLLLC) Peak 98%
PWM Switching Frequency 500 kHz Nominal (200 kHz—800 kHz Range)

WARNING

Tl intends this reference design to be operated in a lab environment only and does not consider it
to be a finished product for general consumer use. The design is intended to be run at ambient room
temperature and is not tested for operation under other ambient temperatures.

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
subsystems.

There are accessible high voltages present on the board. The board operates at voltages and currents
that may 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.

CAUTION
Do not leave the design powered when unattended.

WARNING

High voltage! There are accessible high voltages present on the board. Electric shock is possible. The
board operates at voltages and currents that may 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 over-voltage and over-current 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
design or components connected to the design.

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

Some components may 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
may be present.
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2 CLLLC System Overview
2.1 Block Diagram
Figure 2-1 shows the block diagram of the CLLLC topology.
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Figure 2-1. CLLLC Block Diagram

This reference design uses the following EVMs and PMP designs to achieve operation as documented in this
guide:

1. OBC Base Board: PMP22650( with PMP22712 +PMP22773 Daughter cards)

2. F280039C controlCARD Evaluation Module: TMDSCNCD280039C

The following sections discuss details of the hardware, software, and system design.

2.2 Design Considerations and System Design Theory

LLC converters are widely popular due to their ability to achieve ZVS at the primary side, and ZCS on the
secondary side. A typical LLC Series Resonant Converter (SRC) is shown in Figure 2-2. The primary side of
this converter is half bridge; thus, the transformer utilization from a Volt-sec perspective is half. In addition, the
current rating for the switches is twice of what is needed, compared to when a full-bridge structure is used.

¢ 144

D

2228
Figure 2-2. LLC Half-Bridge SRC
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Although half-bridge LLC SRCs are attractive at lower power for cost reasons, for high-power and high-density
applications, a full-bridge LLC SRC is desired for the following reasons:

1. Afull-bridge LLC converter better utilizes the magnetic core of the transformer on both the secondary side
and primary side; therefore, it is able to offer better power density.

2. Afull-bridge LLC converter reduces current rating; and therefore, reduces the cost of copper in wires. The
converter also enables higher power (compared to half-bridge SRCs) to be achieved with the same copper
wires.

D Ra

D<A B B« A B

[

ey We D<A B

Figure 2-3. Full-Bridge LLC Converter

A full-bridge LLC converter, as shown in Figure 2-3, falls under the broad category of Dual Active Bridge (DAB)
converters. Under DAB converters, the converter can be classified on the basis of model or operation:

1. A phase-shifted DAB converter is one of the most popular converters historically.

2. Resonant DAB converters have different variants on resonant tanks (LC, LLC, CLLC, CLLLC, and so forth).

Resonant DAB converters are of interest because high efficiency, high power, and high density are achievable
with such converters. CLLLC, with its symmetric tank, is capable of bidirectional operation. The problem with
using an LLC structure for bidirectional use is that the switching frequency, when operating in the reverse power
flow mode, is governed by the transformer winding capacitance and the leakage inductance. This offers little or
no control on the gain of the power stage and the switching frequency. Therefore, the CLLLC type of structure is
preferred as it offers much better control on the switching frequency and an additional degree of freedom on the
gain.

2.2.1 Tank Design

In this section, the tank parameter selection for the CLLLC is discussed based on the voltage gain desired, soft
switching characteristics, and an appropriate power profile is selected for the charger based on CLLLC.

For additional calculations and information, refer to the following files located inside the software install package
at C2000Ware_DigitalPower_SDK_<ver>/solution/tidm_02013/hardware/

2.2.1.1 Voltage Gain

To understand tank design, first the gains for both battery-charging mode and reverse-power-flow mode must be
analyzed with First Harmonic Analysis (FHA) using first harmonic approximation. The simplified diagram of the
resonant tank is given in Figure 2-4.

V.
Crp LVP Lrs Crs /
Vprim C/\gi Lm % > é RL

Netiie:1

Figure 2-4. FHA Model for CLLLC Resonant Tank During Battery Charging Mode (BCM)

sec
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The nomenclature for Figure 2-4 is as follows:

E{IE)'?BLPFC_VBUS) Voltage input at primary side

Lrp Primary side resonant inductor

Crp Primary side resonant capacitor

NeLLie Turns ratio of the transformer

Lm Magnetizing inductor

Vsec Voltage output at secondary side

Lrs Secondary side resonant inductor

Crs Secondary side resonant capacitor

R Effective load seen with FHA on the secondary output

R = (%J R«

Note here the effective R| is accounted for as T where R4 is the DC resistive load at the
output.

Referring to secondary side quantities on the primary side,
* Lis'isequaltolys* Nec ™ Neiie

* Crs'isequalto Crs/ (Newiie " Neiie)

* R'isequalto R_* (NcrLic " NeLiie)

* V'isequalto Vs * NeiLic
: v
Crp Lrp |_’(s C rs
Vprm</\5| Lm 5 ‘%[ R,L

Figure 2-5. FHA CLLLC With Quantities Referred to Primary Side in BCM

sec

Using KCL and KVL, the gain equation can be written as Equation 1.

Vsec ~ |:Zm || (er, + I:{L, ):| I:{L,
Vorim (er + [Zm I (er' +R )D(er' +R/ )NCLLLC

(1)

Similarly, for the reverse power flow, the circuit can be simplified as shown in Figure 2-6, and the gain can be
written as Equation 2.

Vorim _ NeLiie |:Zm 1(Zp + R0 )} RL
Vseo (er' +[Zn (2 +RL)])(zrp +R.) "
Vprim

Co L, e O
R Lm % }g) Visee

Figure 2-6. FHA Model for Gain Calculation in RCM
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Equation 1 and Equation 2 are used in the following section to study the voltage gain based on the parameters
selected for the design.

2.2.1.2 Transformer Gain Ratio Design (Ncp1;¢c)

Resonant converters are typically most efficient when operating at or near the resonant frequency. Since this is
a bidirectional battery charger, this design needs to cover a range of output voltages. This implies that n should
be chosen such that the converter operates at as low a current as possible to help reduce I°R losses. Following
this design concept the highest output current will occur at the lowest output voltage at which you need to supply
full power. We will set n at this point such that the converter operates as close to resonance as possible. In this
design this works out to be a turns ratio of 1.1:1. This enables the lowest losses while still allowing for a wide
output voltage range.

2.2.1.3 Magnetizing Inductance Selection (L)

To ensure ZVS operation of the primary side FETs, we need to make sure the energy stored in the resonant tank
is greater than the energy stored in the FET output capacitors. We can use Equation 3 to determine the needed
Ly, for full-bridge LLC SRCs.

< Ttdead

M7 16+C
oss (3)

where the intended switching frequency for the converter is 500 kHz, hence T = 1/(500 * 103), and based on

the power device. Selected parameters such as tyeaq and Cyss can also be identified from the power device data
sheet. Typically, the effective C,ss must be calculated using curve fitting. On this design, based on the design
parameters discussed, L, must be less than 20 uH. In addition to what is accounted for in the above calculation,
there is inter-winding capacitance in a real transformer that needs to be discharged by the resonant tank current.
Therefore, using simulation, a value of 14 pyH was selected to ensure ZVS across the operating range of the
converter; this value is used in the subsequent selection processes.

2.2.1.4 Resonant Inductor and Capacitor Selection (L., and C,;)

While selecting Ly, the ratio of L, to L, is widely used as a design parameter,

4)

The L, value is selected such that it ensures the voltage gain in the resonant tank is enough across the
operating range of the converter. In this design, as the input voltage comes from a PFC stage and will have a
estimated 10% ripple, a gain variation of at least 10% is needed. With this criteria in mind and the fact that L,,
should be kept higher to reduce the inductor value, and hence the losses, L,, equal to 14 is selected for this
design, based on the plot of the FHA with L,, varying with load (see Figure 2-7).

TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024 7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN 7
Submit Document Feedback
Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

13 TEXAS
INSTRUMENTS
CLLLC System Overview www.ti.com

Battery Charge

; \
Min Load H
\
\

kK 7.0

m 10

1 o 11

Ly n.0pH

Ly 20uH

.................................................. Ly L7gH
. 1 ¢ 50.0aF

- ¢ 605aF

....................................................................... 4 f1 5033kHz

f2 5033kHz

Max Load 1

0.1 0.2 0.5 1
fs (MHz)
Figure 2-7. CLLLC Tank Gain Variation With L, Varying

Now that the selection of L, is made, L, can be calculated using Equation 4. L, and C, determine the series
resonant frequency of the converter and they are related by Equation 5.

1

fros = —F—=—
2m, ”—rpCrp

Equation 5 can then be used to calculate the C,, needed on the design. However, due to component availability,
the next closest value of C, is used on the design. With these component values, the BCM gain is shown in
Figure 2-7.

®)

In Figure 2-7, as the load increases (that is, R, 4; goes lower), the gain curve becomes non-monotonic in

the region below series resonant frequency. This can lead to the loss of ZVS on the primary FETs and, more
critically, the loss of control. Therefore assuming maximum load at nominal Vout, the load is limited or clamped
to R g4¢c = 30 Q, for which the gain is monotonic (see Figure 2-7).

Additionally Figure 2-7 shows that in BCM we have enough gain across our operating frequency of 200kHz to
800kHz to cover all operating conditions. Lastly, it is worth noting that if the PFC ripple can be reduced then
the totally expected input range will also reduce. This causes the required gain range to reduce, and ultimately
helping to reduce the frequency variation needed to support all load conditions.

2.2.2 Current and Voltage Sensing

In the following sections, the sensing scheme for different currents and voltages on the design are discussed.
On the design, multiple schemes are implemented so that users can select the appropriate schemes for their
application needs.

2.2.2.1 VPRIM Voltage Sensing

The C2000 MCU is biased on the primary side; hence, the primary voltage is sensed by a resistor divider to the
ground of the board. As oversampling is used, an op amp in voltage follower arrangement is used to buffer the
signal for the ADC as shown in Figure 2-8. The buffer helps reduce impedance as seen by the ADC, and hence,
a faster sampling rate can be used. Otherwise, the sampling will be limited by the time constant of the resistor
divider resistance, which is typically high, and hence, only slow sampling can be done.
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VPRIM

Ra Rf

1 cf
- I

Figure 2-8. VPRIM Voltage Sensing Circuit

2.2.2.2 VSEC Voltage Sensing

The secondary side voltage is sensed in an isolated manner using the AMC3330-Q1, as shown in Figure 2-9.

VSEC
Rd
Ra Re
- Rfltr
Rb Re
+
Cfltr

S

Figure 2-9. VSEC Voltage Sensing Circuit

2.2.2.3 ISEC Current Sensing

The secondary side output current is also sensed in an isolated manner using the AMC3302-Q1, as shown in
Figure 2-10.

ISEC Rd
l Rc
- Rfltr
Rb Re
.

Cfltr
Rd

Figure 2-10. ISEC Current Sensing Circuit
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2.2.2.4 ISEC TANK and IPRIM TANK

A Rogowski coil-based sensing mechanism is chosen to sense the high-frequency current in the tank on the
primary side and the secondary side in an isolated manner, as shown in Figure 2-11. The ADC pin is internally
connected to the Comparator Subsystem (CMPSS), which can generate the correct pulses that go through the
X-Bar to the PWM to get the action required for synchronous rectification.

Rogowski’s Coil MCU
Boundary

Current Carrying Conductor

AV
V-V

T

TA T

w s [ % T %

Passive RC based Gain
Integrator Amplifier

R S

Figure 2-11. ISEC Tank Current Sensing Using Rogowski’s Coil

10 7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024
Submit Document Feedback
Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

13 TEXAS
INSTRUMENTS
www.ti.com CLLLC System Overview

2.2.2.5 IPRIM Current Sensing
The primary side current, IPRIM, is sensed using LMV796-Q1.(see Figure 2-12).

High Trip I—:D

On Chip DAC X-BAR

On Chip DAC

IPRIM

1.65V
Reference

On Chip DAC

.

Typical Non C2000 MCU C2000 MCU

Figure 2-12. IPRIM Current Sensing Circuit, Comparison With Typical MCU vs. C2000 MCU

2.2.2.6 Protection (CMPSS and X-Bar)

Most power electronics converters need protection from overcurrent events. For this design, multiple
comparators are needed, and references for the trip points need to be generated. Using C2000 MCUs—such as
TMS320F280039, which has an on-chip windowed comparator as part of the Comparator Subsystem (CMPSS)
along with 12-bit DACs for trip set points—that are internally connected to the PWM module enables fast tripping
of the PWM without the need of external hardware. This saves board space and cost in the end application as
extra components can be avoided by using on-chip resources such as DAC, comparators, and ADC. All of these
resources can be used together and at the same time, without any extra external connections. Furthermore, the
CMPSS-generated signals go to the X-Bar, where they can be combined in different and unique fashions to flag
unique trip events from multiple sources.

ADC

d

ADC Pin on
C2000 MCU

Comparator Subsystem

COMPL _—~~|{ DACLVAL

+ °

To PWM Trip
COMPH + DACHVAL

Figure 2-13. Comparator Subsystem (CMPSS) Used for Overcurrent Protection
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2.2.3 PWM Modulation
Figure 2-14 shows the PWM waveform configuration used on this design.

High-resolution PWM is used for the primary legs and the secondary legs. Up-down count mode is used to
generate the PWMs. To use the high-resolution PWMs, the PRIM_LEG1_H PWM pulse is centered on the period
event and the time base is configured to be up-down count. A complementary pulse with high-resolution dead
time is then generated for the complementary switch. Between LEG1 and LEG2, there is a 180-degree phase
shift for a full-bridge operation. This is achieved by using the feature on the PWM module to swap the xA and xB
output. (Alternatively, a phase shift can also be implemented, but is not needed on this design.)

The PWM pulse to the secondary side goes through an isolator, which adds additional propagation delay. To
account for this propagation delay, a small advance of the PWM is required. This is implemented in form of a
phase-shift delay with respect to the primary active PWM pulse’s falling edge. The phase shift of the secondary
side is a combination of the period and the delay needed for the isolator, as shown in Figure 2-14. As active
synchronous rectification scheme is used, the rising edge is controlled by the primary side PWM switch timing.
As the switching event can be noisy, a blanking window is used. The current in the secondary tank can be
discontinuous depending on the operating frequency and load. Hence, the falling edge is controlled by the trip
action that is triggered as soon as the secondary current reaches zero. The trip is then latched until the next zero
or period event to avoid any spurious turn on of the secondary side switches because of noise. The blanking
pulse is generated by the PWM time base but the trip latch and the blanking actions happen as part of the
CMPSS. Depending on whether it is the positive half or the negative half of the tank current, two different trip
signals are generated and sent to the PWM module through the X-Bar. The Type-4 PWM on the C2000 MCU
can uniquely use these events to trip the xA pulse during the up count and xB during the down count. For details,
refer to the code in the function CLLLC_HAL_setupSynchronousRectificationAction(), which is the HAL file for
the solution, see Section 5.1.2.

The global link mechanism on the Type-4 PWM is used to reduce the number of cycles needed

to update the registers and enables high-frequency operation. For example, the following code in the
CLLLC_HAL_setupPWM() function links the TBPRD registers for all the PWM Legs. Using this linkage, a single
write to the PRIM_LEG1 TBPRD register will write the value to PRIM_LEF2, SEC_LEG1, and SEC_LEG2.

EPWM_setupEPWMLInks (CLLLC_PRIM_LEG2_PWM_BASE,
EPWM_LINK_WITH_EPWM_1,
EPWM_LINK_TBPRD) ;

EPWM_setupEPWMLinks (CLLLC_SEC_LEG1_PWM_BASE,
EPWM_LINK_WITH_EPWM_1,
EPWM_LINK_TBPRD) ;

EPWM_setupEPWML1nks (CLLLC_SEC_LEG2_PWM_BASE,
EPWM_LINK_WITH_EPWM_1,
EPWM_LINK_TBPRD);

High-resolution PWM relies on carrying forward remainder calculation from the previous cycle into the next;
hence, a periodic sync should not be used between the primary and secondary side PWMs to maintain the
phase relation. Whenever a frequency change or duty change is detected, a one-time sync is issued using a fast
interrupt service routine (ISR1, see Section 5.1.2.2).
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Figure 2-14. PWM Scheme Used on CLLLC Design With Active Synchronous Rectification with Power
Flow Primary to Secondary

Similarly for the reverse power flow direction, the PWM configuration used is shown in Figure 2-15
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Figure 2-15. PWM Scheme Used on CLLLC Design With Active Synchronous Rectification with Power
Flow Secondary to Primary
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3 Totem Pole PFC System Description

WARNING

Do not leave the device 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 may cause shock, fire, or injury if not
properly handled. Use the equipment with necessary caution and appropriate safeguards to avoid
injury or damage to property. For safety, use of isolated equipment with overvoltage and overcurrent
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 design or components connected to the design.

Hot surface! Contact may cause burns. Do not touch! Some components may 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 may be present.

3.1 Benefits of Totem-Pole Bridgeless PFC

All plug-in hybrid electric vehicles (PHEVs) require an onboard charger (OBC) between the power grid and the
high-voltage battery pack located inside the vehicle. Implementing a power factor correction (PFC) converter is
mandatory to connect directly to the power grid for AC/DC power conversion and maximize the real power that
flows to the downstream DC/DC converters.

Conventional PFC converters implement a passive diode bridge for rectification, which is now known as a
passive PFC technique. The advantages of such a scheme are: simple design, reliability, slow-system control
loop, and low cost. However, the disadvantages are also very obvious: the passive components are heavy with
a low-power factor and generate significant power losses, which results in bulky heat sinks and a lot of heat
dissipation. Further investigation into the matter shows that an input bridge consumes approximately 2% of the
input power at the low line of a wide mains application. If the designer can suppress one of the series diodes,
then they can save 1% of the input power, which allows the efficiency to rise from 94% to 95% (Turchi; Dalal;
Wang; Lenck 2014). Due to previously-mentioned drawbacks, the power rating of bridged traditional PFCs is
limited under hundreds of watts, especially in a hybrid-electric vehicle (HEV) or electric vehicle (EV) where
reduced space and weight are the key design parameters.

As a result, the trend continues to move toward a bridgeless architecture with the elimination of the traditional
diode bridge. The OBC is based on a silicon power device and has limitations such as low efficiency, low
power density, and high weight. With the advantages of the SiC MOSFET, the designer can greatly improve
these limitations by utilizing the superior performance of fast switching, low reverse recovery charge, and a low

Rps(on).

Figure 3-1 shows the basic structure of the totem-pole bridgeless PFC boost rectifier. The component consists of
a boost inductor, two high-frequency boost GaN or SiC switches (Labeled SiC4 and SiC, in the diagram below),
and two components for conducting current at the line frequency. The line frequency components can be two
slow diodes, as Figure 3-1 shows. Side (A) shows two silicon diodes (D41 and D,). Side (B) shows that the use of
Si4 and Si, further increases the efficiency.
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Figure 3-1. Totem-Pole Bridgeless PFC Boost Converter Topology: (A) Diode for Line Rectification (B)
MOSFET for Line Rectification

The inherent issue in the totem-pole PFC is the operation mode transition at the AC voltage zero-crossing. When
the AC input changes from the positive half line to the negative half line at the zero-crossing, the duty ratio of

the low-side high-frequency switch SiC, changes from 100% to 0%, and the duty cycle of SiC4 changes from

0% to 100%. Because of the slow reverse recovery of the high-side diode (or body diode of the MOSFET), the
voltage at the cathode of D, cannot jump from ground to DC+ voltage instantly (this causes a large current
spike). Because of this issue, the designer cannot use an Si MOSFET in a continuous-conduction mode (CCM)
totem-pole PFC. Therefore SiC4 and SiC, must be either gallium nitride (GaN) or SiC MOSFET field-effect
transistors (FETs), which have a low reverse recovery, for TIDM-02013 we have chosen GaN FETs.

The biggest advantage of the totem-pole PFC is the reduced power losses in the conduction path. Table 3-1
shows the device comparison between a conventional PFC and a totem-pole PFC.

Table 3-1. Device Comparison of Conventional Bridged PFC and Totem-Pole Bridgeless PFC

LOW-FREQUENCY HIGH-FREQUENCY |HIGH-FREQUENCY
PARAMETER DIODES DIODES SWITCHES CONDUCTION PATHS
Conventional bridaed Two low-speed diodes + one switch
9 Four One One or (two low-speed diodes + one high-
PFC .
speed diode)
Totem-pole bridgeless One high-speed GaN switch + one
PFC Two zero Two low-speed Si (or SIC) MOSFET

The following list summarizes the benefits of the totem-pole PFC:

» Although the conventional PFC boost converter is the most popular topology, its efficiency suffers from the

conduction losses of the front-end diode bridge rectifier and it is not bidirectional. A totem-pole PFC is

inherently capable of bidirectional operation.
» Bridgeless PFC boost converters greatly reduce the number of diodes, increase the power density, and
increase the efficiency.
* This PFC is superior in terms of: high efficiency, small common mode noise, small AC current ripple, small
reverse recovery current, and fewer components.
* The low reverse recovery charge of the GaN body diode and the low turn on resistance of the GaN FET
make the converter an efficient and cost-effective solution for bidirectional onboard chargers.
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3.2 Totem-Pole Bridgeless PFC Operation

The totem-pole PFC operates in the positive and negative cycles of the AC mains input, respectively, and
determines the current flow depending on how the high frequency GaN MOSFETSs are switched (see Figure 3-2

and Figure 3-3, respectively).

The high-frequency GaN MOSFETs together with the inductor create a synchronous mode boost converter.
During the positive half cycle, S, is the boost switch which is driven with duty cycle D and Sy is driven with

a complementary pulse-width modulation (PWM) signal (1-D). Figure 3-2 (A) shows the direction in which the
current flows. Similarly, during the period when S, is switched with 1-D, Sy is switched with D; Figure 3-2 (B)
shows the direction in which the current flows. Note that, during this cycle, Sp, conducts continuously.

During the negative half cycle, the operation is similar except that the role of the high-side- and low-side,
high-frequency switches are swapped. Figure 3-3 shows the direction in which the current flows. Note that,

during this cycle, Sp1 conducts continuously.

Sy Spi

Power Grid
VAC

T L 4

Load Power Grid
VAC

S Sp2

Figure 3-2. Totem-Pole Bridgeless PFC Operation During Positive Half Cycle: (A) While S, is Switched
ON (B) While S, is Switched OFF

Sq J Sp1
Load
—®
«
SZ | SD2
(b)
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Figure 3-3. Totem-Pole Bridgeless PFC Operation During Negative Half Cycle: (A) While S, is Switched
ON (B) While S, is Switched OFF

This reference design uses GaN FETs (LMG3522R030-Q1) and TI's C2000™ Piccolo™ (TMS320F280039C)
high-performance MCU. The high-frequency GaN FETs operate at a 120-kHz switching frequency and the pair of
Si MOSFETSs operate at the line frequency (approximately 45 Hz to 60 Hz). Thus the conduction path includes
one GaN switch and one low-frequency Si switch with significantly-reduced conduction losses. The use of
two-channel interleaving to reduce conduction loss and input current ripple. Test results demonstrate a high
efficiency above 98.5%.

18 7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024

Submit Document Feedback
Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

13 TEXAS
INSTRUMENTS

www.ti.com

Totem Pole PFC System Description

3.3 Key System Specifications

Table 3-2 lists the key system specifications of this design.
Table 3-2. TIDA-02013 PFC Key System Specifications

PARAMETER

SPECIFICATIONS

Input

Single phase
Voltage: = 90-V ACRrys to 264-V ACrus
AC line frequency range: 50Hz to 60 Hz

Input current: 32 Arms_max at 240 V, 32 Agus_max at 120 V

Power factor: = 0.99

Output *

PFC output: = 400 V Typical
Maximum output power: 7.4kW at = 400 V
Peak efficiency: 98.5%

Performance

PFC stage for high-voltage li-ion battery OBC
Switching frequency: 120 kHz

Isolation: Reinforced

Input AC sensing

PFC output voltage sensing

Protection

Overtemperature protection
Short-circuit protection
Overcurrent protection
Undervoltage protection
Overvoltage protection at
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3.4 System Overview
3.4.1 Block Diagram

Figure 3-4 shows the system block diagram of the TIDM-02013 reference design, which includes the following
elements.

» Power switches G1-G4 are high-frequency GaN MOSFETSs, for which there is a 180° phase shift between
each half bridge leg. G5 and G6 forms a low-frequency (40- to 60-Hz) synchronous rectifier bridge which
virtually has no switching loss; a low conduction loss feature is desirable for these two devices.

+ TMS320F280039C C2000 real-time microcontroller functions as the controller, which has all the voltage and
current sensor inputs and generates the correct PWM signals for G1-G6. The controller also reads any fault
signal from the gate driver boards and shuts down the system if a fault occurs. The reset function is used
during start-up or when a fault clears.

+ Hall sensors are used to sense the total input current and current for each channel. Voltage dividers are used
to sense the input line and neutral voltages as well as output DC bus voltages.

Y
Jjw
L

Figure 3-4. TIDM-02013 PFC Block Diagram

3.5 System Design Theory
3.5.1 PWM

Figure 3-5 shows a simplified diagram of a single phase of the interleaved TTPL PFC topology. To control this
rectifier, the duty cycle is controlled to regulate the voltage directly. This regulation is possible if the software
variable Duty, or D, is set so that when it is equal to 1, Q3 is always ON, and the setting makes the voltage V,;n
equal to the V¢ voltage. When Duty is set to 0, Q3 never turns on, and Q4 is always connected to DC bus
negative, which makes the voltage go to 0.

.k
4

Q3
-«

D
= duty

from the
control loop

Q2

CAD
CAD
Q4
< -« D

I N O

Figure 3-5. Single-Phase Diagram of TTPL PFC

3.5.2 Current Loop Model

To understand the current loop model, first look at the inductor current closely. In Figure 3-5, the duty cycle (D) is
provided to the PWM modulator, which is connected to the switch Q3 and Q4. From here, Equation 6 is written
as:
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Viin =D X Vipys 6)

Note
When D is set to 1, Q3 is on all of the time, and when D is 0, Q3 is off all of the time.

To modulate the current through the inductor, the voltage Viinis regulated using the duty cycle control of Q3
and Q4 switches. It is assumed that the direction of current is positive in the direction from the AC line into
the rectifier and that the grid is fairly stiff when using the DC bus feedforward and the AC voltage feedforward.
Figure 3-6 shows the simplified current loop, and the current loop plant model is written as Equation 7.

ii 1

= Wi _ oo L
Hp_i =D = Kv_gain XKl_gaan Gg ¥ Z; (7)

where,

1
« Ky _gainis the inverse of maximum bus voltage sensed, VbusMaxSense
1

. Ki_gain is the inverse of maximum AC current sensed, IAC_MaxSense

. Ki_fris the response of the RC filter connected from the current sensor to the ADC pin

- Gyisthe digital delay associated with the PWM update and digital control is the current command

» liis the current command

ViN * Kvacﬁga<_._in KVacﬁgain ‘ ViN

VousK

bus’ v _gain

A

I Kiﬁgam I‘_| K\Jtr I‘i

PLANT

MCU

Kvﬁgain 4_ Vbus

Figure 3-6. Current Loop Control Model

Note

The negative sign on the reference is used because the current loop is thought to be regulating the

voltage, VyiN. To increase the current, Vxin must be reduced—hence, the opposite sign for reference
and feedback in Figure 3-6.

This current loop model is then used to design the current compensator. A simple proportional integral controller
is used for the current loop.

In the case of two interleaved phases, the current is simply two times more as the same duty cycle is provided to
each leg. Hence, the plant model is given as Equation 8.

if';

Li 1 1
Hp_i =D = 2x Ky gain X Ki_gain X Ki_fltr X Gg X Z_l (8)
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3.5.3 DC Bus Regulation Loop

The DC bus regulation loop is assumed to provide the power reference. The power reference is then divided by
the square of the line voltage's RMS to provide the conductance, which is further multiplied by the line voltage
giving the instantaneous current command.

Small signal model of the DC bus regulation loop is developed by linearizing Equation 9 around the operating
point.

. _
. . . VNrms -
ipcVbus = NVNrmsiNrms —> IDC =1 —= ILi

Vbus 9)

For a resistive load, the bus voltage and current are related as shown in Equation 10:

A

R :
Vbus = L

—— IDC
1 +SR|_C0 (10)

The DC voltage regulation loop control model can be drawn as shown in Figure 3-7. An additional Vs feed
forward is applied to make the control loop independent of the bus voltage. Therefore, the plant model for the
bus control can be written as in Equation 11:

Hy pus = Hioqd *1* * K n* Ky fier* M (11)
p_bus oa Ki_gain = v-9ain v_fltr Kyac_gain
Vac % Kvac_gain
i fe )
1 Vbusﬁavg GiGp \7rms RL Vous
et L e L
Vims~ X Kvac_gain Ku_gain -8 1+ GiGp Vous 1+sR.C,

NotchFilter <—| Kv_gain |4—‘| Kv_ﬂt,» }1

Figure 3-7. DC Voltage Loop Control Model

Copyright © 2017, Texas Instruments Incorporated

Using Figure 3-7, a proportional integrator (PI) compensator is designed for the voltage loop. The bandwidth of
this loop is kept low as it is in conflict with the THD under steady state.

3.5.4 Soft Start Around Zero-Crossing for Eliminating or Reducing Current Spike

Zero-crossing current spikes present a challenging issue for TTPL PFC topologies. This issue is solved by
implementing a soft-start scheme with a state machine to turn on and off switches in a particular sequence.
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Figure 3-8. PWM Sequence With Soft Starting to Reduce Current Spike at Zero-Crossing

Figure 3-8 shows the switching sequence when the AC wave goes from negative to positive. During the negative
half, Q1 is ON, Q3 is the active FET, and Q4 is the sync FET. During this time, the voltage across Q2 is

the DC bus voltage. When the AC cycle changes, Q2 must be on 100% or close to 100%. If Q2 is turned

ON immediately, a substantial positive spike results. Therefore, a soft-start sequence is used to turn Q4 ON

as shown in Figure 3-8. The tuning of this soft start depends on the inductance value and other power stage
parameters such as device Cqgs.

Another reason for a negative current spike around zero-crossing is the relatively low AC voltage around the
zero-crossing. When Q3 is turned ON, though the duty cycle is low, a high-voltage difference is applied and can
result in a high negative current spike. Therefore, a sufficient delay is applied before Q3 starts switching back
again.

Similarly, Q2 is turned on after some delay after the soft start has started.
3.5.5 Current Calculation
Select the input fuse, filter current ratings based on the max input current, which Equation 12 calculates as:

_ Pout_max _
Iinrms_W— 28.2A (12)

where,

*  Pout max is the maximum output power 6.6 kW
+ nis the efficiency (assumed as 98.6%)

* V|N Rus is the input voltage RMS value (240 V)
« PFis the power factor (assumed as 0.99)

3.5.6 Inductor Calculation

The inductor plays important role in affecting system efficiency, current ripple, and overall size. It is always a
balance between the efficiency and the power density. The inductance value is calculated based on the input
voltage, output voltage, and worst case ripple.
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The duty cycle is calculated as:
1 _ Vin

D=1-p2 (13)
Calculation of the current ripple into inductor can be distinguished into three periods:

Vi Vout = Vi
Iripp,,(,:(%—mM)xDxTS —ForD<1/3 (14)

2% Vin  Vour—Vi
Leipple = ( XL n_ —out, m) X (D - %) XTy «For1/3<D<2/3 (15)

3XVin 2
Iripple=( T )X(D—g)sz —ForD>=2/3 (16)
In the worst cases, the equation becomes:

V t X T

Iripple = 12T (17)

This design targets at achieving 10% current ripple at maximum input power and maximum AC current:

VZxP out_max

. 0,
Iripple < 10% X “5—2tCH

(18)

where,

* Pout_max is the maximum output power
* nis the efficiency
*  Vin_max is the maximum input voltage

As a result, the inductance is calculated as 126 pH at 12 A RMS current.
3.5.7 Output Capacitor Calculation

Due to the input double-line frequency ripple on the DC link capacitor, its capacitance is mainly determined by
the output voltage ripple, as calculated in Equation 19:

Pout/Vout
c ) > out/ "V ou = 860uF 1
out(min) 4-7 fline_min - Vripple_max a "

where,

*  Poyrtis the output power

*  Vouyrt is the output voltage

* fLNE miN IS the minimum line frequency
« VgippLe is the output ripple

The actual capacitor used is 1410 pF(3 x 470uF).
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3.5.8 Current and Voltage Sense

The Hall-effect sensor ACS733KLATR-40AB-T is used for the total input current sensing, as Figure 3-10 shows.
The OPA320-based amplifier circuit tunes the low output voltage of the sensor to a higher level and sends

this voltage to the controller ADC pin. The ACS733KLATR-40AB-T device senses each individual interleaved
phase's current which allows phase current balancing.

Iim¢

Current
Hall -Effect
Sensor

Figure 3-9. Hall Effector Sensor Signal Conditioning Circuit

The output voltage from the signal conditioning circuit is scaled to match the ADC range using the circuit as
shown in Figure 3-9. The voltage is calculated as:

Loyt = 5| Iy X —2200E__ 4y 20
out Re( v T ominal_max of fset (20)
AC L
3V3 PRI C215
1]
1
R154 1N P R 8 [~ v =
0.17uF PGND
16.5% u4a7
+ 4+ + + QQ
3V3_PRI g2 dddd oo
1V65 REFl—R'\l?va—- ! i
- 23]
106 _—|—0212 3
25V 3
0.1pF =
 —— s R155
— U46 2 ES 10.0k
4 > PGND o s 5 |5
T 1 R148 _ TTPLPFC IAC PH1 ofee ¢ 8 |2 8
IAC_PH1 SENSOR R146 3.4 v 19.6 § 66 & s & 5
100k OPA320AQDBVRQ1
~ elof o o e| ¥ |
R145 | Place On Top C209
16.5% = 16V
PGND Io.mF v ?l‘égk
1V65_REF PGND = g| ==cai
- PGND z 50V
) 100pF N
5 = PGND
o| PGND
<
‘ ‘ ‘ ‘ 3V3 PRI C208
Figure 3-10. Schematic of Current Sensing
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The input AC voltage is sensed differentially by sensing the line, and the neutral inputs refer to the control
ground separately with two voltage dividers, as Figure 3-11 shows. The control ground is the DC link negative
terminal; therefore, a single voltage divider can be used to sense the DC bus voltage. An RC filter filters the
signals before connecting to the controller. A common RC filter is used for all the sensing signals on this design.

i TTPLPFC VAC N
365
R147 —=cC210
7.15k 50V
470pF
PGND PGND
Ri44 . TTPLPFC VAC L
365
R141 ——C207
7.15k 50V
470pF

PGND PGND

Figure 3-11. Schematic of Voltage Dividers for AC Input Voltage Sense
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4 Highlighted Products
4.1 C2000 MCU TMS320F28003x

C2000™ 32-bit microcontrollers are optimized for processing, sensing, and actuation to improve closed-loop
performance in real-time control applications such as industrial motor drives; solar inverters and digital power;
electrical vehicles and transportation; motor control; and sensing and signal processing.

The TMS320F28003x (F28003x) is a powerful 32-bit floating-point microcontroller unit (MCU) that lets designers
incorporate crucial control peripherals, differentiated analog, and nonvolatile memory on a single device.

The CLA allows significant offloading of common tasks from the main C28x CPU. The CLA is an independent
32-bit floating-point math accelerator that executes in parallel with the CPU. Additionally, the CLA has its own
dedicated memory resources and it can directly access the key peripherals that are required in a typical control
system. Support of a subset of ANSI C is standard, as are key features like hardware breakpoints and hardware
task-switching.

High-performance analog blocks are integrated on the F28003x MCU to further enable system consolidation.
Three separate 12-bit ADCs provide precise and efficient management of multiple analog signals, which
ultimately boosts system throughput. Four analog comparator modules provide continuous monitoring of input
voltage levels for trip conditions.

The TMS320C2000™ devices contain industry-leading control peripherals with frequency-independent Enhanced
Pulse Width Modulator/High-Resolution Pulse Width Modulator (ePWM/HRPWM) and Enhanced Capture
(eCAP) module allow for a best-in-class level of control to the system. The built-in Sigma-Delta Filter Module
(SDFM) allows for seamless integration of an oversampling sigma-delta modulator across an isolation barrier.

Connectivity is supported through various industry-standard communication ports [such as Serial Peripheral
Interface (SPI); Serial Communication Interface (SCI); Inter-integrated Circuit (I12C); and Controller Area Network
(CAN)] and offers multiple multiplexing options for optimal signal placement in a variety of applications. New

to the C2000™ platform is the fully compliant Power-Management Bus (PMBus). Additionally, in an industry

first, the Fast Serial Interface (FSI) enables high-speed, robust communication to complement the rich set of
peripherals that are embedded in the device.

A specially enabled device variant, TMS320F28003xC, allows access to the Configurable Logic Block (CLB) for
additional interfacing features. See the Device Comparison table in the TMS320F28003x microcontrollers data
manual for more information.

The Embedded Real-Time Analysis and Diagnostic (ERAD) module enhances the debug and system analysis
capabilities of the device by providing additional hardware breakpoints and counters for profiling.

Following is the subset of features of the C2000 MCU that are highlighted on this design to enable control of
high-frequency CLLLC topology:

1. High-resolution PWM: With picosecond resolutions possible, the ePWM module on the C2000 MCU can
generate high-frequency PWM with accuracy. With the Type-4 PWM high-resolution period control, high-
resolution duty control, high-resolution dead-band control, along with high-resolution phase shift control, is
possible. This enables generation of balanced pulses for the resonant tank excitation and is an enabling
feature for high-frequency power converters.

2. Comparator Subsystem (CMPSS) with ePWM for active synchronous rectification: Active synchronous
rectification enables higher efficiency and for high-frequency resonant converters that operate both
below and above the resonant point, it is a necessary feature for the topology. The C2000 MCUs'
integrated CMPSS enables generation of the active synchronous rectification pulses by using the integrated
comparators and the integrated Digital-to-Analog Converters (DACs). (See Section 2.2.2.4.)

3. Blanking window: Due to noise, which is unavoidable in switching converters, the blanking window feature
is used to suppress the CMPSS output during noisy switching events. This blanking window is provided by
the ePWM time base and can be applied at different times during the PWM cycle. (See Section 2.2.3.)

4. X-Bar: Multiple trip sources are possible in a power converter. The X-bar enables combining different trip
actions from either different CMPSS or from GPIO to generate trip behavior desired in the ePWM without
need of external logic.

5. Control Law Accelerator (CLA) enables integration of control of multiple topologies on a single controller.
The software provided with this design provides the option to run the control loop on the CLA or the C28x.
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6. Global Link feature in PWM module enables update to multiple PWMs through a single write, which
reduces the CPU burden and enables higher-frequency converters to be controlled easily.

4.2 LMG352xR30-Q1

The LMG352xR030-Q1 is an automotive qualified 650-V 30-mQ GaN FET with integrated driver, protection and
temperature reporting. The integrated driver enables switching speed up to 150 V/ns. TI’s integrated precision
gate bias results in higher switching SOA compared to discrete external gate drivers. This integration, combined
with a low-inductance package, delivers clean switching and minimal ringing in hard-switching power supply
topologies. Other features, including adjustable gate drive strength for EMI control, overtemperature, and robust
overcurrent protection with fault indication, provide optimized BOM cost, board size, and footprint. Advanced
power management features include digital temperature reporting; the temperature of the GaN FET is reported
through a variable duty cycle PWM output, which enables the system to optimally manage loading.

4.3 UCC21222-Q1

The UCC21222 device is an isolated dual channel gate driver with programmable dead time. It is designed with
4-A peak-source and 6-A peak-sink current to drive power MOSFET, IGBT, and GaN transistors.

The UCC21222 device can be configured as two low-side drivers, two high-side drivers, or a half-bridge driver.
5ns delay matching performance allows two outputs to be paralleled, doubling the drive strength for heavy load
conditions without risk of internal shoot-through.

The input side is isolated from the two output drivers by a 3.0-kVRys isolation barrier, with a minimum of
100-V/ns common-mode transient immunity (CMTI).

Resistor programmable dead time gives the capability to adjust dead time for system constraints to improve
efficiency and prevent output overlap. Other protection features include: Disable feature to shut down both
outputs simultaneously when DIS is set high, integrated deglitch filter that rejects input transients shorter than
5-ns, and negative voltage handling for up to -2-V spikes for 200-ns on input and output pins. All supplies have
UVLO protection.

4.4 AMC3330-Q1

The AMC3330 is a precision, isolated amplifier with a fully integrated, isolated DC/DC converter that allows
single-supply operation from the low-side of the device. The reinforced capacitive isolation barrier is certified
according to VDE V 0884-11 and UL1577 and separates sections of the system that operate on different
common-mode voltage levels and protects low-voltage domains from damage. The input of the AMC3330 is
optimized for direct connection to high-impedance, voltage-signal sources such as a resistor-divider network
to sense high-voltage signals. The integrated isolated DC/DC converter allows measurement of non-ground-
referenced signals and makes the device a unique design for noisy, space-constrained applications.

4.5 AMC3302-Q1

The AMC3302 is a precision, isolated amplifier optimized for shunt-based current measurements. The fully
integrated, isolated DC/DC converter allows single-supply operation from the low-side of the device, which
makes the device a unique solution for space-constrained applications. The reinforced capacitive isolation
barrier is certified according to VDE V 0884-11 and UL1577 and supports a working voltage of up to 1.2 kVrus.
The isolation barrier separates parts of the system that operate on different common-mode voltage levels and
protects the low-voltage side from hazardous voltages and damage. The input of the AMC3302 is optimized for
direct connection to a low-impedance shunt resistor or another low-impedance voltage source with low signal
levels. The excellent DC accuracy and low temperature drift supports accurate current measurements over the
extended industrial temperature range from —40°C to +125°C.
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5 Hardware, Software, Testing Requirements, and Test Results
5.1 Required Hardware and Software

This section details the hardware and explains the different sections on the board and how to set them up for the
experiments as outlined in this design guide.

5.1.1 Hardware Settings

The design follows a High-Speed Edge Card (HSEC) control card concept, and any device for which a HSEC
control card is available from the C2000 MCU product family can be potentially used on this design. The key
resources used for controlling the power stage on the microcontroller are listed in Table 5-1. Figure 5-1 shows
the key power stage and connectors on the reference design. Table 5-3 lists the key connectors and their
functions.

1. Make sure no power source is connected to the board.

2. Insert the control card in the J25 slot.

3. Connect a power source (but do not power up) for the 12V bias supplies (+12 V, 2 A) at the J15 shown in
Figure 5-1.

4. Now, switch the power source on for the bias supply. A green LED on the control card will light up. This

indicates the C2000 MCU device is powered. Note: The bias for the microcontroller is separated from the

power stage; this enables a safe bring up of the system in this set of instructions.

To connect JTAG, use a USB cable from the control card and connect it to a host computer.

For operation of the TTPLPFC stage an AC input must be connected to J33 (90V - 264V). For testing a

>10kW supply has been used, however a clean and stable lower-rated supply can be used in the case

where only low-power tests are being conducted.

7. For stand alone operation of the PFC stage a load may be connected to J37 and J38, alternatively the
CLLLC can be used to load the PFC stage.

8. For stand alone operation of the CLLLC stage a DC power supply (400V) may be connected to VBUS at
J15. If this is done the TTPLPFC should not be started in software and the AC source described in step 6
above should not be connected.

9. Aload should be connected to the secondary side of the CLLLC converter when in use. J7 and J10 can be
used to connect such a load.

10. When operating both the PFC and DCDC stages connect an AC supply as in Step 6 above and a load as in
step 9 above. No connection to VBUS is needed however a current bleed resistor may be helpful to ensure
excess voltage can be quickly bled off after execution of the OBC.

11. Current and voltage probes can be connected to observe the tank current at primary and secondary.
Optionally, a power meter can be connected to measure the efficiency.

oo
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J33 J37(-) J38(+) J15
AC input connector VBUS 12 V bias supply
‘ J7(-) J10(+)

/ VSEC

z
=

J25-326
C2000 MCU Control Card

Figure 5-1. Board Overview

There are 7 bias supply daughter cards required shown in red

Figure 5-2. PMP22712 - bias supplies

There is one Feedback isolation daughter card PMP22773 required indicated in red
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Figure 5-3. PMP22773 - Feedback Isolation Daughter Card
Table 5-1. Key Digital Pin Assignments
Signal name HSEC Pin Number F28003x peripheral

SYSTEM ISR Trigger - ECAP1
CLLLC_CONTROL_OUTPUT_DAC_PIN 14 DACA
CLLLC_PRIM_LEG1_H/L 49/ 51 EPWM1 (A/B)
CLLLC_PRIM_LEG2_H/L 53/ 55 EPWM2 (A/B)
CLLLC_SEC_LEG1_HIL 50/ 52 EPWM3 (A/B)
CLLLC_SEC_LEG2_H/L 54/ 56 EPWM4 (A/B)
CLLLC_FAULTn 74 GPIO-23 — INPUTXBAR2
CLLLC_LC_CHANGE 62 GPIO-14
CLLLC_SEC_SIDE_DIAG 80 GPIO-30
TTPLPFC_LOW_FREQ_H/L 57/ 59 EPWMS5 (A/B)
TTPLPFC_HIGH_FREQ_PH1_H/L 61/ 63 EPWM6 (A/B)
TTPLPFC_HIGH_FREQ_PH2_H/L 58/ 60 EPWM7 (A/B)
TTPLPFC_FAULTNn 72 GPIO-22 — INPUTXBAR1
TTPLPFC_INRUSH_RELAY_CTRL 64 GPIO-15
ERRORSTSn 102 GPIO55
SYSTEM_WATCHDOG_OUT 75 GPI024
SYSTEM_WATCHDOG_DISABLE 77 GPIO25(Resistor option)
SYSTEM_PMIC_SPI (resv) 79 GPI026(Resistor option)
SYSTEM_PMIC_SPI (resv) 81 GPI027(Resistor option)
SYSTEM_DISABLE_FET_SUPPLY 85 GPIO32
SYSTEM_TEMP_MUX_OUT1 91 GPI041 -> ECAP2 — INPUTXBAR3
SYSTEM_TEMP_MUX_OUT2 96 GPIO60 -> ECAP3 — INPUTXBAR4
SYSTEM_TEMP_MUX_SEL_1-3 93 GPI1047

94 GPIO58

95 GPIO59
SYSTEM_PROFILING1-3 89 GPI040

92 GPI1044

101 GPIO49
FSI_TX_DO 101 GPIO-49/FSITXA DO
FSI_TX_D1 103 GPIO-50/FSITXA_D1
FSI_TX_CLK 105 GPIO-51/FSITXA_CLK
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Table 5-1. Key Digital Pin Assignments (continued)

Signal name

HSEC Pin Number

F28003x peripheral

LED1
LED2

82
86

GPI0-31 — LED1
GPI0-34 — LED2 (SFRA)

This table describes the sampling scheme for the reference design. Across the top each column represents

one independent ADC. Each ADC acts entirely independently from the others. Each signal is assigned one or
more Start Of Conversions (SOCs). Each SOC represents one independent reading of that channel, for example
TTPLPFC_IAC_PH1 is assigned SOC0 and SOC1 within ADCA. This means that this signal will be sampled
twice every cycle, once triggered by ePWM6_SOCA and once triggered by ePWM6_SOCB. Since this trigger is
running at 120kHz this signal is effectively oversampled by a factor of two times during each 120kHz sampling
period. Similarly CLLLC_ISEC is oversampled 11 times, and CLLLC_IPRIM is not oversampled. The table also
indicates several low-frequency sampled signals which can be seen that these signals use a different SOC
signal. Finally since a round robin counter is used to process the SOCs in numeric order the table reads as a
timeline from top to bottom in the order of sampling.

Table 5-2. Key Analog Signals

ADC-A

ADC-B

ADC-C

Highest Priority Signals
(120kHz)

TTPLPFC_IAC_PH1 (A2, CMPSS1)
SOCO — ADC_TRIGGER_EPWM6_SOCA
SOC1 — ADC_TRIGGER_EPWM6_SOCB

TTPLPFC_IAC_PH2 (B12, CMPSS3)
SOCO —
ADC_TRIGGER_EPWM6_SOCA
SOC1 —
ADC_TRIGGER_EPWM6_SOCB

TTPLPFC_VAC (C7)

SOCO —
ADC_TRIGGER_EPWM6_SOCA
SOC1 —
ADC_TRIGGER_EPWM6_SOCB

CLLLC_ISEC (A5, CMPSS2)

SOC2 — ADC_TRIGGER_EPWM6_SOCA
SOC3 — ADC_TRIGGER_EPWM6_SOCA
SOC4 — ADC_TRIGGER_EPWM6_SOCA
SOC5 — ADC_TRIGGER_EPWM6_SOCA
SOC6 — ADC_TRIGGER_EPWM6_SOCA
SOC7 —ADC_TRIGGER_EPWM6_SOCA
SOC8 — ADC_TRIGGER_EPWM6_SOCB
SOC9 — ADC_TRIGGER_EPWM6_SOCB
SOC10 — ADC_TRIGGER_EPWM6_SOCB
SOC11 — ADC_TRIGGER_EPWM6_SOCB
SOC12 — ADC_TRIGGER_EPWM6_SOCB

TTPLPFC_VBUS / CLLLC_VBUS
(B4)

SOC2 —
ADC_TRIGGER_EPWM6_SOCA
SOC3 —
ADC_TRIGGER_EPWM6_SOCB
SOC4 —
ADC_TRIGGER_EPWM7_SOCA
SOC5 —
ADC_TRIGGER_EPWM7_SOCB

CLLLC_VSEC (C11, CMPSS2)
S0C2 —
ADC_TRIGGER_EPWM6_SOCA
SOC3 —
ADC_TRIGGER_EPWM6_SOCA
SOC4 —
ADC_TRIGGER_EPWM6_SOCA
SOC5 —
ADC_TRIGGER_EPWM6_SOCA
SOC6 —
ADC_TRIGGER_EPWM6_SOCA
SOC7 —
ADC_TRIGGER_EPWM6_SOCA
SOC8 —
ADC_TRIGGER_EPWM6_SOCA
SOC9 —
ADC_TRIGGER_EPWM6_SOCA
SOC10 —
ADC_TRIGGER_EPWM6_SOCA
SOC1 —
ADC_TRIGGER_EPWM6_SOCA
S0C12 —
ADC_TRIGGER_EPWM6_SOCA

CLLLC_IPRIM (A9, CMPSS2)
SOC13—ADC_TRIGGER_EPWM1_SOCA

Low-Frequency Sampling
Signals
(10kHz)

TTPLPFC_VAC_L (A4)
SOC14 -ADC_TRIGGER_CPU1_TINT2

TTPLPFC_VAC_N (B2)
SOC10 —
ADC_TRIGGER_CPU1_TINT2

TTPLPFC_VBUS2 (C10, CMPSS2)
S0C14 —
ADC_TRIGGER_CPU1_TINT2

SYSTEM_ TEMP_1 (A11)
SOC15 — ADC_TRIGGER_CPU1_TINT2

SYSTEM_VREF_1_65 (B5)
SOC11
—ADC_TRIGGER_CPU1_TINT2

CLLLC_VSEC (C11, CMPSS2)
VSEC13 — SOC15
—ADC_TRIGGER_CPU1_TINT2
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Table 5-2. Key Analog Signals (continued)
ADC-A ADC-B ADC-C
Not Sampled, CMPSS only CLLLC_IPRIM_TANK (A12/C5, CLLLC_ISEC_TANK (C1, CMPSS4)
CMPSS2)
Table 5-3. Key Connectors and Their Function
CONNECTOR
NAME FUNCTION
J33 AC input

J37/J38 VBUS connection; PFC output, DCDC VPRIM
J7/J10 DCDC output connection; DCDC VSEC

J15 12V 2 A power supply
J25/J26 HSEC control card connector slot

5.1.1.1 Control Card Settings

Certain settings on the device control card are required to communicate over JTAG and use the isolated UART
port. The user must also provide a correct ADC reference voltage. The following are the required settings

for revision A of the F280039C control card. The user can also refer to the information sheet located inside
C2000Ware at \c2000ware\boards\controlcards\TMDSCNCD280039C or alternatively get it from the F280039
controlCARD Information Guide.

1. S1:A on the control card must be set on both ends to the ON (Left) position to enable JTAG connection to
the device and UART connection for the SFRA GUI. If this switch is set to OFF (Right), the user cannot use
the isolated JTAG built-in on the control card nor can the SFRA GUI communicate to the device.

2. J1:Ais the connector for the USB cable that is used to communicate to the device from a host PC on which
Code Composer Studio™ Integrated Development Environment (IDE) runs.

3. A 3.3-Vreference is desired for the control-loop tuning on this design. Internal reference of the F28003x is
used, and for this, the S3 switch must be moved to the top position(that is, pointing to INT).

4. A capacitor is connected between the isolated grounds on the control card, C7:A. It must be removed before
connecting HV power.

For best performance RC filter caps are required to be added to several ADC channels. Each of the
component designators are clearly marked in the silkscreen and assembly plots can be found in C2000Ware for
TMDSCNCD280039C. \c2000ware\boards\controlcards\TMDSCNCD280039C

SIGNAL CAPACITOR COMPONENT CAPACITOR VALUE
DESIGNATOR
TTPLPFC_VBUS c46 1 uF 0603
CLLLC_VSEC c43 1 uF 0603
TTPLPFC_VAC c32 1 uF 0603
TTPLPFC_IAC_PH1 C31 1 uF 0603
TTPLPFC_IAC_PH2 c49 1 uF 0603
CLLLC_ISEC_TANK C50 560 pF 0603
CLLLC_ISEC c34 1 uF 0603

5.1.2 Software

The software of this design is available in the DigitalPower Software Development Kit (SDK) for C2000 MCUs
(C2000WARE-DIGITALPOWER-SDK).

5.1.2.1 Opening the Project Inside Code Composer Studio

To start:
1. Install Code Composer Studio from the Code Composer Studio (CCS) Integrated Development Environment

(IDE) tools folder. Version 12.0 or above is recommended.
2. Install C2000WARE-DIGITAL-POWER-SDK in one of two ways:
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* Through the C2000Ware Digital Power SDK tools folder
* Go to CCS and under View — Resource Explorer. Under the Tl Resource Explorer, go to C2000WARE-
DIGITAL-POWER-SDK, and click on the install button.
3. When installation completes, close CCS, and open a new workspace. CCS automatically detects
powerSUITE. A restart of CCS may be required for the change to be effective.

Note
powerSUITE is installed with the SDK by default.

The firmware project can now be imported as follows:

The user can also directly import the project, by going inside CCS to Click Project — Import CCS Projects and
browsing to the solution folder located at <SDK>/solutions/tidm_02013/f28003x/ccs.

A project spec will appear, clicking on this will create a self-contained folder of the project with all the
dependencies inside it.

5.1.2.2 Project Structure

®

2y powerSUITE (solution-settings.h) o/
soumon N

I

main.c / clatasks.cla

v :

system solution (solution.c/.h)

C2000 Library Modules

m |7

DCL Power Meas Power Meas

System Solution
Board Drivers
(solution_hal.c/h)

v

Driverlib

C28x MCU

Figure 5-4. Project Structure Overview
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The general structure of the project is shown in Figure 5-4. Once the project is imported, the Project Explorer will
appear inside CCS as shown in Figure 5-5.

Solution-specific and device-independent files that consist of the core algorithmic code are in <solution>.c/h. For
example TTPLPFC.c or CLLLC.h.

Board-specific and device-specific files are in <solution>_hal.c/h. This file consists of device-specific drivers to
run the solution. If the user wants to use a different modulation scheme or a different device, the user is required
only to make changes to these files, besides changing the device support files in the project.

The <solution>-main.c file consists of the main framework of the project. This file consists of calls to the board
and solution file that help in creating the system framework, along with the interrupt service routines (ISRs) and
slow background tasks.

For this design, there are three <solution> monikers obc_7_4kw, cllic, and ttpipfc. Please note that to maintain
maximum flexibility we have chosen to keep the CLLLC code base and the TTPLPFC code base as independent
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as possible while the obc_7_4kw files were added where needed to contain settings independent to the
TTPLPFC and CLLLC. This allows the end user to operate each stage independently and incorporate different
topologies for either the PFC or DCDC stages easily in their final design if desired.

The <solution>_settings.h file contains code configuration settings like which lab to build. While the
<solution>_user_settings.h contains the board level configurations such as #defines for ADC mapping, GPIOs
etc.

solution.js files contain a script file which can help populate relevant variables to observer during the execution
of each lab. To use these scripts open the scripting console(View - Scripting Console). Paste the contents of the
solution.js file into the scripting console and press enter. This will populate the expressions window for debug
later.

The solution name is also used as the module name for all the variables and defines used in the solution. Hence,
all variables and function calls are prepended by the CLLLC name (for example, CLLLC_vSecSensed_pu). This
naming convention lets the user combine different solutions while avoiding naming conflicts.

Project Name

Build Configuration]
[ auraton] Y o 2 auw o6 Famees

4 Binaries
Include File paths for different
. . i) Includes
components in the project
v g dilc

[§ cllic_clatasks.cla
18 clilc_hal.c
I cliichalh
[ clilc_settings.h
[B) cllic_user_settings.h
[g cllic.c
clilc_graph1.graphProp
[B] cllic_setupdebugenv_lablandjs
[B] cliic_setupdebugenv_lab2and7 js . . i
[B] cliic_setupdebugenv_lab3ijs |avaScriptitorpopulating fhe,
= expressions window for different
[B] clitc_setupdebugeny_lab4 js build levels
[B] clilc_setupdebugenv_labsjs
[B] cllic_setupdebugenv_lab8.js
& cmd

CLLLC solution _|
files

e
v G libraries
@ ClAmath
@ DCL
i > FPUfastRTS
UERRRsSHRENES, | | i owesyasecursin
& SFO
& sfra
& spll
& utilities
(= RELEASE
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[§ ttplpfc_hal.c
[ ttplpfc_hal.h
[ ttplpfc_settings.h
[ ttplpfc_user_settings.h
TTPLPFC solution _|] idl ttplpfe.c
files (1) ttplpfc.h
[B) ttplpfc_setupdebugenv_lab1.js
—Eﬂ ttplpfc_setupdebugenv_lab2js javaScript for populating
Bl ttplpfc_setupdebugenv_lab3js | the expressions window
_‘-ﬂ ttplpfc_setupdebugenv_lab4.js for different build levels
[B) ttplpfc_setupdebugenv_labS js
[§) obc_7_4kw_main.c
[A) obc_7_4kw_settings.h
[A obc_7_4kw_user_settings.h

[&) obe_7_dkw.c

[ obc_7_dkw.h

[B] setupdebugen_TIDM-2013;5 Target Configuration for
R TMS320F280039C.coxml [Activel——  gapugger connection

Figure 5-5. Project Explorer View of the CLLLC Project
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The OBC project consists of three ISRs (ISR1, ISR2, and ISR3) running on 2 cores, the C28x core and the CLA
core. Using an ePWM for the ISR1 trigger, an eCAP for ISR2's trigger, and ADC for ISR3's trigger allows the ISR
priority to be controlled entirely by hardware. Table 5-4 shows how each ISR is partitioned and its tasks.

Table 5-4. ISR Partitions and Tasks

ISR Trigger source C28x CLA
ISR1 (120kHz) ePWM N/A Update CLLLC PWM values
ISR2 (120kHz) eCAP PFC current loop CLLLC control code, enable ISR1
ISR3 (10kHz) ADC PFC voltage loop, N/A

instrumentation

ISR1 is the fastest and non-nestable ISR reserved for PWM updates and is ran entirely on CLA. ISR1 is
triggered by the PRIM_LEG1_PWM_BASE — EPWM_INT_TBCTR_U_CMPC event. In general, this interrupt
is disabled by writing a value to CMPC, which is greater than all possible TBPRD register values for
PRIM_LEG1_PWM_BASE. This is done through the CLLLC_HAL_setupISR1Trigger function. Following are the
defines that are related to this ISR.

#define CLLLC_ISR1_PERIPHERAL_TRIG_BASE CLLLC_PRIM_LEG1_PWM_BASE
#define CLLLC_ISR1_TRIG INT_EPWM1
#define CLLLC_ISR1_PIE_GROUP INTERRUPT_ACK_GROUP3

#define CLLLC_ISR1_TRIG_CLA CLA_TRIGGER_EPWMLINT

ISR2 is split across both cores. This allows a simple modular code segregation for the TTPLPFC and CLLLC
code. Both the ISR2 ran on the C28x and the ISR2 ran on the CLA are triggered by the same source and
operate in tandem. The C28x core run task related to the TTPLPFC while the CLA core runs task related to the
CLLLC's execution.

ISR2 is responsible for writing a valid value to trigger ISR1 by a write to CMPC when ISR1 is desired. (Note:
The CMPC is not tied to the global load mechanism to enable this. Also, shadow load of CMPC is disabled.) The
CMPC value can be adjusted to get the desired timing from the ISR1. Each time ISR1 is enabled, it triggers two
times. In the first ISR1, PWM registers are updated and a sync is enabled. In the second ISR1, the PWM sync is
disabled and CMPC is set to a value such that ISR1 does not trigger again. For simplicity the software diagrams
and structure only show ISR1 that is triggered the first time.

ISR2 is periodically triggered at ISR2_FREQUENCY. A spare CAP module is used to generate the time base
and trigger the interrupt. A spare ePWM module is also configured with the same time base and is used to
trigger the ADC conversions. ISR2 is responsible for running the control law and calculating the clock ticks
required for the PWM. Once the writes to the shadow registers are complete, the ISR2 enables the ISR1 trigger
by writing a valid value (that is, one that is less than the current TBPRD register) to the CMPC register. ISR2 has
two variants ISR2_primToSecPowerFlow and ISR2_secToPrimPowerFlow, one for the power flow from primary
to secondary side and other for secondary to primary. This is done to optimize CPU cycles when controlling
power flow in different directions. For simplicity of explanation either of them are just referred to as ISR2

in respective labs. Depending on the timing, the ISR1 may nest ISR2 for the update writes, which are very
timing-critical. Following are the defines that are related to this ISR.

#define CLLLC_ISR2_ECAP_BASE ECAP1_BASE

#define CLLLC_ISR2_PWM_BASE EPWM5_BASE

#define CLLLC_ISR2_TRIG INT_ECAPl

#define CLLLC_ISR2_PIE_GROUP INTERRUPT_ACK_GROUP4

#define CLLLC_ISR2_TRIG_CLA CLA_TRIGGER_ADCA2

ISR3 is ran entirely on the C28x core and is triggered by ADCINT2. ADCINT2 is initiated by a conversion that is
started using a CPU timer. It is used to run the TTPLPFC's voltage loop as well as housekeeping functions such
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as doing a running average on the currents and voltage signals to remove noise. Even so much as running the
slew rate function for commanded references.

#define CLLLC_ISR3_TIMEBASE CLLLC_TASKC_CPUTIMER_BASE
#define CLLLC_ISR3_PERIPHERAL_TRIG_BASE ADCC_BASE
#define CLLLC_ISR3_TRIG INT_ADCC2

#define CLLLC_ISR3_PIE_GROUP INTERRUPT_ACK_GROUP10

With this, the interrupts can be nested easily. Figure 5-6 shows the nesting of the three interrupts occurring. The
image is taken for the system in open loop and when a period change is initiated through the watch window,
hence only one time ISR1 trigger is observed. For a closed-loop system, the period will only have minor changes
from one control ISR cycle to the other and hence the ISR1 will be triggered repeatedly.

1 2 hOoyy 3 h.oow 5.00%/ 2.700% 5.000%/ Stop
[ I
| |
! |
! |

T - I

" [
o — ;
|

|

|

|

____________________ [ —m--r 0 I [ .

Figure 5-6. Three-Level Nested ISRs

Additionally, CPU timers are used to trigger slow background tasks (these are not interrupt-driven but polled).

"A" tasks are triggered at TASKA_FREQ, which is 100 Hz. The SFRA GUI must be called at this rate. One task,
A1, is executed at this rate.

"B" tasks are triggered at TASKB_FREQ, which is 10 Hz. These are used for some basic LED toggles and state
machine items that are not timing-critical. Three tasks—B1, B2, B3—are serviced by this; hence, each has an
execution rate of 3.33 Hz.

#define TASKA_FREQ 100
#define TASKB_FREQ 10

The software of this reference design is organized into labs separated by solution, each with incremental builds
(INCR_BUILD). These tests simplify the system bring up and design.

CLLLC Labs

Lab 1: Primary to Secondary Power Flow, Open Loop Check PWM driver, no high power applied to the board.
See Section 5.2.2.1

Lab 2: Primary to Secondary Power Flow, Open Loop Check PWM driver and ADC with protection, resistive load
connected on secondary. See Section 5.2.2.2.
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Lab 3: Primary to Secondary Power Flow, Closed Voltage Loop Check, with resistive load connected on
secondary. See Section 5.2.2.3.

Lab 4: Primary to Secondary Power Flow, Closed Current Loop Check, with resistive load connected on
secondary. See Section 5.2.2.4.

Lab 5: Primary to Secondary Power Flow, Closed Current Loop Check, with resistive load connected on
secondary in parallel to a voltage source to emulate a battery connection on secondary side. See Section
5.2.2.5.

These defines are in the "settings.h" file, and can be changed directly within that file.
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5.2 Testing and Results
5.2.1 Test Setup (Initial)

Hardware test setup is shown in Figure 5-7 to begin testing this design. Detailed hardware setup is described in
Section 5.1.1.

Power Flow [
Current Current
Probe 1 Probe 2
J100 J101
DC Power Supply * = Load
(400 V, 8.5 Amps) Vprim | 5 I - Vsec (40-Q Power Resistor)
[ I
[os | a} i [hez ]

5V DC, 2 Amps 5V DC, 1 Amps
Prim Side Sec Side
Power Supply Power Supply

Figure 5-7. Hardware Setup to Run Software

5.2.2 CLLLC Test Procedure
5.2.2.1 Lab 1. Primary to Secondary Power Flow, Open Loop Check PWM Driver

This lab option is primarily provided as a focused test just for the PWM from a software perspective so that it can
be ran independent of the hardware connections of the reference design. With this lab the user can run the code
on a C2000 control card or launchpad just to observe the PWM waveforms.

Steps used to load and run are similar to Section 5.2.2.2 .

This lab can be easily skipped and the user can go to Lab 2 directly if no changes to the PWM driver are
anticipated. Hence this lab procedure is not documented as it is primarily for PWM driver development and
debug purpose.

5.2.2.2 Lab 2. Primary to Secondary Power Flow, Open Loop CheckPWM Driver and ADC with Protection,
Resistive Load Connected on Secondary

In this build, the board is excited in open-loop fashion with a specified frequency that can be changed through
the watch window. The frequency is controlled with the CLLLC_pwmPeriodRef_pu variable.

This build verifies the sensing of feedback values from the power stage and also operation of the PWM gate
driver, and ensures there are no hardware issues. Additionally, calibration of input and output voltage sensing
can be performed in this build. Figure 5-8 shows the software structure for this build.
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Variables shown in red are the only ones that must be changed or observed from the watch window, these are declared as volatiles

Figure 5-8. Lab 1 and 2 Software Diagram

5.2.2.2.1 Setting Software Options for Lab 2

1. To get started, open the CCS project, as outlined in Section 5.1.2.1.
2. The following defines are set in the settings.h file for this build.

#if CLLLC_LAB
#define
#define
#define
#define
#define

#if CLLLC_SFRA_ALLOWED ==

CLLLC_CONTROL_RUNNING_ON CLA_CORE
CLLLC_POWER_FLOW CLLLC_POWER_FLOW_PRIM_SEC
CLLLC_INCR_BUILD CLLLC_OPEN_LOOP_BUILD
CLLLC_TEST_SETUP CLLLC_TEST_SETUP_RES_LOAD
CLLLC_PROTECTION CLLLC_PROTECTION_ENABLED

#define CLLLC_SFRA_TYPE CLLLC_SFRA_VOLTAGE

#else

#define CLLLC_SFRA_TYPE CLLLC_SFRA_DISABLED

#endif

#define CLLLC_SFRA_AMPLITUDE (float32_t)CLLLC_SFRA_INJECTION_AMPLITUDE_LEVEL2

#endif
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5.2.2.2.2 Building and Loading the Project and Setting up Debug Environment

1.
2.
3.

Right-click on the project name and click Rebuild Project.

The project will build successfully.

In the Project Explorer, make sure the correct target configuration file is set as Active under targetConfigs
(see Figure 5-5).

Then, click Run — Debug to launch a debugging session. In case of dual-CPU devices, a window might
appear for the user to select the CPU on which the debug is to be performed. In this case, select CPU1.
The project will then load on the device and the CCS debug view will become active. The code will halt at the
start of the main routine.

To add the variables in the watch/expressions window, click View — Scripting Console to open the scripting
console dialog box. On the upper right corner of this console, click on open and then browse to the
setupdebugenv_lab2and7.js script file located inside the project folder. This will populate the watch window
with the 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. The watch window appears as shown in Figure 5-9.

Figure 5-9. Lab 2 Expression Window

5.2.2.2.3 Using Real-time Emulation

Real-time emulation is a special emulation feature that allows windows within Code Composer Studio to be
updated while the MCU is running. This 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.

¥
Enable real-time mode by hovering your mouse on the buttons on the horizontal toolbar and clicking the -

Enable Silicon Real-time Mode (service critical interrupts when halted, allow
debugger accesses while running) button.

2. A message box might appear. If so, select YES to enable debug events. This will set bit 1 (DGBM bit) of
status register 1 (ST1) to a 0. 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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5.2.2.2.4 Running the Code

N =

1.

Run the project by clicking L~

Now, clear the trip by writing 7 to the CLLLC_clearTrip variable.

In the watch view, check if the CLLLC_vPrimSensed_Volts, CLLLC iPrimSensed_Amps,
CLLLC_vSecSensed_Volts, and CLLLC_iSecSensed_Amps variables are updating periodically. (Note: As
no power is applied right now, these will be close to zero.)

Now, slowly increase the input VPRIM DC voltage from 0 V to 400 V. Make sure CLLLC_vPrimSensed_Volts
displays the correct values.

By default, the CLLLC_pwmPeriodRef_pu variable is set to 0.599, as shown in Figure 5-10, which is
500.8 kHz. This is close to the series resonant frequency of the converter; however, due to variation in
the components on the actual hardware, it can be lower or higher than the series resonant frequency. For
example, in Figure 5-11, we see frequency slightly lower than series resonant frequency.

The VSEC variable will show a voltage of close to 300 V per the tank gain designed. Verify that
CLLLC_vSecSensed_Volts shows the correct voltage. This verifies the voltage sensing on the board.

Figure 5-10. Lab 2 Expression Window, at Resonance

With the load specified in the test conditions, the current from the PRIM and SEC side will be close to 4.8 A
for CLLLC_iPrimSensed_Amps, and 6.8 A for CLLLC_iSecSensed_Amps.
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Figure 5-11. Lab 2, Primary (ch2) and Secondary (ch3) Currents at Resonance
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1. Next, to see operation under different frequencies (that is, above resonance, below resonance), change
the CLLLC_pwmPeriodRef pu variable to be 0.47 which will correspond to a frequency of 639 kHz. The
waveform under this condition is shown in Figure 5-12.
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Figure 5-12. Lab 2, Primary (ch2) and Secondary (ch3) Currents Above Series Resonance Frequency

1. Next, test behavior with lower than series resonant frequency by entering 0.8 as the
CLLLC_pwmPeriodRef_pu, which will make generate frequency of 374 kHz. In this case, the primary current
will become discontinuous and the secondary side duty cycle will modulate to achieve diode emulation
shown in Figure 5-13.

2. This verifies at a basic level the PWM driver and connection of hardware.
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Figure 5-13. Lab 2, Primary (ch2) and Secondary (ch3) Currents Below Series Resonance Frequency

5.2.2.2.5 Measure SFRA Plant for Voltage Loop

1. The SFRA is integrated in the software of this build to measure the plant response which can then be used
to design a compensator. To run the SFRA, keep the project running, and navigate to <Install directory
>\C2000Ware_DigitalPower SDK_<version>\libraries\sfra\gui\SFRA_GUl.exe

2. Select the options for the device on the SFRA GUI; for example, for F280039, select floating point. Click
on setup connection. In the pop-up window, deselect the boot-on-connect option and select an appropriate
COM port. Click OK. Return to the SFRA GUI and click Connect.

3. The SFRA GUI will connect to the device. A SFRA sweep can now be started by clicking Start Sweep. The
complete SFRA sweep will take a few minutes to finish. Activity can be monitored by seeing the progress
bar on the SFRA GUI and also by checking the flashing of blue LED on the back of the control card, which
indicates UART activity. Once complete, a graph with the measurement will appear, as shown in Figure 5-14.
(Note that the open-loop measurement is not valid in the lab as the loop is not closed. The user must only
refer to the plant measurement.)
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Figure 5-14. SFRA Open Loop Plot for the Closed Voltage Loop (Vprim 400 V, Vsec 300 V, Power 1.972
kW, Fsw 500 kHz)

The Frequency Response Data is also saved in the project folder, under an SFRA Data Folder, and is time-
stamped with the time of the SFRA run. SFRA can be run at different frequency set points to cover the range of
operation of the system. A compensator will be designed using these measured plots in the next lab; therefore,
remember this time stamp, or rename the SFRA.csv file to a convenient name that is easy to identify.

Repeat the analysis at different frequency points, the plant gain will be different at different frequency points,

see Figure 5-15 for gain measured at 333kHz and see Figure 5-16 for gain measured at 680kHz. Hence a
compensator needs to be chosen that will be stable across the frequency range of the converter. All the runs will
be saved in CSV file and can then be imported into compensation designer to check stability across the range of
operation.
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Figure 5-15. SFRA Open Loop Plot for the Closed Voltage Loop (Vprim 400 V, Vsec 320 V, Power 2.174
kW, Fsw 333 kHz)
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Figure 5-16. SFRA Open Loop Plot for the Closed Voltage Loop (Vprim 400 V, Vsec 293 V, Power 1.828
kW, Fsw 680 kHz)
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5.2.2.2.6 Verify Active Synchronous Rectification

1. Optionally, to verify active synchronous rectification, the user can also probe the PWM signals and see the
change in duty cycle. To connect the probe for it, the user must first stop the power stage as outlined below
and de-energize all circuits under test.

Fsw=333kHz, Sec Duty=29.8% Fsw=374kHz, Sec Duty=32.08%
sop L g ) s10p 4
WM W NN N N M
\/,ﬁ o \\/",ﬂw” N - A\ W \/& \\-./A‘.f.a
™\ N\ " 7
\ \ 5 \ M\ N\ ) ! \ /
\'\'/U AN A ,’l\""" \ A ? \‘["f n‘\“\l v \,"V \/\A .;’\

waone

T ©7 vl My & sy o o e e @7 |
- ooouns ok potone I | . |

775
% v [Tk |

Fsw=428kHz, Sec Duty=37.79% Fsw=526kHz, Sec Duty=42.44%

stop stop:

A ‘ ‘i\ N ] I :
A~ N A4 I ‘s
0 /.’“ N \,_'/‘,‘J.N \/IIN/\ v‘f‘y \/ /\\J /\ »/r

1256575 1
ons || ok points_

Figure 5-17. Active Synchronous Rectification Check, ch1 — IPRIM_TANK, ch2 — ISEC_TANK, ch3/ch4
— SEC_LEG1_PWMHI/L
2. Once finished, reduce the input voltage, VPRIM, to zero. Watch for the voltages in the watch window to

reduce down to zero.
3. 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 }D Finally, reset the MCU - .

4. Close the CCS debug session by clicking Terminate Debug Session (Target — Terminate all).
5.2.2.2.7 Measure SFRA Plant for Current Loop

1. Now, return to the SYSCFG page, and select current in the SFRA options to measure the current loop plant.
2. Rebuild the project, and reload the project. Repeat 2 (in Section 5.2.2.2.1) to Section 5.2.2.2.7 (in Section
5.2.2.2.5). This time, the SFRA sweep will measure the plant for the current loop. Save this CSV file for
use later in the Lab 3. The user can measure this at multiple points to ensure all operating conditions are
covered, Figure 5-18 shows the measurement of the current loop plant at 500kHz.
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Figure 5-18. SFRA Plant Measurement for the Current Loop at Vprim 400 V, Vsec 295 V, Switching
Frequency at 500 kHz and 1887 W

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 ISR1, ISR2, and ISR3

c. PWM driver and switching
d. Plant measurement for current and voltage loop

If any issue is observed, a careful inspection of the hardware may be required to eliminate any build issues.
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

< 4
clicking on }D Finally, reset the MCU » .

6. Close the CCS debug session by clicking on Terminate Debug Session (Target — Terminate all).

5.2.2.3 Lab 3. Primary to Secondary Power Flow, Closed Voltage Loop Check, With Resistive Load
Connected on Secondary

In this lab, the voltage loop, G,, is closed with a resistive load at the output. Figure 5-19 shows the complete
software diagram for this build. Hardware is assumed to be set up as shown in Figure 5-7.
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Figure 5-19. Software Diagram: Closed Voltage Loop Primary to Secondary Power Flow

5.2.2.3.1 Setting Software Options for Lab 3

1. To run this lab, make sure the hardware is set up as outlined in the previous sections, Figure 5-7. Do not
supply any high-voltage power to the board yet.

2. Open "<install Directory>\C2000Ware_DigitalPower_SDK_<version>\libraries\sfra\gui\CompDesigner.exe"

3. The compensation designer will then launch and prompt the user to select a valid SFRA data file. Import
the SFRA data from the run in Lab 1 into the compensation designer to design a two-pole, two-zero
compensator. It is good to keep more margins during this iteration of the design to ensure that when the loop
is closed, the system is stable. Plant data from different runs of the SFRA can be checked to get a stable
system under all conditions, for example two runs at 500kHz and 300kHz with the designed compensator
are shown to be stable in Figure 5-20 and Figure 5-21.
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Figure 5-20. Compensator Design With SFRA Based Plant Measurement for the Voltage Loop When
Resistive Load is Connected at the Output, With Measurement Data at 500kHz
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Figure 5-21. Compensator Design With SFRA Based Plant Measurement for the Voltage Loop When
Resistive Load is Connected at the Output, With Measurement Data at 333kHz

Note

The tuning is carried out in DF22 fashion; however, we run the DF13 in the software. This is
done because soft-starting the DF13 is easier, whereas not possible with the DF22 structure. The

coefficients in both cases remain the same. At the writing of this document, the DF12 structure is
not available in DCL.

Once satisfied with the compensator design, The compensator values can be updated in the
CLLLC_settings.h file.

Close the compensation designer
The following defines are set in the settings.h file for this build..

#if CLLLC_LAB == 3 #define CLLLC_CONTROL_RUNNING_ON CLA_CORE #define CLLLC_POWER_FLOW
CLLLC_POWER_FLOW_PRIM_SEC #define CLLLC_INCR_BUILD CLLLC_CLOSED_LOOP_BUILD #define
CLLLC_CONTROL_MODE CLLLC_VOLTAGE_MODE #define CLLLC_TEST_SETUP CLLLC_TEST_SETUP_RES_LOAD
#define CLLLC_PROTECTION CLLLC_PROTECTION_ENABLED #if CLLLC_SFRA_ALLOWED == 1 #define
CLLLC_SFRA_TYPE CLLLC_SFRA_VOLTAGE #else #define CLLLC_SFRA_TYPE CLLLC_SFRA_DISABLED #endif
#define CLLLC_SFRA_AMPLITUDE (float32_t)CLLLC_SFRA_INJECTION_AMPLITUDE_LEVEL1 #endif

5.2.2.3.2 Building and Loading the Project and Setting up Debug Environment

1. Now, right-click on the project name and click Rebuild Project.

2. The project will build successfully.

3. Click Run — Debug to launch a debugging session. In case of dual-CPU devices, a window may appear for
the user to select the CPU on which the debug is to be performed. In this case, select CPU1.

4. The project will then load on the device and the CCS debug view will become active. The code will halt at the
start of the main routine.

5. To add the variables in the watch/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_lab3.js script file located inside the project folder. This will populate the watch window with
the appropriate variables needed to debug the system.
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6. Click the Continuous Refresh button " on the watch window to enable continuous update of values from
the controller.

<
7. Enable real-time mode by hovering your mouse on the buttons on the horizontal toolbar and clicking the L

Enable Silicon Real-time Mode (service critical interrupts when halted, allow
debugger accesses while running)

button.

TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024 7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN 51
Submit Document Feedback

Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

13 TEXAS
INSTRUMENTS

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

5.2.2.3.3 Running the Code

N =

Run the project by clicking L~

Now, clear the trip by writing 7 to the CLLLC_clearTrip variable. The converter will operate in open loop as
the CLLLC_closeGvLoop variable is not yet set to 0. As there is no soft start implemented in the firmware,
first soft-start the voltages on the primary and secondary sides manually.

In the watch view, check if the CLLLC_vPrimSensed_Volts, CLLLC iPrimSensed_Amps,
CLLLC_vSecSensed_Volts, and CLLLC_iSecSensed_Amps variables are updating periodically. (Note: As
no power is applied right now, these will be close to zero.)

Now, slowly increase the input PRIM DC voltage from 0 V to 400 V to soft-start the converter. Make sure
CLLLC_vPrimSensed_Volts displays the correct values for VPRIM (that is, close to 400 V).

By default, the CLLLC_pwmPeriodRef_pu variable is set to 0.599, which is 500.8 kHz. This is close to

the series resonant frequency of the converter; however, due to variation in the components on the actual
hardware, it can be lower or higher than the series resonant frequency.

For the 400-V primary input, with turns ratio being 1.33, the CLLLC_vSecSensed_Volts variable will be close
to 300 V. Set the CLLLC_vSecRef Volts variable to be 300 V.

Now, set the CLLLC_closeGvLoop variable to 1. This will close the voltage loop and the controller will now
try to regulate the voltage.

Test the closed-loop operation by varying CLLC_vSecRef_Volts from 295 V to 320 V. The user will observe
that the CLLLC_vSecSensed_Volts will track this command reference. The converter will operate below
series resonant, at resonance, and above resonance. Now, change the voltage back to 300 V to run the
SFRA.

5.2.2.3.4 Measure SFRA for Closed Voltage Loop

1.

The SFRA is integrated in the software of this build to verify that the designed compensator provides enough
gain and phase margin by measuring on hardware. To run the SFRA, keep the project running, and navigate
to <Install directory >\C2000Ware_DigitalPower_SDK_<version>\libraries\sfra\gui\SFRA_GUl.exe

Select the options for the device on the SFRA GUI; for example, for F280039, select floating point. Click

on setup connection. In the pop-up window, deselect the boot-on-connect option and select an appropriate
COM port. Click Ok. Return to the SFRA GUI and click Connect.

The SFRA GUI will connect to the device. A SFRA sweep can now be started by clicking Start Sweep. The
complete SFRA sweep will take a few minutes to finish. Activity can be monitored by seeing the progress
bar on the SFRA GUI and also by checking the flashing of blue LED on the back of the control card, which
indicates UART activity. Once complete, a graph with the open loop plot will appear, as shown in Figure
5-22.
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Figure 5-22. SFRA Open Loop Plot for the Closed Voltage Loop (Vprim 400 V, Vsec 300 V, Power 1.972
kW, with Resistive Load at the Output)

The Frequency Response Data is also saved in the project folder, under an SFRA Data Folder, and is
time-stamped with the time of the SFRA run.

The data matches closely to the designed compensator, but it is reasonable to expect deviations because
the measurement in open loop is susceptible to error, due to small signal injection, which can drift the DC
point of the converter.

Test the SFRA at different voltages to verify that the system is stable across the operable range.

4. This verifies the voltage loop design.

5. To bring the system to a safe stop, bring the input VPRIM voltage down to zero. Observe the voltages and
currents on the watch window go down to zero.

6. 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 “‘J. Finally, reset the MCU - .

7. Close the CCS debug session by clicking on Terminate Debug Session & (Target — Terminate all).
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5.2.2.4 Lab 4. Primary to Secondary Power Flow, Closed Current Loop Check, With Resistive Load
Connected on Secondary

In this lab, the output current control loop is closed. Figure 5-23 shows the complete software diagram for this
build. Hardware is assumed to be set up as shown in Figure 5-7.
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Figure 5-23. Lab 4 Control Software Diagram: Closed Current Loop

5.2.2.4.1 Setting Software Options for Lab 4

1. Open <install Directory>\C2000Ware_DigitalPower SDK_<version>\libraries\sfra\gui\CompDesigner.exe

The compensation designer will then launch and prompt the user to select a valid SFRA data file. Import the

SFRA data from the run in Lab 1 for the current loop, into the compensation designer to design a two-pole,
two-zero compensator. It is good to keep more margins during this iteration of the design to ensure that

when the loop is closed, the system is stable. Plant data from different runs of the SFRA can be checked to
get a stable system under all conditions.
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Figure 5-24. Compensator Design With SFRA Based Plant Measurement for the Current Loop, Lab 4

Note

The tuning is carried out in DF22 fashion; however, we run the DF13 in the software. This is
done because soft-starting the DF13 is easier, whereas not possible with the DF22 structure. The
coefficients in both cases remain the same. At the writing of this document, the DF12 structure is
not available in DCL.

3. Once satisfied with the compensator design, The compensator values can be updated in the
CLLLC_settings.h file.
4. Close the compensation designer
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5.

The following defines are set in the settings.h file for this build.

#if CLLLC_LAB == 4 #define CLLLC_CONTROL_RUNNING_ON CLA_CORE #define CLLLC_POWER_FLOW
CLLLC_POWER_FLOW_PRIM_SEC #define CLLLC_INCR_BUILD CLLLC_CLOSED_LOOP_BUILD #define
CLLLC_CONTROL_MODE CLLLC_CURRENT_MODE #define CLLLC_TEST_SETUP CLLLC_TEST_SETUP_RES_LOAD
#define CLLLC_PROTECTION CLLLC_PROTECTION_ENABLED #if CLLLC_SFRA_ALLOWED == 1 #define
CLLLC_SFRA_TYPE CLLLC_SFRA_CURRENT #else #define CLLLC_SFRA_TYPE CLLLC_SFRA_DISABLED #endif
#define CLLLC_SFRA_AMPLITUDE (float32_t)CLLLC_SFRA_INJECTION_AMPLITUDE_LEVEL1 #endif

5.2.2.4.2 Building and Loading the Project and Setting up Debug

1.
2.
3.

Now, right-click on the project name and click Rebuild Project.

The project will build successfully.

Click Run — Debug to launch a debugging session. In case of dual-CPU devices, a window may appear for
the user to select the CPU on which the debug is to be performed. In this case, select CPU1.

The project will then load on the device and the CCS debug view will become active. The code will halt at the
start of the main routine.

To add the variables in the watch/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_build4c.js script file located inside the project folder. This will populate the watch window
with the 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.

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

Enable Silicon Real-time Mode (service critical interrupts when halted, allow
debugger accesses while running) button.

5.2.2.4.3 Running the Code

N —

Run the project by clicking il

Clear the trip by writing 1 to the CLLLC_clearTrip variable. The converter will operate in open loop as the
CLLLC_closeGvLoop variable is not yet set to “0”. As there is no soft start implemented in the firmware, first
soft-start the voltages on the primary and secondary sides manually.

In the watch view, check if the CLLLC_vPrimSensed Volts, CLLLC iPrimSensed_Amps,
CLLLC_vSecSensed_Volts, and CLLLC_iSecSensed_Amps variables are updating periodically. (Note: As
no power is applied right now, these will be close to zero.)

Now, slowly increase the input PRIM DC voltage from 0 V to 400 V to soft-start the converter. Make sure
CLLLC_vPrimSensed_Volts displays the correct values for VPRIM (that is, close to 400 V).

By default, the CLLLC_pwmPeriodRef_pu variable is set to 0.6, which is 500.8 kHz. This is close to the
series resonant frequency of the converter; however, due to variation in the components on the actual
hardware, it can be lower or higher than the series resonant frequency.

For the 400-V primary input, with turns ratio being 1.33, the CLLLC_vSecSensed_Volts variable will be
close to 300 V. Also, for the load specified in the test conditions, the load will be close to 6.5 A. Set the
CLLLC iSecRef Amps variable to 6.5 A. If, for some reason, the measured current is different from the 6.5
A, set the Ref close to the measured value. As there is no soft start in the software, it is critical to keep this
reference close to the operating point.

Now, set the CLLLC_closeGiLoop variable to 7. This will close the current loop and the controller will now try
to regulate the current.

Test the closed-loop operation by varying CLLC_iSecRef Amps from 6.3 A to 6.8 A. The user cannot vary
the current too much as a resistive load is connected at the output whose voltage will change with current
much more than a battery. This rapid increase in voltage can quickly put the converter in a range that
exceeds the controllable range for the fixed VPRIM. Within the small range, the user can see the tracking of
the current.

5.2.2.4.4 Measure SFRA for Closed Current Loop

1.

The SFRA is integrated in the software of this build to verify that the designed compensator provides
enough gain and phase margin by measuring on hardware. To run the SFRA, keep the project running, and
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navigate to <Install directory >\C2000Ware_DigitalPower_ SDK_<version>\libraries\sfra\gui\SFRA_GUIl.exe.
The SFRA GUI will pop up.

Select the options for the device on the SFRA GUI; for example, for F280039, select floating point. Click on
setup connection. In the pop-up window, deselect the boot-on-connect option, select an appropriate COM
port, and click Ok. Return to the SFRA GUI and click Connect.

The SFRA GUI will connect to the device. A SFRA sweep can now be started by clicking Start Sweep. The
complete SFRA sweep will take a few minutes to finish. Activity can be monitored by seeing the progress
bar on the SFRA GUI; and also by checking the flashing of blue LED on the back of the control card, which
indicates UART activity. Once complete, a graph with the open loop plot will appear, as shown in Figure
5-25.

Figure 5-25. SFRA Open Loop Plot for the Closed Current Loop (Vprim 400 V, Vsec 300 V, Power 1.972

kW, Lab 4)

The Frequency Response Data is also saved in the project folder, under an SFRA Data Folder, and is
time-stamped with the time of the SFRA run.

The data matches closely to the designed compensator, but it is reasonable to expect deviations because
the measurement in open loop is susceptible to error due to small signal injection which can drift the DC
point of the converter.

Test the SFRA at different current set points, making sure the period is not clamped, to verify that the system
is stable across the operable range.
This verifies the Lab 4 current loop design.
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5. To bring the system to a safe stop, bring the input VPRIM voltage down to zero. Observe the voltages and
currents on the watch window go down to zero.

6. 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 the E Finally, reset the MCU - .

7. Close the CCS debug session by clicking on Terminate Debug Session & (Target — Terminate all).

5.2.2.5 Lab 5. Primary to Secondary Power Flow, Closed Current Loop Check, With Resistive Load
Connected on Secondary in Parallel to a Voltage Source to Emulate a Battery Connection on Secondary
Side

In this lab, the output current control loop is closed, with a resistive load connected on the secondary in parallel
with a voltage source, to emulate a battery connection. Hardware is assumed to be set up as shown in Figure
5-26. Figure 5-27 shows the complete software diagram for this build.

Power Power

Flow Flow
s s = N
\SLC» \wb’
L | Lo g <
D4 B k& Nﬁ iy -
ool I ) ] = o
I I
5V DC, 2 Amps 5V DC, 1 Amps
Prim Side Sec Side
Power Supply Power Supply
Load
(40-Q Power Resistor)
Figure 5-26. Hardware Setup for Lab 5
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CLLLC_HAL_updatePW
0

Figure 5-27. Lab 5 Software Diagram

TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024 7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN 59
Submit Document Feedback

Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

13 TEXAS

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

5.2.2.5.1 Setting Software Options for Lab 5
1. Open <install Directory>\C2000Ware_DigitalPower_SDK_<version>\libraries\sfra\gui\CompDesigner.exe.
5.2.2.5.2 Designing Current Loop Compensator

1. The compensation designer will then launch. Currently, a mathematical model is not available; hence, using
tuning done on this board, the following compensation is designed. The plant in the emulated battery mode
will have more gain, and hence, the coefficients will need to be reduced to accommodate that. Figure 5-28
shows the coefficients used on this design for this lab.

*L"CZOOO Compensation Designer GUI : Standalone SFRA Based Tuning - O X
Compensator Number and Style | Pole Zero Format K [30000 Digital Compensator
v ” DCL_DF23/DF13 Coeff
4 Three Pole Three Ze fz0l4 fz1.100 fz21100 BO=1 3436621
Save COMP fpo 0 fp1 100 pr 100 B1=0.3459371
B - B2=-0.7200661
Plant Option  SFRA Data Enter Zero Location in kHz B3=-0.2790608

A1=0.0341880
A2=-0.7668018
A3=-0.2673862

| Browse SERADAG | Control ISR Freq 100 kHz

Show Graphs for : = Plant = OL === Comp (Note X Axis is Frequency in Hz)

(o2}
o

dB
~
e

\

N
o

Magnitude in

Phase in Degrees

Stable Loop Folg_cf 11,2325 kHz Gain Margin 16.78 dB Phase Margin 47.07 Degrees %3 TexAs INSTRUMENTS

Figure 5-28. Lab 5, Compensation Designer
2. Once satisfied with the compensator design, the compensator values can be updated in the

CLLLC_settings.h file. It is best to keep the coefficients conservative and much lower than the one used
in Lab 3.

Close the compensation designer
The following defines are set in the settings.h file for this build.

o

#if CLLLC_LAB == 5 #define CLLLC_CONTROL_RUNNING_ON 1 #define

CLLLC_POWER_FLOW CLLLC_POWER_FLOW_PRIM_SEC #define CLLLC_INCR_BUILD CLLLC_CLOSED_LOOP_BUILD
#define CLLLC_CONTROL_MODE CLLLC_CURRENT_MODE #define CLLLC_TEST_SETUP
CLLLC_TEST_SETUP_EMULATED_BATTERY #define CLLLC_PROTECTION CLLLC_PROTECTION_ENABLED

#1f CLLLC_SFRA_ALLOWED == 1 #define CLLLC_SFRA_TYPE CLLLC_SFRA_CURRENT #else

#define CLLLC_SFRA_TYPE CLLLC_SFRA_DISABLED #endif #define CLLLC_SFRA_AMPLITUDE
(float32_t)CLLLC_SFRA_INJECTION_AMPLITUDE_LEVEL]1 #endif
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5.2.2.5.3 Building and Loading the Project and Setting up Debug

1.
2.
3.

Now, right-click on the project name and click Rebuild Project.

The project will build successfully.

Click Run — Debug to launch a debugging session. In case of dual-CPU devices, a window may appear for
the user to select the CPU on which the debug is to be performed. In this case, select CPU1.

The project will then load on the device and the CCS debug view will become active. The code will halt at the
start of the main routine.

To add the variables in the watch/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_build4.js script file located inside the project folder. This will populate the watch window with
the 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.

¥
Enable real-time mode by hovering your mouse on the buttons on the horizontal toolbar and clicking the

Enable Silicon Real-time Mode {service critical interrupts when halted, allow
debugger accesses while running) button.

5.2.2.5.4 Running the Code

N =

Run the project by clicking L N

Now, slowly increase the input PRIM DC voltage from 0 V to 400 V. Make sure CLLLC_ vPrimSensed_Volts
displays the correct values for VPRIM (that is, close to 400 V). At this point, the PWMs are tripped; therefore,
no current will be drawn from the primary side.

Next, increase the VSEC to 300 V. Load will draw all the current from the secondary connected power
supply, which will be close to 6.5 A.

Now, set the CLLLC iSecRef_ Amps variable to 0.1 A.

Clear the trip by writing 7 to the CLLLC_clearTrip variable. The software in this lab will automatically set the
CLLLC_closeGiLoop variable to 1.

Due to the narrow range of voltage at a fixed primary side voltage, the converter will saturate to the

highest frequency, and the current drawn at the ISEC will be higher than 0.1 A. The user can observe this
by monitoring the CLLLC_pwmFrequency_Hz variable, which will be close to 800 kHz during the upper
saturation limit and 200 kHz during the lower saturation limit.

Slowly raise the current to be 2—3 A. Now, the current will be shared by the secondary connected voltage
source and the design under test (DUT).

5.2.2.5.5 Measure SFRA for Closed Current Loop in Battery Emulated Mode

1.

The SFRA is integrated in the software of this build to verify that the designed compensator provides
enough gain and phase margin by measuring on hardware. To run the SFRA, keep the project running, and
navigate to <Install directory >\C2000Ware_DigitalPower SDK_<version>\libraries\sfra\gu\SFRA_GUIl.exe.
The SFRA GUI will pop up.

Select the options for the device on the SFRA GUI; for example, for F280039, select floating point. Click on
setup connection. In the pop-up window, deselect the boot-on-connect option, select an appropriate COM
port, and click OK. Return to the SFRA GUI and click Connect.

The SFRA GUI will connect to the device. A SFRA sweep can now be started by clicking Start Sweep. The
complete SFRA sweep will take a few minutes to finish. Activity can be monitored by seeing the progress
bar on the SFRA GUI; and also by checking the flashing of blue LED on the back of the control card, which
indicates UART activity. Once complete, a graph with the open loop plot will appear, as shown in Figure
5-29.
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Figure 5-29. SFRA Open Loop Plot for the Closed Current Loop With Battery Connection Emulated
(Vprim 400 V, Vsec 300 V, Power 1.972 kW, Lab 5)

The Frequency Response Data is also saved in the project folder, under an SFRA Data Folder, and is
time-stamped with the time of the SFRA run.

Test the SFRA at different current set points, making sure the period is not clamped, to verify that the system

is stable across the operable range.

This verifies the Lab 5current loop design.

5. To bring the system to a safe stop, bring the input VPRIM voltage down to zero. Observe the voltages and
currents on the watch window go down to zero.

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

B

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

< . 4
clicking on }D Finally, reset the MCU - .

7. Close the CCS debug session by clicking on Terminate Debug Session (Target — Terminate all).
5.2.3 TTPLPFC Test procedure
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5.2.3.1 Lab 1: Open Loop, DC

In this build, the board is excited in open loop fashion with a fixed duty cycle. The duty cycle is controlled with
dutyPU_DC variable. This build verifies the sensing of feedback values from the power stage and also operation
of the PWM gate driver and ensures that 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
5-30. There are two ISR in the system: fast ISR for the current loop and a slower ISR to run the voltage loop and
instrumentation functions. Modules that are run in each ISR are shown in Figure 5-30 (Note that TIDM-02013 is
a 2 phase interleaved TTPLPFC).

1
i 10 Khz, Voltage Loop and Instrumentation ISR |
! DCL_DF22 DCL_DF22 H
1
! 1
! 1
i :
H —> —>| vBus_sensedFilteredNotch2 i
i :
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i !
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| 4™ Order Notch Filter input_ptr1 output_ptr1 DBUFF1 !
! 1
1 .
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Figure 5-30. Build Level 1 Control Software Diagram: Open Loop Project

5.2.3.1.1 Setting Software Options for BUILD 1
Open TTPLPFC_settings.h and enable Lab1

#define TTPLPFC_LAB 1

5.2.3.1.2 Building and Loading Project
Right-click on the project name, and click Rebuild Project.
The project builds successfully.

In the Project Explorer ensure that the correct target configuration file is set as Active under targetConfigs.
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Click Run — Debug. This action launches a debugging session. In the case of dual CPU devices, a window may
appear to select the CPU that the debug must be performed. 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.

5.2.3.1.3 Setup Debug Environment Windows

To add the variables in the watch and expressions window, click View — Scripting Console to open the
scripting console dialog box. On the upper-right corner of this console, click on open. Browse to the
setupdebugenv_lab1.js script file located inside the project folder. This script file populates the watch window
with appropriate variables required to debug the system. Click on the Continuous Refresh button on the watch
window to enable continuous update of values from the controller. The watch window appears as shown in
Figure 5-31.

= Variables &7 Expressions ¥ Wi Registers % Breakpoints 0|+ R %E e Y= 0
Expression Type Value Address

9= buildInfo enum enum_BuildLevel BuildLevell Openloop_DC 0x0000A817@Data
=)= guiVbus float -0.000226858858 0x0000A87E@Data
9= guiVin float -0.714660585 0x0000A876@Data
9= guili float 0.0891165435 0x0000A874@Data
9= ac_cur_sensed float 0.00343942642 0x0000A8A4@Data
6= clearTrip int 0 0x0000A827@Data

- (= EPwm1Regs.TZFLG Register 0x0000

- (® EPwm2Regs.TZFLG Register 0x0000
=)= dutyPU float 0.5 0x0000A858@Data
=)= dutyPU_DC float 0.5 0x0000A85E@Data
9= vBus_sensed float 0.0 0x0000A8C0O@Data
9= iL1_sensed float -0.00341796875 0x0000A8C4@Data
9= iL2_sensed float -0.00830078125 0x0000A8Ce@Data
9= IL3_sensed float -0.00732421875 0x0000ABAA@Data

2r Add new expression
Figure 5-31. Build Level 1 Expressions View

Run the project by clicking on g N

Halt the processor by using the Halt button on the toolbar ( == ).
5.2.3.1.4 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 for changing of values in
watch or memory windows and the ability to see the effect of these changes in the system without halting the
processor.

<
Enable real-time mode by hovering the mouse on the buttons on the horizontal toolbar and clicking the ’
button.

Enable Silicon Real-time Mode (service critical interrupts when halted, allow
debugger accesses while running)

A message box may appear. If so, select YES to enable debug events. This action sets bit 1 (DGBM bit) of
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.

5.2.3.1.5 Running Code

Run the project again by clicking on Lo N

After a few seconds, the inrush relay clicks. The software is programmed to do so in the build level with DC. The
trip clears, and a duty cycle of 0.5 is applied.

64 7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024
Submit Document Feedback
Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

I3 TEXAS
INSTRUMENTS
www.ti.com Hardware, Software, Testing Requirements, and Test Results

In the watch view, check if the guiVin, guiVbus, guili, variables are updating periodically. As no power is applied,
this value is close to zero.

Slowly increase the input DC voltage from zero to 120 V. The output voltage shows a boosted voltage as a
steady duty cycle of 0.5 PU is applied as the default setting. If a high current is drawn, verify if the voltage
terminals are swapped. If true, reduce the voltage to zero first and correct the issue before resuming the test.

Verify the voltage sensing by ensuring that TTPLPFC_vBusAvg_pu displays the correct value. For 120-V DC
input. This verifies the voltage sensing of the board in some manner.

The dutyPU_DC variable can be changed to see operation under various boost conditions. This verifies at a
basic level the PWM driver and connection of hardware

Once finished, reduce the input voltage to zero and watch for the bus voltages to reduce down to zero.
This completes the check for this build. The following items are verified on successful completion of this build:

» Sensing of voltages and currents and scaling for accuracy

* Interrupt generation and execution of the BUILD 1 code in the current loop ISR and Voltage Loop
Instrumentation ISR

*  PWM driver and switching

If any issues are observed, a careful inspection of the hardware may be required 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

b % .
“‘J. Finally, reset the MCU by clicking on - .

Close CCS debug session by clicking on Terminate Debug Session (Target — Terminate all).

[

5.2.3.2 Lab 2: Closed Current Loop DC

In BUILD 2, the inner current loop is closed, that is, the inductor current is controlled using a current
compensator Gi. Both DC bus and output voltage feed forward are applied to the output of this current
compensator to generate the duty cycle of the inverter. This 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. Complete software diagram for this build is illustrated in Figure 5-32 (Note that TIDM-02013 is a 2
phase interleaved TTPLPFC).

(ac_cur_meas - ac_cur_ref_inst)x Gi+ac_vol_sensed

duty1PU =
vBus _sensed (21)

Complete software diagram for this build is illustrated in Figure 5-32.
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Figure 5-32. Build Level 2 Control Software Diagram: Closed Current Loop

5.2.3.2.1 Setting Software Options for BUILD 2

Ensure that the hardware is set up as outlined in Section 5.1.1 for stand alone PFC operation. Do not supply any
high voltage (HV) power to the board yet.

Open TTPLPFC_settings.h and enable Lab2

#define TTPLPFC_LAB 2

Ensure that all other options are the same as specified earlier in Section 5.2.3.2.
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1. Open compensation designer <install

Directory>\C2000Ware_DigitalPower_SDK_<version>\libraries\sfra\gui\CompDesigner.exe
5.2.3.2.2 Designing Current Loop Compensator

Compensation Designer launches. Pl-based controller can be tuned from a pole zero perspective to ensure
stable closed loop operation. Stability of the system when using the designed compensator can be verified by
observing the gain and phase margins on the open loop transfer function plot in the Compensation Designer, as
shown in Figure 5-33.

Q’?CZOOO Compensation Designer GUI: TTPL CCM PFC Current Loop from powerSUITE = [} X
Comp Number and Style Pole Zero Format K [0.35 Digital Compensator
1 Series Pl (Pole Zero f,00.03 DCL_PI_C1/C2/L1 Coeff
Save COMP foo 0
: Lo Kp=0.3496701
Plant Option | Modelled = Enter Zero Location in kHz Ki= 0.0018867
| Browea SFRADAG | Control ISR Freq 100 kHz
Show Graphs for : = Plant — OL == Comp (Note X Axis is Frequency in Hz)
120 I —=
100 | | |
o0 80 [ |
v | |
£ 60 | |
)
3 40 | |
=20 |
So 41 el L L L L =
1]
= -20 |
40 | | |
-60 ———— — S==c=——=——c—c—————— o S==.
1 10 100 1000 10000 100000
20 - - m -
150
8 100
o
§> 50
g0
g ><_
e
& -100
-150 ﬁ\
o EY/]/) e e ==
1 10 100 1000 10000 100000

Stable Loop Folg_cf 7.2556 kHz Gain Margin 6.21 dB Phase Margin 45.01 Degrees %3 Texas INSTRUMENTS

Figure 5-33. Current Loop Design Using Compensation Designer

Once satisfied with the open loop gain, the compensator values can be updated in the ttplpfc_settings.h file.
Close the Compensation Designer
5.2.3.2.3 Building and Loading Project and Setting Up Debug

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, a window may appear to select the CPU
the debug must be performed. 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.
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To add the variables in the watch and 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_lab2.js script file, which is located inside the project folder. This file populates the watch window

with appropriate variables required to debug the system. Click on Continuous Refresh button ( ) on the watch
window to enable continuous update of values from the controller. The watch window appears as Figure 5-34.

= Variables € Expressions I ¥ii Registers % Breakpaoints 50| X% e =0
Expression Type Value Address

@)= puildInfo enum enum_BuildLevel BuildLevel2_CurrentLoop_DC 0x0000A80C@Data
9= boardStatus enum enum_boardStatus boardStatus_Idle 0x0000A804@Data
©= clearTrip int 0 0x0000A824@Data
9= closeGiloop int 0 0x0000A819@Data
&)= ac_cur_ref float 0.0299999993 0x0000A838@Data
)= ac_cur_sensed float 0.0118730068 0x0000A8A4@Data
)= guiVbus float 0.347434014 0x0000A846@Data
©)= guiVin float -0.678055584 0x0000A86C@Data
)= guili float 0.274688691 0x0000A86A@Data

> (2 EPwm1Regs.TZFLG Register 0x0004

» (= EPwm2Regs. TZFLG Register 0x0004
)= dutyPU float 0.00999999978 0x0000A84E@Data
= dutyPU_DC float 0.5 0x0000A84C@Data
)= IL1_sensed float -0.00537109375 0x0000ABAE@Data
= iL2_sensed float -0.00537109375 0x0000A8AC®@Data
)= IL3_sensed float -0.00634765625 0x0000ABAA@Data
©9= gutoStartSlew unsigned long 14 0x0000A87C@Data

ar Add new expression

Figure 5-34. Build Level 2: Closed Current Loop Expressions View

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

Run the project by clicking on il |

Halt the processor by using the Halt button on the toolbar -

5.2.3.2.4 Running Code

The project is programmed to drive the inrush relay and clear the trip after a set amount of time, that is,
autoStartSlew==100. The software is programmed to do so in the build level with DC. An input voltage must be
applied after hitting run and before this autoslew counter reaches 100. If the counter reaches 100, before voltage
is applied at the input, the code must be reset. For which the controller must be brought out of real time mode,

a reset performed and restarted. Repeat the step from Section 5.2.3.2.3 of enabling real-time mode by hovering

the mouse on the buttons on the horizontal toolbar and click the S button.

-

Run the project by clicking

Apply an input voltage of approximately 50 V before the autoStartSlew reaches 100. As soon autoStartSlew
reaches 100, the inrush relay is triggered, and PWM trip is cleared along with closing the current loop flag.
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=Variables ¢ Expressions 2 i Registers ® Breakpoints & B | R | tiet|éa Y= O
Expression Type Value Address
= buildInfo enum enum_BuildLevel BuildLevel2_CurrentLoop_DC 0x0000AB0C@Data
= boardStatus enum enum_boardStatus boardStatus_Idle Ox0000A804@Data
3= clearTrip int 1 0x0000A824@Data
&= closeGiLloop int 1 0x0000A819@Data
6= ac_cur_ref float 0.0299999993 0x0000A838@Data
)= ac_cur_sensed float 0.0300658941 Ox0000A8A4@Data
& guiVbus float 127.377548 0x0000A846@Data
= guiVin float 48.3203316 0x0000A86C@Data
2= guili float 0.707000256 0x0000A86A@Data
> (2 EPwm1Regs.TZFLG Register 0x0000

2 EPwm2Regs.TZFLG Register 0x0000

= dutyPU float 0.386497527 0x0000AB4E@Data
= dutyPU_DC float 0.5 0x0000A84C@Data
= iL1_sensed float 0.0107421875 0x0000ABAE@Data
- iL2_sensed float 0.0087890625 0x0000ABAC@Data
9= iL3_sensed float 0.009765625 0x0000A8AA@Data
6= autoStartSlew unsigned long 101 0x0000AB7C@Data

2 Add new expression
Figure 5-35. Watch Expression, Build lab 2, DC After Closed Current Loop Operation Begins
The input current regulates approximately 1.5 A, and the output voltage boosts to approximately 193 V.

Slowly increase ac_cur_ref to 0.045, that is, 2.4-A input.

Slowly increase Vj, = 120 V, and the output voltage will be greater than 370 V.

=Variables € Expressions 2 1} Registers % Breakpoints 5B X 5?2| ticd|é& Y= 0O
Expression Type Value Address
)= puildInfo enum enum_BuildLevel BuildLevel2_CurrentLoop_DC 0x0000A80C@Data
&)= boardStatus enum enum_boardStatus boardStatus_Idle 0x0000A804@Data
&= clearTrip int 1 0x0000A824@Data
)= closeGiLloop int 1 0x0000A819@Data
= ac_cur_ref float 0.100000001 0x0000A838@Data
= ac_cur_sensed float 0.0993705988 0x0000A8A4@Data
6= guiVbus float 380123596 0x0000A846@Data
= guiVin float 117.478661 0x0000A86C@Data
3= guili float 2.46380639 0x0000A86A@Data
» = EPwm1Regs.TZFLG Register 0x0000
> 2 EPwmZ2Regs.TZFLG Register 00000
9= dutyPU float 0.308701962 0x0000A84E@Data
6= dutyPU_DC float 0.5 0x0000A84C@Data
= iL1_sensed float 0.0493164063 0x0000A8AE@Data
3= iL2_sensed float 0.052734375 0x0000A8AC@Data
9= [L3_sensed float 0.0458984375 0x0000A8AA@Data
)= gutoStartSlew unsigned long 101 0x0000A87C@Data

o¢ Add new expression

Figure 5-36. Watch Expression, Build lab 2, DC After Closed Current Loop Operation Begins at Full
Voltage

SFRA is integrated in the software of this build to verify that the designed compensator provides enough gain
and phase margin by measuring on hardware. To run the SFRA, keep the project running, and navigate to
<Install directory >\C2000Ware_DigitalPower_SDK_<version>\libraries\sfra\guN\SFRA_GUI.exe. The SFRA GUI
appears.

Select the options for the device on the SFRA GUI. For example, for F28003x, select floating point. Click on
Setup Connection. On the pop-up window, uncheck the boot on connect option, and select an appropriate COM
port. Ensure Boot on Connect is deselected. Click OK. Return to the SFRA GUI, and click Connect.
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The SFRA GUI connects to the device. An SFRA sweep can now be started by clicking Start Sweep. The
complete SFRA sweep takes a few minutes to finish. Activity can be monitored by seeing the progress bar on
the SFRA GUI and also checking the flashing of blue LED on the back on the control card that indicates UART
activity. Once complete, a graph with the open loop plot appears. The frequency response data is also saved in
the project folder under an SFRA data folder and is time stamped with the time of the SFRA run.

Additionally, the measured frequency response of the plant can be
used to design the current compensator with compensation designer. <install
Directory>\C2000Ware_DigitalPower_ SDK_<version>\libraries\sfra\gui\CompDesigner.exe.

Choose SFRA Data for plant option on the GUI. This uses the measured plant information to design the
compensator. This option can be used to fine tune the compensation. By default, the compensation designer
points to the latest SFRA run. If a previous SFRA run plant information must be used, select the SFRAData.csv
file by browsing to it by clicking on Browse SFRA Data. This action verifies the current compensator design.

Bring the system to a safe stop by bringing the input DC voltage down to zero. Ensure that the guiVbus comes
down to zero as well.

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

b % .

“'}. Finally, reset the MCU ( b ).
Close the CCS debug session by clicking on Terminate Debug Session (Target — Terminate all).
[0

5.2.3.3 Lab 3: Closed Current Loop, AC

In Lab 3, the inner current loop is closed, that is, the inductor current is controlled using a current compensator
Gi. Both DC bus and output voltage feed forward are applied to the output of this current compensator to
generate the duty cycle of the inverter along with soft start for PWM around the zero-crossing.

Complete software diagram for this build as illustrated in Figure 5-37 (Note that TIDM-02013 is a 2 phase
interleaved TTPLPFC).
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Figure 5-37. Build Lab3 Control Software Diagram: Closed Current Loop AC

5.2.3.3.1 Setting Software Options for Lab 3
Open TTPLPFC_settings.h and enable Lab3

#define TTPLPFC_LAB 3

Current compensator from the previous build is re-used in this build so no additional steps are required for tuning
the current loop in the build level.
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5.2.3.3.2 Building and Loading Project and Setting Up Debug

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, a window may appear to select the CPU
the debug must be performed. 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.

To add the variables in the watch and 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_Lab3.js script file, which is located inside the project folder. This file populates the watch window

with appropriate variables required to debug the system. Click on Continuous Refresh button ( o ) on the watch
window to enable continuous update of values from the controller. The watch window appears as Figure 5-38.

= Variables €7 Expressions 5 ! Registers ®e Breakpoints s8¢ XK@ i =0
Expression Type Value Address
9= buildInfo enum enum_BuildLevel BuildLevel2_CurrentLoop_AC 0x0000A806@Data
&)= pwmSwhtate enum enum_pwmSwState pwmSwState_defaultState 0x0000A824@Data
)= boardStatus enum enum_boardStatus boardStatus_InputUnderVoltageTrip  0x0000A814@Data
)= clearTrip int 0 0x0000A809@Data
= closeGiloop int 0 0x0000A807@Data
= ac_cur_ref float 0.0299999993 0x0000A840@Data
6= gc_cur_sensed float 0.010755837 0x0000A8AB@Data
3= guiVbus float 0.344914794 0x0000A874@Data
= guiVin float -0.563325524 0x0000A882@Data
€= guiVrms float 0.0 0x0000A872@Data
&)= guilrms float 0.0 0x0000A878@Data
)= guiPrms float 0.0 0x0000A86E@Data
9= guiFreqAvg float 0.0 0x0000A880@Data
&= guiPowerFactor float 0.0 0x0000A87C@Data
: (2 EPwm1Regs.TZFLG Register 0x0004
> (2 EPwmZ2Regs.TZFLG Register 0x0004
9= dutyPU float 0.00999999978 0x0000A86C@Data
3= dutyPU_DC float 0.5 0x0000A862@Data
- iL1_sensed float -0.00634765625 0x0000A8C4@Data
3= iIL2_sensed float -0.00830078125 0x0000A8BE@Data
6= IL3_sensed float -0.0112304688 0x0000A8C0@Data
9= gutoStartSlew unsigned long 0 0x0000A85E@Data

&= Add new expression

Figure 5-38. Lab3 AC: Closed Current Loop Expressions View

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

5.2.3.3.3 Running Code
The project is programmed to wait for input voltage to exceed approximately 70 Vs to drive the in rush relay
and clear the trip.

Run the project by clicking £ ©
Apply an input voltage of approximately 120 V. The board comes out of the undervoltage condition and inrush
relay is driven. The trip clears, and a small amount of current of approximately 1.3-A RMS is drawn. The watch
window looks similar to Figure 5-39. The bus voltage is close to 270 V.
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= Variables 7 Expressions 52 1l Registers ® Breakpoints B+ X RE e ~=0
Expression Type Value Address
)= buildInfo enum enum_BuildLevel BuildLevel2_CurrentLoop_AC 0x0000A806@Data
&= pwmSwState enum enum_pwmSwState pwmSwState_positiveHalf 0x0000A824@Data
= boardStatus enum enum_boardStatus boardStatus_NoFault 0x0000A814@Data
©= clearTrip int 1 0x0000A809@Data
- closeGiloop int 1 0x0000A807@Data
= ac_cur_ref float 0.0299999993 0x0000A840@Data
= ac_cur_sensed float -0.00663924217 0x0000A8A8@Data
= guiVbus float 180.061981 0x0000A874@Data
©9= guiVin float -49.6501122 0x0000A882@Data
©= guiVrms float 117.459831 0x0000A872@Data
&= guilrms float 0.551513135 0x0000A878@Data
)= guiPrms float 64.2371902 0x0000A86E@Data
= guiFregAvg float 59.8999023 0x0000A880@Data
&)= guiPowerFactor float 0.978407621 0x0000A87C@Data
- (® EPwm1Reqs.TZFLG Register 0x0000
> (2 EPwm2Regs.TZFLG Register 0x0000
9= dutyPU float -0.880984187 0x0000A86C@Data
= dutyPU_DC float 0.5 0x0000A862@Data
3= iL1_sensed float 0.0180664063 0x0000A8C4@Data
6= iL2_sensed float -0.0048828125 0x0000A8BE@Data
= iL3_sensed float -0.0283203125 0x0000A8C0@Data
)= gutoStartSlew unsigned long 5 0x0000A85E@Data

57 Add new expression
Figure 5-39. Watch Expression, Lab2, AC After Closed Current Loop Operation Begins

Slowly increase ac_cur_ref to 0.078, that is, 2.4-A input, and the bus voltage rises to 400 V. The voltage and
current waveform are shown in Figure 5-40.

v & ooV 4.00ms 25.0M5/s s 27 May 2018
15.00 A 1M points 0.00 v 05:02:29

GIIE 2.841 A )

Figure 5-40. Input AC Current and Output DC Voltage Waveform

SFRA is integrated in the software of this build to verify the designed compensator provides enough gain

and phase margin by measuring on hardware. To run the SFRA, keep the project running, and navigate to
<Install directory >\C2000Ware_DigitalPower SDK_<version>\libraries\sfra\gu\SFRA_GUIl.exe. The SFRA GUI
appears.
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Select the options for the device on the SFRA GUI. For example, for F280039, select floating point. Click on
Setup Connection. On the pop-up window, deselect the boot on connect option, and select an appropriate COM
port. Click OK. Return to the SFRA GUI, and click Connect.

The SFRA GUI connects to the device. A SFRA sweep can now be started by clicking Start Sweep. The
complete SFRA sweep takes a few minutes to finish. Activity can be monitored by seeing the progress bar on
the SFRA GUI and also by checking the flashing of blue LED on the back on the control card that indicates
UART activity. Once complete, a graph with the open loop plot appears. This is similar to the plot seen under
DC conditions; however, some additional noise is visible due to AC harmonic frequencies close to the measured
frequencies. The BW, PM, and GM numbers are very similar to the DC case.

To bring the system to a safe stop, switch off the output from the AC power supply, thus bringing the input AC
voltage down to zero. Ensure that the guiVbus comes down to zero, as well.

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

b % .
“‘J. Finally, reset the MCU ( b ).

Close the CCS debug session by clicking on Terminate Debug Session (Target — Terminate all).
[0
5.2.3.4 Lab 4: Closed Voltage and Current Loop

In this build, the outer voltage loop is closed with the inner current loop closed. The model of the outer
voltage loop is derived in Figure 5-41(Note that TIDM-02013 is a 2 phase interleaved TTPLPFC). A Pl-based
compensator is used and tuned through the compensation designer for the outer voltage loop.

Figure 5-41 shows the software diagram for this build.
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Figure 5-41. Build Level 4 Control Diagram: Output Voltage Control With Inner Current Loop

o

5.2.3.4.1 Setting Software Options for BUILD 4

Ensure that the hardware is set up as outlined in Section 5.1.1 for stand alone PFC operation. Do not supply any
high voltage (HV) power to the board yet.

Open TTPLPFC_settings.h and enable Lab4

#define TTPLPFC_LAB 4

Ensure that all other options are the same as specified earlier in Figure 5-41.
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1. Open compensation designer <install
Directory>\C2000Ware_DigitalPower_SDK_<version>\libraries\sfra\gui\CompDesigner.exe

5.2.3.4.2 Building and Loading Project and Setting up Debug

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, a window may appear to select the CPU
the debug must be performed. 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.

To add the variables in the watch and 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_lab4.js script file located inside the project folder. This file populates the watch window with

appropriate variables required to debug the system. Click the Continuous Refresh button ( ) on the watch
window to enable continuous update of values from the controller.
The watch window appears as shown in Figure 5-42.

= Variables € Expressions & 4! Registers 5B 3&| Cieglé =0
Expression Type Value Address
&= buildInfo enum enum_BuildLevel BuildLevel3_VoltageLoop_AC 0x0000A811@Data
= pwmSwState enum enum_pwmSwState pwmSw5tate_defaultState 0x0000A826@Data
6= boardStatus enum enum_boardStatus boardStatus_InputUnderVoltageTrip  Ox0000AB0F@Data
& clearTrip int 0 0x0000A81A@Data
@) closeGvLoop int 0 0x0000A819@Data
- vBusRef float 0.821337461 0x0000A850@Data
= vBus_sensed float 0.000651041686 0x0000A8C0@Data
= closeGiloop int 0 0x0000A81C@Data
= ac_cur_senseOffset float 0.502499998 0xD000A8E8@Data
- guiVbus float 0.353723764 0x0000A858@Data
®= guiVin float 0.375192761 0x0000A82C@Data
& guiVrms float 0.0 0x0000A842@Data
6= guilrms float 0.0 0x0000A832@Data
&= guiPrms float 0.0 0x0000A834@Data
6= guiPowerFactor float 0.0 0x0000A82E@Data
@)= guiFreqAvg float 0.0 0x0000A844@Data
+ (2 EPwm1Regs.TZFLG Register 0x0004
+ % EPwm2Regs.TZFLG Register 0x0004
= dutyPU float 0.00999999978 0x0000A86E@Data
= dutyPU_DC float 05 0x0000A86C@Data
& iL1_sensed float -0.00390625 0x0000A884@Data
6= iL2_sensed float -0.00634763625 0x0000A880@Data
& iL3_sensed float -0.00244140625 0x0000A882@Data
)= autoStartSlew unsigned long ] 0x0000A83E@Data

=# Add new expression

Figure 5-42. Build Lab4: Expressions View

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

Run the project by clicking on il .
Halt the processor by using the Halt button on the toolbar ( == ).

5.2.3.4.3 Running Code

The project is programmed to wait for input voltage to excel at approximately 70 V¢ to drive the in rush relay
and clear the trip.

Run the project by clicking i
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Apply an input voltage of approximately 120 V. The board comes out of the undervoltage condition and inrush

relay is driven. The trip clears, and the output rises to 380-V DC. A sinusoidal current is drawn from the AC input.

Figure 5-43 shows the watch window when the program is running at this stage.

& B % % %@ 3
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float

float

float

Register

Register

float

float

float
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1

1
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1

0.502499998
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0x0000
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Figure 5-43. Build Lab4: Expressions View After AC Voltage is Applied

#|é v =g

SFRA is integrated in the software of this build to verify the designed compensator provides enough gain
and phase margin by measuring on hardware. To run the SFRA, keep the project running, and navigate to

<Install directory >\C2000Ware_DigitalPower SDK_<version>\libraries\sfra\gu\SFRA_GUIl.exe. The SFRA GUI

appears.

Select the options for the device on the SFRA GUI. For example, for F28003x, select floating point. Click on

Setup Connection, and on the pop-up window, deselect the boot on connect option and select an appropriate

COM port. Click OK. Return to the SFRA GUI, and click Connect.
The SFRA GUI connects to the device. An SFRA sweep can now be started by clicking Start Sweep. The

complete SFRA sweep takes a few minutes to finish. Activity can be monitored by seeing the progress bar on

the SFRA GUI and checking the flashing of blue LED on the back on the control card that indicates UART
activity. Once complete, a graph with the open loop plot appears, as seen in Figure 5-44. This action verifies that
the designed compensator is indeed stable.
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Figure 5-44. SFRA Run on Closed Voltage Loop

Alternately, re-open Compensation Designer, and choose SFRA Data for plant option on the GUI. This option
uses the measured plant information to design the compensator, and can be used to fine tune the compensation.
By default, the Compensation Designer points to the latest SFRA run. If a previous SFRA run plant information
must be used, select the SFRAData.csv file by browsing to it by clicking on Browse SFRA Data. Close the
Compensation Designer, This verifies the voltage compensator design.

To bring the system to a safe stop, bring the input AC voltage down to zero. Ensure that the guiVBus comes
down to zero, as well.

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

¥

Close CCS debug session by clicking on Terminate Debug Session (Target — Terminate all).

. Finally, reset the MCU ( * ').

5.2.4 Test Results

The power density achieved in this design is 3.8 kW/L (62.5 W/in3). The total system efficiency is 96.5%. The
PFC has an efficiency of 98.5% and the CLLLC is 98%.
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5.2.4.1 Efficiency

Efficiency data is provided in the following graphs with and without 12-V bias power. The bias supplies power to

control, isolators, and gate drive. The graph in Figure 5-45 was taken under the following conditions:

i VIN,RMS =240V
° VOUT =400V

» Coolant Temperature: 20°C

99

Efficiency (%)
© © ©
o N @

[(s]
=

Measured PFC Efficiency

w
=)

— No Bias
— With Bias ]

1 2 3 4 5 6
Pout (kW)

Figure 5-45. PFC Efficiency

The graph in Figure 5-46 was taken under the following conditions:

® VIN =400V
® VOUT =350V

» Coolant Temperature: 20°C

Measured CLLLC Efficiency

99
98} 1
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= 97} :
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Figure 5-46. CLLLC Efficiency
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The graph in Figure 5-47 was taken under the following conditions:
* Vinrus =240V
° VOUT =350V
» Coolant Temperature: 20°C
Measured System Efficiency
97.0r : . . . . :
96.5¢} ]
= 96.0 :
)
c 95.5} 1
@
o :
E 95.0} — No Bias 1
04 5} — With Bias| |
940 1 1 1 1 1
1 2 3 4 5 6
Pout (kW)
Figure 5-47. System Efficiency
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5.2.4.2 System Performance

The following figures summarize the total system efficiency, system losses, total harmonic distortion (THD), and
the normalized output voltage regulation accuracy.

The power density achieved in this design is 3.8 kW/L (62.5 W/in3). This comes with a total system efficiency

of 96.5%. Loads above 1.5 kW have a THD < 5% and the regulation accuracy of the output voltage is roughly
within £0.06%.

The graphs in Figure 5-48 use the following conditions:

. VIN,RMS =240V
° VOUT =350V
* Coolant Temperature: 20°C

Measured System Efficiency Loss vs. Pout
97 .0p . T . . . . . . .
300t
96.5¢
—_ 250¢
X 06.0f =
> < 200}
_5 95.5} E?f‘ 150t
% 5.0 — No Bias T 100 — No Bias
94 .5} — With Bias| 50t — With Bias
94.0L : : : ; : : Ok : : : : : :
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Pout (kW) Pout (kW)
Total Harmonic Distortion Vout Regulation Accuracy
0.06;
8l
< 0.04;
g 6f § 0.02}
) L
T 4 c 0.00
of S -0.02}
0 -0.04¢
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Pout (kW) Pout (kW)

Figure 5-48. System Performance
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5.2.4.3 Bode Plots

The following bode plots were acquired using the onboard software frequency response analyzer inside the
TMS320F28388D microcontroller. The load used in the tests was configured as a constant current sink. The
microcontroller is configured to regulate a constant output voltage. The bandwidth is roughly from 1 kHz to 2.5
kHz with a phase margin in excess of 45°C.

SFRA Data - Voltage Loop

40}
20t
o
= 0
£
T
O _20f
-40¢
| . | . | | Vour lour o b
50 100 500 1000 5000 10* — 350V 18.8 A 1.28 kHz 82.5°
Frequency (Hz) = 350V 15 A 142 kHz 74.5°
180 — 350V 5A 2.64 kHz 47.4°
135} — 350V 25A 2.18 kHz 59.5°
90+
s 45
? 0
2
o -45¢
_90
-135;
= 18056400 500 1000 5000 10°
Frequency (Hz)
Figure 5-49. Voltage Loop Bode Plot
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The following bode plots were acquired using the onboard software frequency response analyzer inside the
TMS320F28388D microcontroller. The load used in the tests was configured as a constant voltage. The
microcontroller is configured to regulate a constant output current. The bandwidth is roughly from 1 kHz to
2.5 kHz with a phase margin in excess of 60°C.

SFRA Data - Current Loop

50¢f
40¢f
30}
20¢

-10; \Va—p
-20} E VOUT J'OUT fbw ¢m

50 100 500 1000 5000 10* —_ 350V 18.8 A 1.04 kHz 67.1°
Frequency (Hz) — 350V 15 A 0.85kHz 61.2°
180 — 350V 5A 1.98 kHz 80.1°

135} — 350 V 25A 1.356 kHz 65.9°
90t

45,

Gain (dB)

Phase (°)
(=]

—45}
-90}
-135¢
-180

50 100 500 1000 5000 10
Frequency (Hz)

Figure 5-50. Voltage Loop Bode Plot (Constant Voltage Load)
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5.2.4.4 Efficiency and Regulation Data
The following table shows efficiency and regulation data.
Vour (V) | lout (A) | Pour (W) | Vin(V) Iin (A) Pin(W) | Veias (V) | lgias (A) | Pgias (W) | Eff (%) No |  Eff (%)
Bias With Bias
352.76 0.5 177.35 240.12 1.17 215.36 11.92 1.24 14.73 82.35 77.08
352.74 1 354.12 240.05 1.79 391.84 11.92 1.23 14.67 90.37 87.11
352.72 1.5 530.65 239.98 2.49 572.25 11.92 1.24 14.8 92.73 90.39
352.71 2 706.27 239.91 3.23 753.97 11.92 1.24 14.78 93.67 91.87
352.7 2.5 882.52 239.84 3.97 936.83 11.92 1.24 14.76 94.2 92.74
352.7 3 1058.9 239.76 4.72 1118.95 11.92 1.23 14.71 94.63 93.41
352.7 3.5 1235.3 239.69 5.48 1301.58 11.92 1.23 14.65 94.91 93.85
352.69 4 1411.74 239.62 6.23 1484.44 11.92 1.23 14.61 95.1 94.18
352.69 4.5 1587.99 239.55 6.99 1667.43 11.92 1.22 14.57 95.24 94.41
352.69 5 1763.62 239.47 7.75 1849.94 11.92 1.22 14.51 95.33 94.59
352.69 5.5 1939.96 239.4 8.51 2031.56 11.93 1.21 14.48 95.49 94.82
352.69 6 2116.85 239.32 9.27 2212.59 11.93 1.21 14.48 95.67 95.05
352.68 6.5 2293.18 239.25 10.02 2392.72 11.93 1.21 14.46 95.84 95.26
352.68 7 2469.51 239.17 10.78 257243 11.93 1.21 14.4 96 95.46
352.67 7.5 2645.17 2391 11.53 27515 11.93 1.19 14.16 96.14 95.64
352.68 8 2821.8 239.02 12.29 2931.48 11.94 1.16 13.85 96.26 95.81
352.69 8.5 2998.24 238.95 13.04 3111.5 11.94 1.14 13.56 96.36 95.94
352.71 9 3174.78 238.87 13.8 3292.5 11.95 1.1 13.26 96.43 96.04
352.72 9.5 3350.46 238.79 14.56 3472.6 11.95 1.09 12.99 96.48 96.12
352.76 10 3527.33 238.71 15.33 3654.7 11.95 1.07 12.76 96.51 96.18
352.79 10.5 3704.19 238.63 16.09 3837.2 11.96 1.05 12.52 96.53 96.22
352.84 1 3881.08 238.54 16.87 4020.3 11.96 1.03 12.37 96.54 96.24
352.91 11.5 4058.4 238.46 17.64 4204.2 11.96 1.02 12.24 96.53 96.25
352.92 12 4235 238.37 18.42 4387.9 11.96 1.02 12.16 96.51 96.25
352.93 12.5 4411.3 238.28 19.2 4571.5 11.96 1.01 12.08 96.5 96.24
352.96 13 4588.2 238.18 19.98 4756 11.96 1 12 96.47 96.23
352.99 13.5 4765.1 238.09 20.77 4940.9 11.96 1 11.92 96.44 96.21
353 14 4941.9 237.99 21.55 5125.8 11.97 0.99 11.86 96.41 96.19
353.02 14.5 5118.9 237.89 22.34 5311.4 11.97 0.99 11.79 96.38 96.16
353.02 15 5294.8 237.79 23.13 5496.4 11.97 0.98 11.73 96.33 96.13
353.02 15.5 5471.6 237.68 23.92 5682.4 11.97 0.98 11.69 96.29 96.09
353.03 16 5648.3 237.62 24.71 5868.9 11.97 0.97 11.64 96.24 96.05
353.05 16.5 5825.2 237.51 25.51 6056.1 11.97 0.97 11.59 96.19 96
353.02 17.5 6176.6 237.26 27.13 6432.3 11.97 0.96 11.52 96.03 95.85
353.02 18 6353.2 237.14 27.94 6621.6 11.97 0.96 11.49 95.95 95.78
353.03 18.5 6529.8 237.01 28.76 6812.2 11.97 0.96 11.47 95.85 95.69
353.05 19 6706.8 236.87 29.59 7004.3 11.97 0.96 11.44 95.75 95.6
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5.2.4.5 Thermal Data

Figure 5-51 is taken under full load operation. All of the significant heat generation components are connected
to the cold plate on the bottom side of the board. The hottest components visible in this image come from the
common-mode inductors in the EMI filter. These parts have no access to the cold plate and receive all their
cooling through the ambient air.

Figure 5-51. Top Side Thermal Image

GaN FET temperatures are provide by means of the onboard temperature sensors inside the LMG3522 devices.
Under full load conditions, all FET temperatures are less than 75°C.

Table 5-5 lists the GaN FET temperature measurements under the following conditions:

N VIN,AC: 240V
. VDC,LINK: 400V
» Coolant temperature: 33°C

Table 5-5. GaN FET Temperature Measurements

GaN FET Temperature (°C)
PFC 66.8
CLLLC Primary (350 V/19 A) 58.1
CLLLC Secondary (350 V/19 A 59.5
CLLLC Primary (300 V/19 A) 61.0
CLLLC Secondary (300 V/19 A) 74.0
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Figure 5-52 shows the critical transformer temperatures under the following conditions:

Coolant Temperature: 33°C

Transformer temperature measurement locations

— PRI 1 - Measured on the inside surface of the primary winding

— PRI 2 — Measured on the outside surface of the primary winding

— SEC 1 — Measured on the inside surface of the secondary winding
— SEC 2 — Measured on the outside surface of the secondary winding
— CORE 1 — Measured on the top of the core center leg

— CORE 2 — Measured on the bottom of the core center leg

— CORE 3 — Measured on the side of the core

— CORE 4 — Measured on the top of the core

CLLLC Transformer (33°C Coolant)

100} 4

801 1

60} 1

Temperature ("C)

40t |

201 1

10 15 20 25 30
Time (minutes)

=1
w

Figure 5-52. CLLLC Transformer Temperatures

5.2.4.6 PFC Waveforms

SEC 1 (Inside)

CORE 2 (Center Down)
PRI 1 (Inside)

CORE 1 (Center Up)
SEC 2 (Outside)

PRI 2 (Outside)
CORE 4 (Top)
CORE 3 (Side)

Figure 5-53 shows the PFC input voltage and input current waveform measured at the following parameters:

Traces

- C2: VIN

- C4: IIN
Conditions

- VIN =208V
- VOUT =400V
- ROUT =43Q

86

7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024

Copyright © 2024 Texas Instruments Incorporated

Submit Document Feedback


https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

13 TEXAS
INSTRUMENTS

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

i | Hosthon | Trg | Dupisy | Cosony | Massws | Mask | U | WyScops | Atarges | Ulisbes | eip l- Ta :_ 131
| oos] =5 £t}

8 Ot i By i | w 20048 Zomai 1008 Ll
(== ] (=1
FrTreTs W Lizon \hone  womat || prags Barighe Bety
Lty 10 i E
— ks . .||| u st < o | 10w Nz
an n x e ours
| S L EL LT T Ba |! e March 90, 2621 144818

Figure 5-53. PFC Input Voltage and Input Current

Figure 5-54 shows the PFC GaN drain voltage waveform measured at the following parameters:

* Traces
— C1: GaN Switch Node Drain Voltage
- Cz: VIN
- C4: IIN
» Conditions
- VIN =208V
- VOUT =400V
- ROUT =43Q

Figure 5-54. PFC GaN Drain Voltage

A zoom-in of the GaN switch drain-to-source voltage transition is shown to be approximately 20 ns in Figure
5-55. This rapid transition comes from the low Cpgg of the LMG3522.
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The waveform in Figure 5-55 was measured using the following parameters:
» Traces
— C1: GaN Switch Node Drain Voltage
- Cz: VIN
- C4: IIN
» Conditions
- VIN =208V
- VOUT =400V
- ROUT =43Q
-
;
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Figure 5-55. PFC GaN Drain Voltage - Transition
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5.2.4.7 CLLLC Waveforms
Figure 5-56 shows CLLLC operation at 19 A (6.6 kW) under the following parameters:

« Traces
— C1: GaN Primary Switch Node Drain Voltage
— C2: GaN Secondary Switch Node Drain Voltage
— C3: Transformer Primary Current
— C4: Transformer Secondary Current
« Conditions

- VIN =400V
- VOUT =350V
— IOUT =19 A
Figure 5-56. CLLLC Operation 19 A (6.6 kW)
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Figure 5-57 shows CLLLC operation at 10 A and the following parameters:

» Traces
— C1: GaN Switch Node Drain Voltage Leg 1
— C2: GaN Switch Node Drain Voltage Leg 2
— C3: Transformer Primary Current
— C4: Transformer Secondary Current
» Conditions
- VIN =400V
- VOUT =350V
- IOUT =10A
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Figure 5-57. CLLLC Operation 10 A
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A zoom-in of the GaN switch drain-to-source voltage transition is shown to be approximately 40 ns in Figure

5-58. This rapid transition comes from the low Cpgg of the LMG3522.
The waveform in Figure 5-58 is measured using the following parameters:

» Traces
C1: GaN Switch Node Drain Voltage Leg 1
C2: GaN Switch Node Drain Voltage Leg 2
C3: Transformer Primary Current

— C4: Transformer Secondary Current
+ Conditions

- VIN =400V
- VOUT =350V
- IOUT =10A
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Figure 5-58. CLLLC Operation 10 A - GaN FET Transitions
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The waveform in Figure 5-59 is measured using the following parameters:

» Traces
C1: GaN Switch Node Drain Voltage Leg 1
C2: GaN Switch Node Drain Voltage Leg 2
C3: Transformer Primary Current

— C4: Transformer Secondary Current
» Conditions

- VIN =400V
- VOUT =350V
- lour=2A
Fhw | Edr | Verica | Dhgtal | bossicg | Trg | Daply | Coan | Mdwsw | Mask | U | Uylcoge | Aeaes | Ussbe | i l1_

I._ﬂ
e

RDORS T 1000p

LIS LY
Coses  Masch 32, M3

ALERL]

Tl ¥ By [T 3 w_{ iNaAY
g ¥ Dy L] JToiggeved  Auto 1 g
[ EELCTH LT
| A AR A A I
Whtas Mean Blin E=n 8t Dwv Coust  Inin
G srew [iSaii Jedhioik [een  wass [ eee [

Figure 5-59. CLLLC Operation 2 A
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A zoom-in of the GaN switch drain-to-source voltage transition is shown to be approximately 75 ns in Figure
5-60. This rapid transition comes from the low Cqgg of the LMG3522. The slightly longer transition time in this

image comes from the lighter load condition and the resulting reduced current flow.

The waveform in Figure 5-60 is measured using the following parameters:

* Traces

C1: GaN Switch Node Drain Voltage Leg 1
C2: GaN Switch Node Drain Voltage Leg 2
C3: Transformer Primary Current

— C4: Transformer Secondary Current

« Conditions

- VIN =400V
- VOUT =350V
- lour=2A
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Figure 5-60. CLLLC Operation 2 A - GaN FET Transitions
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6 Design Files
6.1 Schematics

To download the schematics, see the design files at TIDM-02013.

6.2 Bill of Materials

To download the bill of materials (BOM), see the design files at TIDM-02013.

6.3 Altium Project

To download the Altium Designer® project files, see the design files at TIDM-02013.
6.4 Gerber Files

To download the Gerber files, see the design files at TIDM-02013.

7 Software Files

To download the software for this reference design, go to the DigitalPower Software Development Kit (SDK) for
C2000 MCUs site.

8 Related Documentation

1.
2.

3.

7.

Texas Instruments, TMS320F28003x Real-Time Microcontrollers, data sheet.

Texas Instruments, C2000™ Software Frequency Response Analyzer (SFRA) Library and Compensation
Designer in SDK Framework, user's guide.

Zaka Ullah Zahid, Zakariya M. Dalala, Rui Chen, Baifeng Chen, and Jih-Sheng Lai, Design of Bidirectional
DC-DC Resonant Converter for Vehicle-to-Grid (V2G) Applications, IEEE Transactions on Transportation
Electrification, Vol. 1, No. 3, October 2015, pp. 232-244.

Zakariya M. Dalala, Zaka Ullah Zahid, Osama S. Saadeh, Jih-Sheng Lai, Modeling and Controller Design of
a Bidirectional Resonant Converter Battery Charger, IEEE Access, Vol. 6, April 2018, pp. 23338-23350.
Biao Zhao, Qiang Song, Wenhua Liu, and Yandong Sun, Overview of Dual-Active-Bridge Isolated
Bidirectional DC-DC Converter for High-Frequency-Link Power-Conversion System, IEEE Transactions on
Power Electronics, Vol. 29, No. 8, August 2014, pp. 4091-4106.

Joel Turchi, J.T., Dhaval Dalal, D.D., Patrick Wang, P.T., and Laurent Lenck, L.L. (2014). Power Factor
Correction (PFC) Handbook: Choosing the Right Power Factor Controller Solution. Revision 5, http://
www.onsemi.com/pub/Collateral/HBD853-D.PDF

Texas Instruments, Control Challenges in a Totem-Pole PFC, analog applications journal.

8.1 Trademarks

C2000™, TI E2E™, Piccolo™, TMS320C2000™, and Code Composer Studio™ are trademarks of Texas
Instruments.

Altium Designer® is a registered trademark of Altium LLC or its affiliated companies.

All trademarks are the property of their respective owners.

94

7.4-kW EV or HEV Bidirectional Onboard Charger Reference Design With GaN TIDUF18A — OCTOBER 2022 — REVISED FEBRUARY 2024
Submit Document Feedback
Copyright © 2024 Texas Instruments Incorporated


https://www.ti.com/tool/TIDM-02013
https://www.ti.com/tool/TIDM-02013
https://www.ti.com/tool/TIDM-02013
https://www.ti.com/tool/TIDM-02013
http://www.ti.com/tool/C2000Ware-DigitalPower-SDK
http://www.ti.com/tool/C2000Ware-DigitalPower-SDK
https://www.ti.com/lit/pdf/sprsp61
https://www.ti.com/lit/pdf/SPRUIK4
https://www.ti.com/lit/pdf/SPRUIK4
http://www.onsemi.com/pub/Collateral/HBD853-D.PDF
http://www.onsemi.com/pub/Collateral/HBD853-D.PDF
https://www.ti.com/lit/pdf/SLYT718
https://www.ti.com
https://www.ti.com/lit/pdf/TIDUF18
https://www.ti.com/feedbackform/techdocfeedback?litnum=TIDUF18A&partnum=TIDM-02013

13 TEXAS
INSTRUMENTS

www.ti.com

Terminology

9 Terminology

ACRONYM
BCM
BW
CAN
CCM
CCs
CLA
CLB
CLLLC
CMPSS
CMTI
DAB
DAC
DCM
DLOG
DT
DUT
eCAP
ePWM
ERAD
EV
FET
FHA
FSI

GaN

HEV
HRPWM
HSEC
12C
IDE
IGBT
ISR
KCL
KvL
LIN
MOSFET
OBC
PFC
PGA
PMBus
SClI
SDFM
SFRA
SiC
SPI
SRC
ZCS
ZVS

DEFINITION

Battery Charging Mode

Bandwidth

Controller Area Network
Continuous Conduction Mode
Code Composer Studio

Control Law Accelerator
Configurable Logic Block
Capacitor Inductor Inductor Inductor Capacitor
Comparator Subsystem
Common-Mode Transient Immunity
Dual Active Bridge
Digital-to-Analog Converter
Discontinuous Conduction Mode
Data Logger

Dead time

Design under test

Enhanced Capture

Enhanced Pulse Width Modulator
Embedded Real-Time Analysis and Diagnostic
Electric Vehicle

Field Effect Transistor

First Harmonic Analysis

Fast Serial Interface

Gallium Nitride

Hybrid Electric Vehicle

High-Resolution Pulse Width Modulator
High-Speed Edge Card

Inter-integrated Circuit

Integrated Development Environment
Insulated-Gate Bipolar Transistor
Interrupt Service Routine

Kirchhoff's Current Law

Kirchhoff's Voltage Law

Local Interconnect Network

Metal Oxide Semiconductor Field Effect Transistor

Onboard Charger

Power Factor Correction
Programmable Gain Amplifier
Power-Management Bus

Serial Communication Interface
Sigma-Delta Filter Module
Software Frequency Response Analyzer
Silicon Carbide

Serial Peripheral Interface
Series Resonant Converter
Zero Current Switching

Zero Voltage Switching
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