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Power factor correction (PFC) circuit

• Each power-supply unit (PSU) 

supplies several kilowatts

• PFC efficiency >98%

• Data center needs ≊50 MW

• ≊8,000 data centers worldwide
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Totem-pole PFC – using one boost converter for PFC
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• Can you control the input 

current with one boost 

converter?

• Yes, if you add the ability to 

reconfigure the circuit 

during each half cycle

Positive half cycle Negative half cycle

Control field-effect transistor (FET) “D”

Rectifier “1-D”
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Totem-pole PFC
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Positive half cycle Negative half cycle

Strengths

• Highest efficiency

• Minimizes conduction loss

Weaknesses

• Control complexity

• Usually requires wide 

band-gap switches

• Current sensing

• Common-mode 

electromagnetic 

interference (EMI)

CCM totem-pole PFC paper

Control FET “D”

Synchronous 

rectifier “1-D”

https://www.ti.com/seclit/wp/slup327/slup327.pdf


PFC conduction modes
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Continuous conduction mode (CCM)

• Hard switching and reverse recovery

• Lower conduction loss

• Small ripple current

• Simple control

Transition conduction mode (TCM)

• Zero voltage switching (ZVS)

• Higher conduction loss

• Large ripple

• Complex control

Multimode

• Combination of CCM/TCM

• Attempts to get benefits of each 

• Complex control

𝐼𝐿𝑔(𝑡)
𝑇𝑠

denotes the current in Lg averaged over each switching cycle



Conduction-mode impact on FET losses
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CCM/TCM

Topology CCM/TCM TCM

Inductor 150 µH 25 µH

fs range 60 kHz-

250 kHz

75 kHz-

750 kHz

FET loss High Low

Inductor 

volume

Big Small

EMI filter 

size

Small Big

TCM



Control constraints
• PFC requirements

– Condition No. 1: ZVS

• S1 achieves ZVS if vc t = vOUT before turnon

• S2 achieves ZVS if vc t = 0 before turnon

– Condition No. 2: low total harmonic distortion (THD)

• vac t = 2 ⋅ vac,rms ⋅ sin ω ⋅ t + φ

• ILg(t)
Ts

=
vac t

Re
, Re =

vac,rms
2

Pout

• Well-known solution to equivalent circuit

– vc t = il t0 ⋅ Z0⋅ sin ω0 ⋅ t + vc t0 − vac t0 ⋅ cos ω0 ⋅ t

– il t =
vac t0 −vc t0

Z0
⋅ sin ω0 ⋅ t + il t0 ⋅ cos ω0 ⋅ t

• Microcontroller solves for required timing
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TCM converter

ZVS equivalent circuit

il t = 2 ⋅ Coss ⋅
dvc t

dt

vac t − vc t = Lg
dil t

dt

Lg

Vac

2·Coss Z0 =
Lg

2 ⋅ Coss

ILg(t)
Ts

denotes the current in Lg averaged over each switching cycle

Lg
S1

S4

S3

Vac

S2

Coss

Coss

vc(t)

il(t)



Control timing definitions
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• Control variables

– ton – on-time of the control FET

– toff – on-time of the synchronous rectifier (SR)

– trp – dead time between the control FET 

turnoff and synchronous rectifier turnon

– trv – dead time between the synchronous 

rectifier turnoff and the control FET turnon

• Positive AC half cycle

– S1 – synchronous rectifier

– S2 – control FET

• Negative AC half cycle

– S1 – control FET

– S2 – synchronous rectifier

Lg
S1

S4

S3

Vac

S2

Coss

Coss

Vsw(t)

Isw(t)



Transition-mode control – COT
• Constant on-time (COT) control

– 𝐼𝐿𝑔(𝑡)
𝑇𝑠

=
𝑉𝑎𝑐(𝑡)

2⋅𝐿𝑔
𝑡𝑜𝑛

• Operates on the discontinuous-conduction-mode 

(DCM)/CCM boundary

• Large switching frequency variation

• The inductor current will go negative every cycle

• ZVS

– VIN < 1/2 VOUT – ZVS for all loads

– VIN > 1/2 VOUT – loss of ZVS

• Low THD is challenging
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𝐼𝐿𝑔(𝑡)
𝑇𝑠

denotes the current in Lg averaged over 

each switching cycle
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Vac
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Transition-mode control – ZCD
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ton – on-time of the control FET

toff – on-time of the SR

trp – dead time between the control FET turnoff and SR turnon

trv – dead time between the SR turnoff and the control FET turnon

• Solves the loss of ZVS 

issue for VIN > 1/2 VOUT

• Requires:

• Precise ZCD

• Robust algorithm

Lg
S1

S4

S3

Vac

S2

Coss

Coss

Isense



ZCD solution
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• VAC < 1/2 VDC natural ZVS

• VAC > 1/2 VDC additional SR time required

• Exact timing solution is not available

ton – on-time of the control FET

toff – on-time of the SR

trp – dead time between the control FET turnoff and SR turnon

trv – dead time between the SR turnoff and the control FET turnon

Lg
S1

S4

S3

Vac

S2

Coss

Coss

Isense



ZCD – timing challenge
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Ideal case resonance

IL

Vgs1

Vgs2

Vds1

Real case with 90-ns TDELAY

IL

Vgs1

Vgs2

Vds1

Line-cycle inductor current• Need accurate ZCD timing

• Requires high bandwidth, low delay sensor

• Delays limit response time

• Requires additional computation to compensate for delays

• Results in increased THD and unnecessary conduction loss

Predict new TSR timingIdeal TSR timing

Vdc

Lg
S1

S4

S3

Vac

S2

Coss

Coss

ZCD

Microcontroller

Pulse Gen Driver

Delay



Path to solution: Step 1 – simplify timing

• Simplify by making trv a constant

• Frequency variation is similar

• Ripple current is similar
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ton – on-time of the control FET

toff – on-time of the SR

trp – dead time between the control FET turnoff and SR turnon

trv – dead time between the SR turnoff and the control FET turnon
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TCM – constant trv
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ton – on-time of the control FET

toff – on-time of the SR

trp – dead time between the control FET turnoff and SR turnon

trv – dead time between the SR turnoff and the control FET turnon

• No exact solution

• ZVD feedback

• Eliminates another timing variable

• Enables an exact solution

Lg
S1

S4

S3

Vac

S2

Coss

Coss



Path to solution: Step 2 – ZVD feedback

• Status bit output indicating if turned on with ZVS

– At 500 kHz, the gallium-nitride (GaN) switch 

achieves ZVS 

– At 1.3 MHz, the GaN switch loses ZVS

1620 V and 1.3 MHz20 V and 500 kHz

𝑽𝒅𝒔 (10 V/div)

𝑰𝑳 (1 A/div)

Low-side FET ZVD 

signal (5 V/div)

ZVD pulse indicates the achievement of ZVS in the device at turnon

TMS320F280049C 

LMG3526R030 GaN FET

ZVD

LMG3526R030 GaN FET

ZVD

IL(t)
VC(t)



Exact solution: ZVD feedback and constant trv
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• Reduced control complexity

• trv is a constant

• ZVD feedback determines fs
• Microcontroller now can force ZVS and unity power factor

Vhs,g
Vhs,zvd

Lg
S1

S2
S4

S3

Vac
Vout

Isw
Vsw

Vls,g
Vls,zvd

Microcontroller

• Estimate fs

• Calculate timing 

for 0% THD.

ton, toff, trp, trv

Vhs,g

Vls,g
Vhs,zvd

Vout

Vls,zvd

Vac



Frequency dithering
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Microcontroller

• Estimate fs

• Calculate timing 

for 0% THD.

ton, toff, trp, trv

Vhs,g

Vls,g
Vhs,zvd

Vout

Vls,zvd

Vac



ZVD benefits and comparison to other solutions

19

Periphery circuit

Periphery circuit cost

Efficiency impact

• Two current transformers

• Two comparators

• Clamping circuits: two high-

voltage capacitors, two resistors

$

Reduced efficiency from current 

transformer and snubber circuit 

losses

LargeFootprint size

• One added channel in isolator

$

No impact

Almost no added footprint

• One shunt resistor, 

• One high-bandwidth op amp 

• One fast comparator

$$$

Reduced efficiency caused by 

shunt loss

Large

TI GaN ZVD feature

LMG3526R0X0

Shunt resistor method Current transformer method

ComplexControl complexity Simple Complex

Circuit diagram

CMP

Op amp

Rs

Cs

Rs

Cs

CT

CT

ZVD

ZVD

LMG3526R0x0

LMG3526R0x0



Design example – 5-kW PFC

Parameters Value
AC input 208 V-264 V

Line frequency 50-60 Hz

DC output 400 V

Maximum power 5 kW

Holdup time at full load 20 ms

Lg, low-frequency inductor 140 µH

Lb, high-frequency inductor 14 µH

Cb, high-frequency blocking capacitor 1.5 µF

THD <5%

EMI EN55022 Class A

Operating frequency Variable, 75 kHz-1.2 MHz

Microcontroller TI: TMS320F280049C

High-frequency GaN FETs (S11, S12, S22, S21) TI: LMG3526R030

Internal dimensions 38 mm × 65 mm × 263 mm

Power density 120 W/in3
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PMP40988 link

Lg1

S21

S11 S3

S4S22

S12

Lg2Vac

VA

VB

IL,A

IL,B
Lb1

Cb

Lb2

Vdc

https://www.ti.com/tool/PMP40988


Vdc

Lg,TCM S1

S4

S3

Vac

S2

Vdc

Lg,iTCM S1

S4

S3

Vac

S2

Lb

Cb

iTCM vs. TCM design
iTCM potential benefits

• Optimized inductors

– Lb (ferrite) – reduced peak currents

– Lg,iTCM inductor (powder iron) – low 

ripple

• Lg,TCM is ferrite for high-

frequency ripple

• Improved differential-mode EMI as 

high-frequency ripple bypasses 

input 

– Reduces EMI filter size

– Lg,iTCM forms part of differential-

mode filter

• Lg,TCM = Lg,iTCM ∥ Lb

21

TCM

iTCM

Low Frequency 
Ripple Current

High Frequency 
Ripple Current

Switch node 
Ripple Current



Efficiency and THD with phase shedding
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VIN: 230 V

Phase shedding/additional threshold: 1.8 kW



Full-load thermal scan
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VIN = 230 VAC

VOUT = 400 V

IOUT = 12.5 A

38 CFM fan



Experimental results – full load
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VIN ≪ VOUT/2

VOUT = 400 V P = 5 kW

VIN = VOUT/2 VIN ≫ VOUT/2

VIN = 230 VRMS

𝑣𝐵

𝑖𝐿,𝐴 𝑖𝐿,𝐵

𝑣𝐴 𝑣𝐵

𝑖𝐿,𝐴 𝑖𝐿,𝐵

𝑣𝐴 𝑣𝐵

𝑖𝐿,𝐴 𝑖𝐿,𝐵

𝑣𝐴

200 V/div, 20 A/div, 2 µs/div 200 V/div, 20 A/div, 2 µs/div 200 V/div, 20 A/div, 2 µs/div

Lg1

S21

S11 S3

S4S22

S12

Lg2Vac

VA

VB

IL,A

IL,B
Lb1

Cb

Lb2

Vdc



Experimental results – no load
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𝑖𝐿,𝐴

𝑣𝐴

𝑖𝐿,𝐴

𝑣𝐴

𝑖𝐿,𝐴

𝑣𝐴

VOUT = 400 V P = 0 kWVIN = 230 VRMS

VIN ≪ VOUT/2 VIN = VOUT/2 VIN ≫ VOUT/2

200 V/div, 5 A/div, 400 ns/div 200 V/div, 5 A/div, 400 ns/div 200 V/div, 5 A/div, 400 ns/div

Lg1

S21

S11 S3

S4S22

S12

Lg2Vac

VA

VB

IL,A

IL,B
Lb1

Cb

Lb2

Vdc



Voltage-loop compensator
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Notch filter removes 

120-Hz ripple

Dynamically change Kp to enable 

faster transient response when the 

output is far from its target

Feedforward adjusts the 

power command to each 

phase depending on how 

many phases are running

Standard proportional integral controller equivalent to 

an integrator with an added zero

Notch Filter

KP+KI/s

Update Kp

Increase Kp

Decrease Kp

Phase 
shedding 
multiplier

0.5

1.0

VOU T

VREF

VIN(t)

err (feedback error voltage) pwr (average power command)

Instantaneous 
Power Command

V2 – Upper error threshold
V1 – Lower error threshold

P2 – Phase adding threshold
P1 – Phase shedding threshold



Load transient: 40 W → 2.5 kW
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VIN = 230 VAC

VOUT = 400 V

IOUT = 0.1 A to 6.25 A

ISW, Phase 1

VIN

VOUT

ISW, Phase 2



Load transient: 2.5 kW → 40 W
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VIN = 230 VAC

VOUT = 400 V

IOUT = 6.25 A to 0.1 A

ISW, Phase 1

VIN

VOUT

ISW, Phase 2



AC dropout and restore
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VIN = 230 VAC

VOUT = 400 V

IOUT = 12.5 A

Dropout = 20 ms

Phase = 30 degrees

Vac

Vout

Iac

VIN

VOUT



Summary and conclusions

• A computationally simple TCM PFC control:

– Achieves ZVS across the full line and load range

– Achieves best-in-class THD

– Requires no control current sensor

• A two-phase interleaved solution using variable frequency and ideal interleaving

– Efficiency >99.1%

– THD <5%

• The use of a new ZVD-enabled GaN FET

• ZVD enables the use of a cost-effective C2000™ microcontroller 
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Backup
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Startup

33

CH1 – VIN

CH2 – VOUT

CH3 – ISW, master

CH4 – IIN

VIN = 230 VAC

VOUT = 400 V

IOUT = 0 A



Vhs,gLg
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S4

S3

Lb

Cb

Vac
Vout

IswIac
Vsw

Vls,g

Complete timing solution
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No exact solution

ZVD feedback can change that

ton – on-time of the control FET

toff – on-time of the SR

trp – dead time between the control FET turnoff and SR turnon

trv – dead time between the SR turnoff and the control FET turnon



iTCM and TCM design equations

• 𝑳𝒈,𝒊𝑻𝑪𝑴 =
𝑽𝒈,𝒑𝒆𝒂𝒌
𝟐 ⋅(𝑽𝒐𝒖𝒕−𝑽𝒈,𝒑𝒆𝒂𝒌)

𝟐⋅𝑷⋅𝒓⋅𝑽𝒐𝒖𝒕⋅𝒇𝒎𝒊𝒏

• 𝑳𝒃,𝒊𝑻𝑪𝑴 =
𝑽𝒈,𝒑𝒆𝒂𝒌⋅
𝟐 (𝑽𝒈,𝒑𝒆𝒂𝒌−𝑽𝒐𝒖𝒕)

𝟐⋅𝑽𝒐𝒖𝒕⋅𝒇𝒎𝒊𝒏⋅(𝑷⋅(𝒓−𝟐)−𝑰𝒛𝒗𝒔⋅𝑽𝒈,𝒑𝒆𝒂𝒌)

• 𝑪𝒃,𝒊𝑻𝑪𝑴 =
𝑽𝒐𝒖𝒕⋅(𝑰𝒛𝒗𝒔⋅𝑽𝒈,𝒑𝒆𝒂𝒌−𝑷⋅(𝒓−𝟐))

𝟐⋅𝝅𝟐⋅𝒅⋅𝒇𝒎𝒊𝒏⋅𝑽𝒈,𝒑𝒆𝒂𝒌
𝟐 ⋅(𝑽𝒐𝒖𝒕−𝑽𝒈,𝒑𝒆𝒂𝒌)
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• 𝐼𝑠𝑤,𝑝𝑘 – peak current in the switch

• 𝐼𝑎𝑣𝑔 – cycle-by-cycle average inductor 

current

• 𝛥𝐼𝐿𝑔,<𝑖>𝑇𝐶𝑀 – delta I in the inductor

• 𝐷 – duty cycle

• 𝐼𝑧𝑣𝑠 – current required for ZVS

• 𝑉𝑜𝑢𝑡 – output voltage

• 𝑉𝑔,𝑝𝑒𝑎𝑘 – peak AC input voltage

• 𝑓𝑚𝑖𝑛 – minimum desired switching 

frequency

• 𝑃 – output power

• 𝑟 – ripple current ratio

• 𝑑 – impedance ratio

Vdc

Lg1
S21

S11
S3

S4

Lb1

Cb

S22

S12

Lb2
Lg2Vac

Vdc

Lg1
S21

S11
S3

S4

S22

S12

Lg2Vac • 𝑳𝒈,𝑻𝑪𝑴 =
𝑽𝒈,𝒑𝒆𝒂𝒌
𝟐 ⋅(𝑽𝒐𝒖𝒕−𝑽𝒈,𝒑𝒆𝒂𝒌)

𝟐⋅𝑽𝒐𝒖𝒕⋅𝒇𝒎𝒊𝒏⋅(𝑰𝒛𝒗𝒔⋅𝑽𝒈,𝒑𝒆𝒂𝒌+𝟐⋅𝑷)
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