


3. At the end of off cycle operation mode, (after Toff time 

period), the resonant converter operates at on cycle operation 

mode again (Fs for Ton time period). The operation repeats 

itself. 

Key waveforms of LLC converters with PCM control are 

illustrated in Fig. 2. The output current of on cycle operation 

mode is denoted by Io_on. The output current of off cycle 

operation mode is denoted by Io_off, which is 0. During off cycle 

operation mode, the resonant converter does not use any power 

(or any energy) from the input source. It is noted that there are 

two time periods in PCM operation. One is the switching 

period of the resonant converter during the on cycle operation 

mode which is Ts = 1/Fs. The other is the PCM period, also 

referred to as the control period Tcontrol. The PCM period is 

defined as (1). The Power Cycle Ratio (PCR) is defined as 

shown in (2). The output current and voltage can be calculated 

as shown in (3). Theoretically, Io can be regulated from 0 to 

Io_on by using PCM. By changing the PCR, the output voltage 

can be continuously adjusted in a wide range.  

control on off
T T T= +  (1) 

on

control

T
PCR

T
= � (2) 

� �
o o on o o load

I I PCR V I R= · = · � (3)
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and conduction losses. If the output power increases, the 
proportion of conduction losses over the delivered power 
becomes large. If the output power decreases, the proportion of 
driving losses and switching losses over the delivered power 
becomes large as well. The expected efficiency curve versus 
load current with PCM control is shown in Fig. 4. Below full 
load condition, switching frequency increases to accommodate 
the voltage gain requirement. ZVS achievement will need more 
deadtime and switching losses will increase. Below certain 
load current, the switching loss and driving loss will dominate 
the efficiency. In this case, PCM should be employed to 
decrease the driving and switching losses when the output 
current decreases continuously. Iboundary denotes the load current 
boundary between PCM and PFM, which is regulated by 
changing fs_PCM. fs_PCM can be determined by loss breakdown 
analysis, PSIM simulation analysis or experimental tests, based 
on different input and output conditions. 

IV. EXPERIMENTAL VERIFICATION AND DISCUSSION 

After fine tune of the parameters with PSIM simulation, the 
design results of LLC converter are listed in Table II. Fig. 5 
gives the 3D plot of the voltage gain curve of the proposed 
LLC converter design. It is observed that if the converter 
operates at PFM only mode, the switching frequency will be 
changed from 0.82fn (527kHz, point A, 186Vac, 20V full load) 
to 5fn (3.2MHz, point B, 264Vac, 5V half load). With the help 
of PCM, 1.95fn (1.25MHz) maximum switching frequency can 
be achieved for 5V output, which means 59% reduction of the 
switching frequency variation range.  

TABLE II.  DESIGN RESULTS OF LLC CONVERTER 

Parameter Symbol Value  
Input capacitors Cin 60 uF  

Output capacitors Co 420 uF  

Resonant inductor Lr 34 uH 
Magnetizing inductor Lm 90 uH 

Resonant capacitor Cr 1.8 nF 

Transformer turns ratio NP : NS1 :NS2 18:3:3 
Resonant frequency  fr 643 kHz 
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Fig. 5. Switching frequency variation range reduction with PCM 

It is worth noting that, with PFM, the switching frequency 

will be pushed to very high range for 5V output light load 

condition. The switching losses and magnetic losses will be 

unendurable. PCM control method makes it possible for LLC 

topology to be applied to single stage low power USB-PD 

application.  

A 65W prototype is built to demonstrate the proposed 

control method, which is shown in Fig. 6. This prototype 

achieves breakthrough power density of 24.5 W/in3 uncased. 

Two RM6 cores with PC200 material from TDK company are 

used for transformer and resonant inductor implementation. 

Half bridge driver SI8273 from Silicon labs is used for GaN 

switches’ driving. NCP4305 from Onsemi is used for 

secondary SR driving scheme. 

33mm

GaN switches

MCU

Cr

Lr

Transformer

Cin

 

Fig. 6. Prototype photo 

Fig. 7 give the steady state waveforms at 220Vac input, 
20V/2A output condition. The Tcontrol of PCM is around 43 us, 
which means 23 kHz PCM frequency. fs_PCM is selected as 
870kHz. It is noted that the input DC voltage could vary from 
260 to 310V at 220Vac input. In this case, the Toff will vary 
accordingly based on the calculation results of the PID 
controller. The output voltage can be well regulated at 20V 
with 112mV peak-to-peak ripple voltage. 

Vo (10V/div)

Vo(200mV/div, AC coupling)

PCM Tcontrol

Vin(25V/div, AC coupling)

  

Fig. 7. 220Vac, 20V/2A, steady state 
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Fig. 8 give the steady state waveforms at 220Vac input full 
load condition. The LLC converter is controlled by PFM only. 
The zoom-in waveforms shows that ZVS operation of the 
primary switches is well maintained. 

Fig. 9 give the steady state waveforms at corner cases. In In 

Fig. 9 (a), for 186Vac input full load output condition, the LLC 

converter is controlled by PFM only and operates at boost 

mode. ZVS can be achieved.  For 264Vac input, 5V no load 

output condition, fs_PCM is selected as 2MHz for this special 

case, to accommodate the gain requirement, as shown in Fig. 9 

(b). 

Vo (0.5V/div)

VDS_Q2  (100V/div)

iLr (1A/div)

VgS_Q2 (5V/div)

 

(a) Line cycle waveforms 

Vo (0.5V/div)

VDS_Q2  

VgS_Q2

iLr (1A/div)

ZVS

 

(b) Zoom-in waveforms 

Fig. 8. 220Vac, 20V/3.25A, PFM only, steady state 

Vo  (0.5V/div, AC coupling)

iLr (1A/div)

VDS_Q2

VgS_Q2

ZVS

 

(a) 186Vac, 20V/3.25A, PFM only, steady state 

iLr (1A/div)

Vo  (5V/div)

Vin  (100V/div)

 

(b) 264Vac, 5V/0A, PCM only, steady state 

Fig. 9. Corner case waveforms 

Fig. 10 gives the waveforms of the load step change from 

0.4A to 2.6A (220Vac input, 20V output). It can be observed 

that smooth transition between PCM and PFM operation is 

ahcieved and there is no resonant inductor current oscillations. 

Settling time is 2.2ms, with around 600mV voltage drop. Fig. 

11 gives the steady state waveforms of 220Vac input, 2.6A 

output condition. It can be observed that PCM and PFM are 

both used to regulate the output voltage. Smooth transition 

between PCM and PFM operation can also be ahcieved 

without resonant inductor current oscillations. 

The efficiency curve (220Vac input, 20V output) of the 

prototype with this PCM control strategy is presented in Fig. 

12. It can be observed that the 94.9% peak efficiency of  20V 

output is obtained. Four-point average efficiency (100%, 75%, 

50%, and 20% load) of 5V outpt is calculated as 82%, which 

is fully compliant with European CoC Tier 2 and US DoE 

Level VI efficiency standards. Compared with state-of-art 

consumer products, around 2% efficiency improvement can be 

achieved for 20V output condition. 

Io (0.5A/div)

Vo  (0.5V/div, AC coupling)

iLr (1A/div)

PCM PFM

 

Fig. 10. 220Vac, 20V, load step from 0.6A to 2.4A 
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