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Quantitative Criteria Needed! 

 

 

 

• Which is a better system 

solution: TM or CCM? 

–Smaller/cheaper 

–More efficient 



• Lower RMS currents, lower switch 

conduction/copper(?) losses 

• Lower peak to peak AC ripple, lower input DM EMI 

• Switch turn ON and Boost diode reverse recovery 

loss 

CCM 

Part One: Boost Converters  

• Higher RMS currents, higher switch 

conduction/copper (?) losses 

• Valley turn ON (ZVS for Vin<1/2Vout), Boost diode 

ZCS turn off, lower switching loss. 

TM 



For perfect CCM (zero ripple 
current): 
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Calibrating expectations: The RMS current reduction 
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The maximum possible (15.5%) Irms reduction requires 

infinite inductance!!! 



Discussion: Increasing inductance 

• Switching frequency is typically maintained below 150kHz 
(the fundamental outside the EMI band) 
• A good ferrite can operate at ~100kHz with ΔB of 300mT 

(0-300mT peak, close to saturation) 
 

• If the inductor is designed to operate in TM close to 
saturation, the inductance cannot be increased by 
decreasing the air gap. 
 

• The inductance can be increased by increasing the number 
of turns and the air gap 
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Same frequency, 2x 

inductance:  

ΔB unaffected. 

 

Same inductance, 2x 

frequency: 

ΔB decreases 

  

From TM to CCM 



k:     Inductor ripple reduction factor (=Lccm/Ltm) 

Iped: DC Pedestal of the inductor current  

Iave: Average output current 

Δ I:   PTP inductor ripple current  

Nccm:  Turns of the CCM inductor 

Ntm:    Turns of the TM inductor 

Glossary 
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Quantitative analysis: CCM Values normalized to 
TM values (Mathcad file available) 
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RMS Current v CCM Depth (normalized to TM value) 
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DC Resistance v ripple attenuation factor (CCM Depth) 
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Copper Loss v CCM Depth (gross estimate!) 
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In reality, the effective 

resistance of the winding 

does not increase as fast as 

the DC resistance, but the 

rapid Rdc increase with k is a 

big red flag! 

 

The accurate loss value will 

be calculated numerically 



TM v CCM inductor loss factors 

• Fundamentals: TM inductor is the 

benchmark, core is the same or smaller for 

the CCM inductor. 

• CCM:  

– More turns of thinner wire, more layers, larger 

air gap 

– Lower AC flux swing, lower core loss  

– Lower AC ripple, same DC current 

• No simple analytical way to design the 

inductors and calculate losses   



Switching Loss: 
In TM with input voltage lower than 1/2 the output 
voltage, the Boost  switch can be turned ON with zero 
voltage across it. 
Switching loss will be essentially zero. 
In CCM operation, the Vds of the switch at turn ON is 
always equal to output voltage. 

Switching loss may be substantial. 
The full switching loss occurs immediately upon entering CCM – 
long before any noticeable RMS current reduction is realized. 

EMI: 
Although the amplitude of the current ripple decreases as 
the frequency increases, the fundamental moves move 
into the EMI band, resulting in a worse DM EMI than at the 
lower frequency (example 100kHz v 200kHz) 

Switching losses and DM EMI considerations 



CCM By Frequency Increase 
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• Frequency doubled from 

100kHz to 200kHz 

• Ripple attenuated 2x 

 

• Inductor loss may 

actually be lower, but: 

• Substantial 

switching loss 

added 

• DM EMI will actually 

be worse (the 

fundamental now 

inside the EMI band) 

 



CCM Turn ON switching loss estimate 
(from an EVM) 

Switching node ringing period to:  

 1.77usec 

Boost inductor L value: 

 269uH 

Calculated switching node capacitance 

Csw: 

 Csw=(To/2π)2
*1/L=295pF 

Switching Node Energy:  

 Esw=V2*Csw/2=23.6uJ 

Switching Loss @ Fsw=100kHz: 

 2.36W!!! 

This analysis neglects additional 

switching losses that may be caused by 

the reverse recovery of the boost diode 



TM operation enables recovery of the switching node 

energy, while CCM dissipates the switching node energy as 

a result of the inherent hard switching operation 

The switching node capacitance and energy may be 

dominated by factors other than the capacitances of the 

switch and of the boost diode. 

Replacing Si SJ with WBG may not provide substantial 

improvement. 

The loss associated with dissipating the switching node 

energy may be substantial, rendering CCM operation w/o 

ZVS unattractive at frequency > 100kHz 

TM Benefits 



Part Two: Flyback Converters 

“Perfect” CCM: 
• Also requires Infinite inductance! 
• Winding currents still pulsed, (not DC as 

for Boost), high frequency current  present 
– proximity and skin loss not eliminated 
• DM EMI benefit from CCM less than for 

Boost (rectangular v. sawtooth currents) 
• Vds of primary switch is lower at low 

input voltage, so the turn ON loss in CCM 
lower than for Boost converter. 

 
Use Frenetic tool to compare CCM to 
TM transformer on same core. 



• Methodology: 
• Optimize inductor design in TM 
• Search for minimum inductor loss in CCM  (on same 

or smaller core) for increasing values of the ripple 
attenuation factor k and compare to losses in TM. 

 
Remember the added switching losses when entering CCM 
(particularly onerous for Boost applications with low Vin, 
high Vout) !!!  

Numerical Analysis (done by L. Nicieza, Frenetic) 



TM &CCM Operation with Fixed ON 

Time 

• Well known that a Boost converter 

operating in TM with fixed ON time presents 

a resistive load to the rectified line voltage.. 

• TI has developed a control method that 

allows extension of the simple fixed ON 

time method to CCM operation. 

– The converter will be aresistive load in both TM 

and CCM. 

CONFIDENTIAL-Disclosed under NDA 



3 - Procedure of the analysis 1 - Design Requirements 2 - Design Constraints 

PFC Case  
• Input Voltage = 90V 
• Output Voltage = 390V 
• Output Power = 150W 
• T ambient = 25ºC 
• Cooling = Free Convection 
• Fsw_max_TM = 120kHz 
• Fsw_CCM = 120kHz 

 

• Custom cores could be used to get the 
smallest possible size  
 

• Best in class wires 
 

• Distributed gaps are allowed  
 

• Any combination of material and shape 
could be used 

Free Free Free 

Free 

All dimensions can be customized to minimize the size and 
maximize the performance   

• Minimize the inductor size in TM 
mode 
 

• Change to CCM mode keeping the 
fsw constant  

      (in the PFC case  
      fsw_ccm = min_fsw_TM) 

 
• Keep the TM Inductor Core fixed 

 
• Optimize the winding for the CCM 

operation 
 

• Increase inductance and optimize 
again 
 

Boost Case  
• Input Voltage = 90V 
• Output Voltage = 390V 
• Output Power = 300W 
• T ambient = 25ºC 
• Cooling = Free Convection 
• Fsw = 120 kHz 

 

TM Inductor Optimization 



300 W Boost TM v. CCM results 

TM – Boost CCM – Boost   CCM – Boost   

L = 142 uH 

20 Turns 

Custom PQ 25/17 

Material Ferrite 3C97 

Litz 40x0,1 mm 

Rdc = 57 mOhms 

 

Total Losses = 1,32W 

∆𝑰 = 𝟒, 𝟗𝟒𝑨 

L = 274 uH 

30 Turns 

Custom PQ 25/17 

Material Ferrite 3C97 

Litz 25x0,1 mm 

Rdc = 138 mOhms 

 

Total Losses = 1,38W 

∆𝑰 = 𝟐, 𝟓𝟐 𝑨 

L = 1281 uH 

56 Turns 

Custom PQ 25/17 

Powder Edge 125 

Round 0,56 mm 

Rdc = 198 mOhms 

 

Total Losses = 2,07W 

∆𝑰 = 𝟎, 𝟓𝟔 𝑨 



150 W PFC TM V.CCM Results 

TM - PFC CCM – PFC   CCM – PFC (not viable Bmax)   

L = 142 uH 
20 Turns 
Custom PQ 25/17 
Material Ferrite 3C97 
Litz 40x0,1 mm 
Rdc = 57 mOhms 
 
Total Losses = 0,6W 
∆𝑰 = 𝟒, 𝟕𝟏 𝑨 

L = 274 uH 
30 Turns 
Custom PQ 25/17 
Material Ferrite 3C97 
Litz 25x0,1 mm 
Rdc = 138 mOhms 
 
Total Losses = 0,84W 
∆𝑰 = 𝟐, 𝟔𝟏 𝑨 



Low Power Boost conclusions 

• CCM needs larger inductance and therefore larger number of turns. As the 
number of turns increases given the fix window space the DC resistance 
increases and the conduction losses increase 
 

• Going from TM to CCM with ferrite does not add major benefit because the 
current ripple attenuation achieved with bigger power loss is very small. 
 

• Going from TM to CCM with powder cores could add some benefit from the 
current ripple attenuation perspective but it does not add any benefit from 
the losses perspective. Although the high frequency losses go down with 
smaller current ripple the larger RDC implies larger winding  conduction 
losses  
 

• At low power CCM does not provide any benefit in the inductor size or 
performance.  
 

Is there any chance for the 
CCM at higher power? 



3kW & 12kW PFC Results 



High power conclusions 



Flyback Results 



Flyback Results 





Summary and Conclusions 


