
 

 

 

國 立 交 通 大 學 
 

電機學院  電機與控制學程 
 

碩 士 論 文 
 

 

 

 

以MathCAD為基礎之邊界模式功率因數修正轉換器

與EMI濾波器設計 
 

MathCAD Design of Critical Conduction Mode PFC Converters with 

EMI Filter  

 

 

 

 

 

            研 究 生：洪袈瀚 

            指導教授：鄒應嶼 博士 

 

 

 

 

中 華 民 國 九 十 八 年 十ㄧ 月 



 

 

  

以 MathCAD 為基礎之邊界模式功率因數修正轉換器

與 EMI 濾波器設計 

 

MathCAD Design of Critical Conduction Mode PFC 

Converters with EMI Filter  
 

 

 

 

研 究 生：洪袈瀚          Student：Chia-Han Hung 

指導教授：鄒應嶼          Advisor：Ying-Yu Tzou 

 

 

國 立 交 通 大 學 

電機學院 電機與控制學程 

碩 士 論 文 

 

 
A Thesis 

Submitted to College of Electrical and Computer Engineering 

National Chiao Tung University 

in partial Fulfillment of the Requirements 

for the Degree of  

Master of Science 

in 

Electrical and Control Engineering 

November 2009 

 

Hsinchu, Taiwan, Republic of China 

 

 

中華民國九十八年十ㄧ月 



 

 i 

以 MathCAD 為基礎之邊界模式功率因數修正轉換器與 

EMI 濾波器設計 

 

 研究生：洪袈瀚 指導教授：鄒應嶼 博士 

國 立 交 通 大 學   電 機 與 控 制 學 程    碩 士 班 

摘要 

 
本文主要探討用於 100W 電源級 AC-DC 功率因數改善電路，具功率因數修正之臨界

導通模式升壓式功率因數修正轉換器及 EMI 濾波器之設計與功率損失分析。文中將針對

採用臨界導通模式控制之升壓式功率因數修正轉換器說明電壓控制模式的原理及電路

控制架構、電路設計與差模 EMI 濾波器設計並透過 MathCAD 軟體作完整連貫性的計算與

設計程序，藉以探討在不同負載工作點與輸入電壓下，各個主要零件的功率損失與切換

頻率的變化。再探討輸入電壓,電流,電感電流,導通時間,關閉時間與開關切換頻率對不

同輸入電壓相位角度的分析比較。而設計加入一個差模 EMI 濾波器以提升系統電路的功

率因數並降低總電流諧波量以符合相關的規範。再用 PSIM 軟體模擬開關控制、輸出入

電壓及電流的波形與加入 EMI 濾波器後的整體功率因數校正結果，最後再由 MathCAD 整

合基本計算、理論分析、模擬資料與量測資料。將計算、模擬、與實驗結果互相比對驗

證。 
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MathCAD Design of Critical Conduction Mode PFC Converters with 

EMI Filter 

 Student: Chia-Han Hung Advisor: Dr. Ying-Yu Tzou 

Degree Program of Electrical and Computer Engineering 

National Chiao Tung University 

Abstract 

This paper presents a practical design method for the critical-conduction-mode (CRM) 

power-factor-correction (PFC) converter with EMI filter design by using an interactive 

mathematical computation and documentation software, the MathCAD. The design of CRM 

PFC converter is an involved process and there is a need for practical design engineers to 

follow an interactive and intuitive design procedure. The selection of major power 

components with loss analysis of the CRM PFC converter has been described. The design of 

input differential-mode (DM) EMI filter for the reduction of total-harmonic-distortion (THD) 

for line current has been developed in considerations of practical design limitations. Computer 

simulations have been carried out by using power electronic system simulation software, the 

PSIM, to verify the design results such as power factor and THD. An illustrated design procedure 

and analysis are presented with given design example by using the MathCAD to combine and 

analyze the results of design, simulation .and experiment. 
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Chapter 1 

Introduction 

1.1 RESEARCH BACKGROUND AND RECENT DEVELOPMENT 

Power-factor-correction (PFC) is necessary for off-line switch mode power supplies 

(SMPS) required output powers above 75 W. Active PFC techniques gets its fast development 

due to the requirement in EU to meet the compliance of EN 61000-03-2 for the regulation of 

current harmonics [1]. Table Ⅰ shows the EN-61000-3-2 standard for the regulation of 

harmonics for utility interface of class D equipments, which includes specifically PCs, their 

monitors, and LCD TV. 

Critical-conduction-mode (CRM) PFC converters provides its advantages such as zero-

voltage-switching (ZVS) for the turn-on of MOSFET and zero-current-switching (ZCS) for 

the turn-off of the diode. Therefore, the CRM PFC converter can reduce its switching loss 

significantly for low power applications. The CRM PFC converter has two major 

disadvantages. The first disadvantage is its high input current harmonics. The peak inductor 

current is two times higher than CCM at the same power level. The larger of inductor and the 

differential-mode EMI filter are necessary and increase the circuit cost and size. Interleaving 

techniques for the CRM PFC can reduce the input current and EMI filter size. The second 

disadvantage of CRM PFC is the wide switching frequency range increase the design 

complexity of differential-mode (DM) EMI filter and the switching loss. 

In view of the wide applications of CRM PFC control scheme in low-power off-line 

power converters. Few investigations have been done on the overall design and analysis of 
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CRM PFC [1]-[4]. This research uses the systematic method with illustrated design example 

for the design of CRM PFC converter includes power loss, DM EMI filter and hardware 

design by using MathCAD [5]. The MathCAD provides a user friendly equation-like 

interactive technical document interface for input and computing of the symbolic 

mathematical equations. The illustrated design equations with their computation results can be 

directly output to a user defined graph with text form documentation [6]-[7]. The developed 

MathCAD design method has been verified by computer simulation using the PSIM software. 

1.2 OBJECTIVES AND CONTRIBUTIONS 

The research objectives of this thesis is thus in three-folds. The first one is to develop an 

effective and practical method using MathCAD for the hardware design, EMI filter and 

characteristic analysis such as power losses, power factor and current harmonics of CRM PFC 

to improve the consistency and correction of design by showing the calculated result with unit 

and graph. It also reduces the design period. It also assists the studying of students. Students 

can easy to completely imitate the MathCAD model to modify the parameters for different 

conditions and design [8]-[9]. The present result is useful in this simplicity and easy to apply 

to the study.  

The second objective is to develop a program to calculate the power losses for major 

component and comparing the total losses with the simulations of PSIM. 

The third objective of this study is to develop a sample method for EMI filter design and 

verify the results with the simulations of PSIM. 

1.3 THESIS ORGANIZATIONS 

The dissertation is organized as follows. In Chapter 2, the fundamentals of power factor, 

the mathematical modeling of Boost PFC, and the control methods are presented. The 
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inductor current modes are reviewed. At least, an introduction of input EMI filters for ac line-

powered equipment will be presented based on the analysis of conducted EMI problems and 

the use of an EMI Filter. 

In Chapter 3, a control architecture analysis and operation of critical conduction mode 

PFC IC MC33260 is presented, and verifying the behavior by PSIM. The design procedures 

for each component and analysis are designed by MathCAD. The power loss of each 

component and the effect of phase vs. different loads are analyzed by MathCAD. Four simple 

designs for EMI filter are presented and verified by the simulation of PSIM. Simulation 

comparison and analyses are also given in this chapter. 

In Chapter 4, the simulations of PSIM and the experiment results are combined to a 

MathCAD program to analyze the input current harmonics distortion (THD) and power factor 

then an estimation of the effect of DM-EMI filter and the improved current harmonic and 

waveform are calculated by MathCAD and simulated by PSIM in this chapter. 

Some concluding remarks and suggested future works related to this research are 

summarized and discussed in Chapter 5 for the design performance review. And the design 

program of MathCAD is given in appendix. 
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Chapter 2 

R e v i e w  o f  C r i t i c a l  C o n d u c t i o n  M o d e  

P o w e r  F a c t o r  C o r r e c t i o n   

2.1 DEFINITION OF POWER FACTOR 

Power factor (PF) is simply defined as the ratio of real power to apparent power [10]. 

And the PF is given by following equation: 

 .

1

PowerApparent 

Power Real
PF

0

rmsrms

T

IV

i(t)dtv(t)
T

S

P

⋅

⋅

===
∫

 (2-1) 

 

Fig. 2.1 show the input current i(t) drawn from the utility by the power electronic 

equipment becomes a non-sinusoidal waveform, i1(t) is the fundamental of i(t) and its RMS 

value is represented as I
1,rms

. θ is the phase angle between the sinusoidal i1(t) and the input 

voltage v(t). 

 

Fig. 2.1.  Input current distortion. 
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The real power is equal to average power and can be represented as  

 

θIV

θ)dt(ωωωtV
T

i(t)dtv(t)
T

p(t)dt
T

P

rmsrms

T

rms rms

T

0

T

0

cos   

sin2)(sin2
1
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1,

0
1,

⋅⋅=

−⋅=

⋅==

∫

∫∫

I  (2-2) 

Substituting (2-2) into (2-1) 

 θ=
⋅

⋅⋅
== cos

cos
PF

1,1,

rms

rms

rmsrms

rmsrms

IIV

θIV

S

P I
 (2-3) 

The displacement power factor (DPF) is defined as cosθ. 

 θcosDPF =  (2-4) 

The DPF is equal with PF in linear circuit with sinusoidal current and voltage. 

The power factor with a non-sinusoidal current then become 

 DPF
cos

PF
1,1,

⋅=
⋅

⋅⋅
==

rms

rms

rmsrms

rmsrms

I

I

IV

θIV

S

P
 (2-5) 

The RMS value of input current, Irms can be defined as  

 ∑∫
≠

+==

1n

22

1,

21
rmsn,rms

T

0
rms II(t)dti

T
I  (2-6) 

The distortion component is defined as 

 ∑
≠

=−=

1n

22

1,

2

rmsn,rmsrmsdis IIII  (2-7) 

Then the total harmonics distortion (THD) of current is defined as 

 
rms

dis

rms

rms

rms

rmsn,

I

I

I

I

I

I

1

2

1,1n

2

1,

1THD =−









=










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≠

 (2-8) 

The distortion factor kd is defined as 

 







=

rms

rms

d
I

I
k

1,
 (2-9) 

Substituting (2-9) into (2-8) 

 1
1

THD
2

−=

dk
 (2-10) 
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kd is redefined as 

 
2(THD)1

1

+

=dk  (2-11) 

kθ is defined as DPF  

 θ
θ

cosDPF ==k  (2-12) 

In terms of (2-5) and (2-8), the power factor can be expressed as 

 DPF
(THD)1

1
PF

2
⋅

+

=  (2-13) 

In case where both the fundamentals of input voltage and input current are in phase, the 

DPF =1, the power factor definition simplifies to follow equation.  

 
2(THD)1

1
PF

+

=  (2-14) 

The relationship between power factor and total harmonics distortion is shown in Fig. 2.2 

[11]. 

 

Fig. 2.2. Relationship between PF and THD 

Substituting (2-11), (2-12) into (2-13) 

 
θ

kkd ⋅=PF  (2-15) 
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2.2 POWER FACTOR CORRECTION THEOREM 

2.2.1 Harmonic Limits 

The present, electrical equipment must comply with the European Standard 

EN61000−3−2 in Europe [12]. This requirement applies to most electrical equipment beyond 

75 W and under 600W, and it specifies the maximum amplitude of line frequency harmonics 

up to the 39th harmonic as shown in Table 2-1 [5].  

TABLE 2-1 

LIMITS FOR EN61000-3-2 CLASS D EQUIPMENTS 

 

2.1.2 Passive PFC vs. Active PFC 

Fig. 2.3 shows the input circuitry of the PC power supply with passive PFC. One switch 

is designed to change the setting of input voltage between 115 Vac and 230 Vac. In the 230 

Vac condition both halves of the inductor winding are used with the rectifier function of full-

wave. In the 115 Vac condition only the left half of the inductor is used with the rectifier 

function of half-wave [13]. The typical power factor value for passive PFC circuit is around 

0.7 only. It may able to increase to 0.9 in special case [11]. 
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Fig. 2.3.  Passive PFC in a 250 W PC Power Supply. 

Active PFC converter has better performance than the passive PFC. It also designed to 

work in widely input voltage range (85 Vac~265 Vac) without any switch to select the input 

voltage range. Active PFC can be classified as buck converter, boost converter, and buck-

boost converter [14]. 

Because of the boost converter represents the better performances than buck converter 

and buck-boost converter such as system design simplicity, low part count, and better 

efficiency. The boost converter is easy to implement and works well [15]. So the boost 

converter topology becomes the common used to realize the active PFC. The simple circuit in 

Figure 2.4 is a circuit of boost PFC and it is easy to improve the power factor close to unity. 

  

Fig. 2.4 Active boost PFC circuit. 
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Fig. 2.5 shows the input current waveforms between no PFC, passive PFC and active 

PFC. Basically, the power factor of passive PFC be limited by operation voltage. 

 

Fig. 2.5.  Input characteristics of power supplies with different PFC types [13]. 

2.3 BOOST MODE PFC OPERATING 

Depending upon how much power is drawn by the unit, three kinds of different common 

control modes can be chosen. All of the schematics are the same, but the value of the PFC 

inductor and the control method are different. A discontinuous–conduction-mode (DCM) 

control scheme is typically used for input power of less than 75 W, in which the PFC inductor 

is completely emptied prior to the next power switch conduction cycle. For powers between 

75 and 300 W, the critical-conduction-mode (CRM) is recommended. This is a method of that 

the control IC senses when the PFC inductor is emptied of its energy then the next power 

switch conduction cycle is immediately begun. The continuous–conduction-mode (CCM) 

control is recommended for the power level greater than 300 watts. All of waveforms of 

inductor current are shown in Figure 2.6 [5]. 
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Fig. 2.6.  PFC inductor current profiles. 

2.3.1 Discontinuous Conduction Mode 

In the DCM of operation, the inductor current falls to zero prior to the end of the 

switching period as shown in Fig. 2.7.The peak inductor current is much higher than others 

mode, such as CRM and CCM mode. 

  

Fig. 2.7.  Inductor current waveform in DCM. 

2.3.2 Critical Conduction Mode 

The CRM operation of the boost PFC converter provides its advantages for zero voltage 

switching (ZVS) for the turn-on of the MOSFET and zero current switching (ZCS) for the 

turn-off of the diode. Therefore, the CRM PFC converter can reduce its switching loss 

significantly for low power applications. But its high peak current puts some limitations for 

the higher power applications. Fig. 2.8 shows the waveforms of inductor current, diode 

current with fixed on time operation. 
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Fig. 2.8.  CRM boost PFC inductor current and diode current waveforms [18]. 

2.3.3 Continuous Conduction Mode 

In CCM circuit the peak currents can be lowered by using the larger inductor, but it also 

increase the cost of inductor and the size of PCB. Another one trouble is the reverse recovery 

characteristic of the output rectifier encountered, and it adds an additional 20~40 % losses 

into the PFC circuit. Fig. 2.9 shows the waveform of inductor in CCM mode as detail. It 

shows the advantage of lower inductor current decreases lower current distortion. 

 

Fig. 2.9.  CCM Inductor current waveform. 

2.3.4 Comparison of DCM, CRM and CCM 

A comparison of power losses between CCM and CRM based on 100 KHz switching 

frequency, widely input voltage (85V~265V), and 400VDC output voltage is shown in Fig 

2.10 and Fig 2.11 and it is easy to find out the CCM PFC is suitable in the power range 
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greater than 300W due to better efficiency [16].  

 

Fig. 2.10.  CRM vs. CCM power losses analysis. 

 

 

Fig. 2.11.  CRM vs. CCM efficiency analysis. 

 

 

 

TABLE 2-2 
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COMPARISON OF DCM, CRM AND CCM 

Mode Power level Advantages Disadvantages 

DCM <75W MOSFET ZVS switching 

Suitable for low power 

applications 

 

 

Highest peak current 

High current harmonics distortion 

Difficult to design the EMI filter 

due to widely switching 

frequency range 

CRM 75~300W Diode ZCS switching 

MOSFET ZVS switching 

 

High peak current 

High current harmonics distortion 

Difficult to design the EMI filter 

due to widely switching 

frequency range  

CCM >300W Low peak current 

Low harmonics distortion 

 

High power losses in low power 

applications 

Big component size 
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2.4 CONTROL ARCHITECTURE OF CRM PFC IC 

2.4.1 Voltage control without a Multiplier  

There are two schemes to realize the CRM PFC IC. One control strategy can be generated 

without using a multiplier to fix the switch on-time as constant according to the output signal of 

the voltage error amplifier and a saw tooth generator and the switch current sensing can be 

eliminated as shown in Fig. 2.12, and its main waveforms are shown in Fig. 2.13. The PFC IC’s 

are: MC33260 (ON Semiconductor) [17] and FAN7529 (Fairchild) [18]. 

In voltage control mode, only the output voltage is monitored. The voltage error signal is 

calculated by forming the difference between actual the output voltage and desired out voltage. 

This error signal fed into a comparator to compare it with the ramp voltage generated by the 

internal oscillator section of the control IC. The comparator converts the voltage error signal 

into the PWM drive signal to the MOSFET. The output voltage is the key control parameter, 

with an internal delay through the circuit, so the voltage control mode tends to respond slowly 

to the input.  

 

Fig. 2.12. The architecture of boundary mode PFC controls the constant turn on time. 
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Fig. 2.13. Main waveforms of the boundary mode PFC with constant turn on time. 

2.4.2 Current control with a Multiplier 

Another control strategy is use a multiplier for generating a current command proportional to 

the input voltage, as shown in Fig. 2.14, and the switch is turned off when the switch current is 

sensed achieving the borderline of the multiplier output, as shown in Fig. 2.15. The Type of IC’s: 

MC33262 (ON Semiconductor) [19], L6561 (STMicroelectronics) [20] and UCC38050 (Texas 

Instruments) [21]. Current Control mode is typically used with boost–type converters. It 

monitors not only the output voltage, but also the input voltage. The voltage error signal is 

used to control the peak current during each power switch on–time. Current control mode 

provides a very rapid input and output response time with an internal over current protection. 

 

Fig. 2.14. The circuit architecture of boundary mode PFC uses the multiplier. 
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Fig. 2.15.  Main waveforms of the boundary mode PFC with a multiplier. 

2.5 INPUT EMI FILTERS 

The design of conducted electromagnetic interference (EMI) filters for PFC circuits is 

more and more important for the fast development of power electronic product and the 

accompanied EMI reduction standards. The design procedure is not an exact science. It 

usually likes a try-error process for a designer to come up with a proper filter design. So, 

designing an EMI filter is a time-consuming process not only for junior engineers but also for 

experienced engineers when they meet new design. 

The following three major requirements are important for the EMI filter design: 

1. Requirement for switching noise attenuation, 

2. Low input displacement angle (IDF) between input voltage and input current,  

3. Overall system is stability. 

The first requirement is defined by the EMI control standards, such as the frequency 

range from 10 kHz to 30MHz for VDE 0871/B limits and 450 kHz to 30MHz for FCC limits 

by definition the conducted EMI. 
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The second requirement exists only for the PFC circuit input EMI filter design. Fig. 2.16 

[25] shows a simplified diagram of a PFC converter with a standard L-C input EMI filter. The 

voltage Va causes the reactive current, ic. The IA has the phase shifted relative to the input 

voltage, VA by the angle θ are given by following equations (2-12)~(2-15). 

 tVVV mAa ωcos=≅  (2-12) 

 tII ma ωcos=  (2-13) 

 tVCtIiII mmcaA ωωω sincos ⋅⋅−=+=  (2-14) 

 
m

m

I

CVω
θ

1
tan

−
=  (2-15) 

where   Vm is the voltage amplitude 

        Im is the current amplitude 

The capacitor size has to be minimized and the limit value is given in equation (2-16) [25]-[26] 
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2

1
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L

ω
=  (2-17) 

where   Cmax is the sum of all capacitance in the filter 

        ω is the value of 2π × line frequency  

 

Fig. 2.17 shows the phasor diagram of the input currents and voltages. It is important to 

design a minimum displacement angle between the input current and voltage and keep low 

phase shift after the input EMI filter is added.  

The third requirement amounts to controlling the impedance interaction between the input 

filter and the PFC converter. The filter output impedance should be small than the converter 

input impedance to keep the stability of system [22]-[24]. The impedance interaction 

constraint will practically determine the lower bound on the filter capacitor value. 

Additionally, proper filter pole damping is very important to achieve low filter output 

impedance for all frequencies and keep the overall system stability. 

In order to keep the filter component values and size small, the filter corner frequency has 
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to close to the switching frequency. So, the high-order filters can have a reasonable size and 

meet all the requirements in the PFC circuit.  

 

 Fig. 2.16.  PFC Circuit with simply input EMI filter diagram [25]. 

  

Fig. 2.17.  Input voltage and current phasor diagram [25]. 

 

Usually, the total conducted EMI noise is caused by two parts, the common-mode (CM) 

noise and the differential-mode (DM). Normally the DM noise is related to switching current 

the source is a switch component such as MOSFET, and the CM noise is related to 

capacitive coupling of switching voltage into the input. Fig.2.18 shows the typical setup for 

conducted EMI measurement [27]. The LISN contains the components: inductors, capacitors 

and 50 W resistors. The inductors are shorted; the capacitors are open for a 60 Hz line 
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frequency. For EMI noise frequency, the inductors are essentially open, the capacitors are 

shorted and the noise sees 50 W resistors. 

The noise voltage measured across the 50 W input impedance of a spectrum analyzer is 

defined as the conducted EMI emission.  

 

Fig. 2.18.  Test setup for conducted EM1 measurement. 
 

Fig. 2.19 shown a typical EMI filter topology, and the Fig. 2.20 (a) and (b) shows the 

equivalent circuit of CM section and the DM section. It also indicates that some components 

of filter affect the CM or DM noise only and some components of filter affect both of CM 

and DM noise [27]. 

 

Fig. 2.19.  A typical EMI filter topology. 
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Fig. 2.20.  CM noise equivalent circuit. 

 

 

Fig. 2.21.  DM noise equivalent circuit. 
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Chapter 3 

O p e r a t i o n  o f  M C 3 3 2 6 0  a n d  H a r d w a r e  

D e s i g n   

3.1 INTRODUCTION OF MC33260 

MC33260 is a power factor correction control IC of ON Semiconductor to meet the 

international standard requirements in electronic equipments. Fig. 3.1 shows the typical boost 

PFC converter using a CRM PFC controller MC33260. The CRM control scheme features a 

constant ON time and has a variable switching frequency. The MC33260 is optimized to just 

as well drive a free running as a synchronized discontinuous voltage control mode. It also 

provides features protections such as under-voltage, over-voltage protection, over-current 

limitation to make the PFC pre-regulator works in a safe condition. It is also able to safely 

face any uncontrolled direct charges of the output capacitor from the mains which occur when 

the output voltage is lower than the input voltage [28]. 

The MC33260 can also work in an innovative mode named “Follower Boost” that offers 

to significantly reduce the size of the inductor and power MOSFET and improving the 

efficiency [28] [29]. When MC33260 works in Follower mode, the output voltage is not 

forced to a constant value, it can be changed according to the AC input voltage. The gap 

between the output voltage and the AC input voltage becomes lower and causing the inductor 

and power MOSFET of PFC size reduction. Finally, this method brings a significant cost 

reduction. 
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Fig. 3.1. CRM PFC circuit with MC33260. 

Fig. 3.2 shows a typical schematic of a CRM PFC controller without multiplier [13]. The 

comparator generates a constant on-tome PWM signal by comparing the output of a 

programmable on-shot timer with a constant voltage reference. The zero current detector turn 

on the power MOSFET again when the inductor current drops to zero. The inductor current 

with a constant rising slope and is switched up and down between a sinusoidal reference in 

proportional to line voltage and a zero current.  

A novel approach to the CRM PFC controller is available in an ON Semiconductor chip, 

MC33260. This chip provides the same function as the controllers described above. And it 

accomplishes this without the use of a multiplier. 

 

Fig. 3.2.  Basic schematic for a CRM PFC controller without multiplier [5]. 
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Fig. 3.3 is the waveform as explained in the previous section, the current waveform for a 

CRM controller ramps from zero to the reference signal and then slopes back down to zero. 

The reference signal is a scaled version of the rectified input voltage, and be referred to as k 

× Vin, where k is a scaling constant from the ac voltage divider and multiplier in a classic 

circuit. The turn-on time is equal to k × L. 

 

Fig. 3.3.  Inductor current waveform [13]. 

Above equation shows that ton is a constant with a given reference signal (k × Vin). Toff 

vary throughout the cycle, which is the cause of the variable frequency. The on time is 

constant for a given line and load condition is the basis for this control circuit. 

3.2 OPERATION OF MC33260 

3.2.1 Oscillator Section 

The oscillator consists of three states:  1.Charge State: The oscillator capacitor voltage 

grows up from ground until it exceeds Vcontrol (regulation block output voltage) linearly. At 

that moment, the PWM latch output is low and the oscillator discharge sequence is set. 2. 

Discharge State: The oscillator capacitor discharged down to its valley value (0 V) shortly. 

3.Waiting State: The oscillator voltage is kept in a low until the PWM latch is set again during 

the end of the discharge sequence. 
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The charge current of oscillator is dependent on the feedback current where Icharge is the 

oscillator charge current, Io is the feedback current from output, Iref is the internal reference 

current and it is defended as 200 μA. The Vo is the output voltage, Ro is the feedback resistor, 

Vpin1 is the pin 1 clamp voltage. 
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Pin 3 is the oscillator terminal includes an internal capacitance (Cint) that varies versus the 

pin 3 voltage. The average value is 15 pF. 

3.2.2 Regulation Section 

The feedback current is obtained by connecting a resistor between the output and pin 1. 

The value is given by following equation: 
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=  (3-2) 

The feedback current is compared to the reference current and the regulation block 

outputs a signal following the future as Fig. 3.4 

 

Fig. 3.4.  Regulation characteristic [17]. 
 

3.2.3 Current Sense and Zero current detection Section 

A ground reference resistor (Rcs) inserts in series with the input rectifier and input 

filtering capacitor to convert the inductor current into a negative voltage as following equation: 
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 )( Lcscs IRV ⋅−=  (3-3) 

The IL is the inductor current, Rcs is the current of sense resistor, Vcs is the voltage on Rcs 

and a negative voltage to the inductor current proportionally. 

The zero current detection function controls the power MOSFET off as long as the 

inductor current does not reach zero during the off time. The pin 4 voltage compared to the 

threshold (-60 mV) to kept the gate drive signal in low state when Vcs is small than the 

threshold. The MOSFET turn on until the Vcs is smaller than 60 mv when the inductor current 

is close to zero. The pin 4 signal is used for the over-current limitation during on time, and it 

serves the zero current detection during the off time. The Fig. 3.4 shows the current sense 

block includes the main components, PWM Latch, Rcs, and comparator for the operation of 

zero current detection. The Fig. 3.5 shows the waveforms of power switch drive, inductor 

current, and pin 4 voltage where simulated with PSIM and the results are the same with the 

application notes. 

 

Fig. 3.5.  Current sense block [17]. 



 

26 

 

Fig. 3.6.  Zero current sensing circuit. 

3.3 CRM PFC HARDWARE SELECTION AND ANALYSIS 

A basic design specification concerns the following for the hardware selection and 

analysis: 

 

 

 

 

 

 

 

Design Variables  Definition  

fline 60Hz:=  Line Frequency 

Vinmin 85V:=  Minimum Input Voltage 

Vinmax 265V:=  Maximum Input Voltage 

Pout 100W:=  Maximum Output Power 

Vout 400V:=  Output Voltage 

fs 25 10
3
Hz⋅:=  Minimum Switching Frequency 

tholdup 16.7 10
3−
s⋅:=  Period of one Line Cycle 

Vdrop 120V:=  Amount of holdup voltage 

η 0.92:=  Efficiency  

Pin
Pout

η

:=  Pin 108.696W=  

t_hold 40 10
3−

⋅ s:=  Output Hold up time 
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Based on above specifications, the input peak current can be calculated as following 

equation: 

 
minin,

out

pkin,
Vη

P
I

⋅

⋅
=

2
 (3-4) 

3.3.1 Input Filtering Capacitors Design 

The high frequency input filtering capacitor works to filter the high frequency noise from 

switch off and diode on periods and keeping the voltage reference for the control circuit is 

sinusoid. However, a dc component will into the voltage reference signal dependent on the 

design of filtering capacitor. Fig. 3.7 shows the effect of a dc component where ILpk is the 

sum of Ik and Ip. Ik is a dc element, and Ipsinωt is a sinusoidal element of inductor current as 

shown in following equation: 

 kpLPK III +=  (3-5) 

 

Fig. 3.7.  Inductor current waveform after adding a filtering capacitor [5]. 

 

K factor is defined as following : 

 
k

p

I

I
=K  (3-6) 
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Fig. 3.8.  Inductor current with a 0.5µF cap.  Fig. 3.9.  Inductor current with a 10µF cap. 

 

TABLE 3.1  

COMPARISON OF DIFFERENT INPUT CAPACITORS 

Input Capacitor K Power Factor  

(Calculated) 

Power Factor  

(PSIM simulated) 

0.5μF 36.1 0.861 0.865 

10μF 13.48 0.853 0.851 

 

The power factor value without an EMI filter can be calculated as equation (3-7) as a 

function of K [5] [30]. 
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Fig. 3.10 shows the power factor is close to 0.867 when the K value is approaches infinity. 
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Fig. 3.10.  Power factor as a function of K. 

3.3.2 Inductor Selection 

The value of inductor needs to be calculated based on four conditions, minimum AC 

input voltage, minimum switching frequency, output voltage and output power as shown in 

following equation: 
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outouts
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Based on the equation (3-8) and the specifications of design, the value of incuctor is 

calculated. Refer others discussion [31]-[33], a 0.93 mH inductor of EPCOS E 30/15/7 is 

selected. After the inductor value is found, the turn on time can be calculated as following 

equation: 
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The turn off time is given by following equation: and drawing in Fig. 3.11. 
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Fig. 3.11.  Inductor turn off time. 
 

The inductor current is given by following equation: the waveform is shown in Fig. 3.12. 
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Fig. 3.12.  Inductor current waveform. 
 

3.3.3 MOSFET Selection 

The selection of MOSFET is driven by the amount of power dissipation allowable. It is 

important to select the MOSFET as minimizes gate charge and capacitance and minimizes of 

power loss for switching and conduction. The turn on losses of MOSFET for Critical 

conduction mode is minimized due to the current is zero during switch turn on. It is more 
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important for the conduction losses reduction. 

3.3.4 DIODE Selection 

Normally, the reverse recovery current in the diode is important. However, the reverse 

recovery time and current is not important in the critical conduction mode due to the diode 

operate in zero current mode when diode off. The reverse voltage, forward current and 

switching speed becomes main selections. 

3.3.5 Output Capacitors Selection 

The value of output capacitor is important to be calculated to meet the specification of 

hold-up time as following equations: 
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Besides, the value of output capacitor the ESR of capacitor and maximum RMS ripple 

current are also important [34]. A simple method to reduce the ESR is parallel connecting of 

output capacitor. The RMS of output capacitor is given by following equation [35]: 
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The output ripple voltage is given by following equation: 

 
outout
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And the output voltage is given by equation (3-15) and drawing the waveform in Fig. 3.13 

 p-pout,outout VV(t)V −=  (3-15) 

where  Vout = 400V 
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Fig. 3.13.  Calculated output voltage with ripple voltage. 

3.4 EMI FILTER DESIGN 

The critical conduction mode PFC has main advantage such as zero-voltage-switching 

(ZVS) to improve the circuit efficiency. However, it also has two major disadvantages, higher 

input current ripple and wide switching-frequency range. The higher input current ripple 

increases the inductor size and cost both PFC converter and EMI filter. The wide switching-

frequency range increases the switching losses and the complexity of DM EMI filter design. 

Because of the high inductor current ripple, The DM EMI filter for CRM PFC is more 

important than CCM PFC and only described in this analysis. In order to evaluate the EMI 

filters the spectrum of inductor current has to be derived. Many discussions about the EMI 

filter design need to review before the start of filter design [36]-[47]. 

3.4.1  Differential Mode EMI Filter Design 

The requirement of a DM EMI filter is given as following list 

1. Power Factor ≧0.98 

2. Power losses ≦2% of DC output 

3. Small size as possible 
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Four kinds of EMI filter are presented and simulated by PSIM in follows, for the 

waveforms of output voltage, input current, the phase angle between input current and input 

voltage, power factor and power losses. 

Standard L-C Filter: 

Referring the equation (2-16) and (2-17) the value of capacitor and inductor can be 

calculated. The inductor value is 0.125 mH and the capacitor is 8µF based on the selection of 

a 5 kHz cut-off frequency as the circuit in Fig. 3.14.  

Fig. 3.15 shows the bode plots of attenuation and the gain near the cutoff frequency could 

be very large and causes the system instability, then amplify the noise at that frequency. It is 

necessary to analyze the transfer function of the filter to have a better understanding for the 

nature of the problem [48]. 

Fig. 3.16 shows the waveforms of input current with input voltage and the output voltage. 

It is easy to find out a phase shift between the input current and input voltage and resulting in 

the lower IDF value and power factor. The power factor is 0.975 be simulated by PSIM. 

 

Fig. 3.14.  Standard L-C filter circuit. 
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Fig. 3.15.  Transfer function of L-C filter. 

 

 

Fig. 3.16.  Input current/voltage and output and PF value of L-C filter. 

 

Using the FFT function of PSIM can see a little input current harmonics at the frequency 

range between minimum switching frequency, 25 kHz and its harmonics, 50 kHz as shows in 

Fig. 3.17. 

Phase Shift 
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Fig. 3.17.  Frequency spectrum of input current with the L-C filter. 
 

 

Fig. 3.18.  Input current and fundamental current waveforms with L-C filter. 
 

Parallel Damping Filter: 

An improved of L-C filter is added a damping branch include a damping resistor with a 

capacitor into the L-C filter as shows in Fig. 3.19 [49]-[56] for the circuit of parallel 

damping filter. Fig. 3.20 shows the gain is reduced and under 3dB at cut-off frequency. Fig. 

3.21 shows the phase shift between input current and input voltage is small than the standard 

L-C filter. 

Current Harmonic 
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Fig. 3.19.  Parallel damping filter circuit. 
 

  

Fig. 3.20.  Transfer function of damping filter. 

 

Fig. 3.21.  Input current/voltage and output voltage waveforms with damping filter. 
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Fig. 3.22.  Power losses of damping filter. 
 

 

Fig. 3.23.  Frequency spectrum of input current with damping filter. 

 

The major disadvantage of damping filter is high power losses compare to others. The 

power losses of damping filter is around 1.65W and 1.65% of system power level. The 

power losses is caused by the damping resistor, Rd. as shows in Fig. 3.22 
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Fig. 3.24.  Input current and fundamental current waveforms with damping filter. 
 

Standard Differential Mode EMI Filter: 

A standard differential mode EMI filter is shown is Fig. 3.25. It consists of two inductors 

and two x capacitors. The filter is designed to supply the average input current to the PFC pre-

regulator despite the changes in the boost inductor current and the boost hold up capacitor. 

The values of two inductors are the same and can be calculated as equation (3-16) [2]. The 

value of two x capacitors are the same and can be found based on the values of inductors, 

minimum switching frequency, 25 kHz and hold up as shown in equation (3-17). 

 

Fig. 3.25.  Standard differential mode EMI filter circuit. 
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The simulated result by PSIM is shown in Fig. 3.26, and the phase shift between input 

current and input voltage and the power losses are the smallest in four EMI filters. It means 

the IDF value and efficiency are high. 

 

Fig. 3.26.  Input current/voltage and output voltage waveforms with STD. DM filter. 

 

Fig. 3.27.  Power losses of STD DM filter. 
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Fig. 3.28.  Frequency spectrum of input current with STD DM filter. 

 

 

Fig. 3.29  Input current and fundamental current waveforms with STD DM filter. 
 

Investigated two-stage DM EMI Filter: 

The least EMI filter is an investigated two-stage differential mode EMI filter [57]-[58]. 

Fig. 3.31 shows a little phase shift between input current and input voltage. 
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Fig. 3.30.  Investigated two-stage DM EMI filter circuit. 

 

 

Fig. 3.31.  Input and output waveforms with investigated two-stage DM EMI filter. 
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Fig. 3.32.  Frequency spectrums of input current with investigated two-stage DM filter. 
 

Fig. 3.33 shows the waveform of input current is close to the fundamental current 

waveform, only a few oscillations at the peak and bottom. 

 

Fig. 3.33  Input current and fundamental current waveforms with investigated two-stage  

DM filter. 
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3.4.2 EMI Filter Design Summary 

A review for each EMI filter is presented in Table 3.2. The standard differential mode 

EMI filter and the investigated two-stage EM EMI filter have better performance in power 

losses, and power factor. The investigated two-stage DM EMI filter has more advantage for 

smaller size than the standard DM EMI filter. 

TABLE 3.2 

COMPARISON OF FOUR EMI FILTER 

Item/Filter Standard 

L-C 

Damping DM-EMI Investigated 

Two-Stage 

DM-EMI 

Components 

 

L ×1 

C ×1 

L ×2 

C ×2 

Rd×1 

L × 2 

C × 2 

L × 2 

C × 2 

Maximum Inductor 

Value 

 

0.125mH 0.24mH 0.545mH 0.17mH 

Size Small Middle large Small 

Power Losses (W)  

(inductor , Capacitor 

are ideal model) 

N/A 1.65W N/A N/A 

Power Factor 

 

0.975 0.992 0.995 0.996 

THD 0.42% 0.35% 0.2% 0.18% 

Complexity 

 

Low Middle Middle High 
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3.5 POWER LOSSES ANALYSIS 

In the following analysis, the MathCAD program is designed to calculate not only basic 

parameters as output voltage, ripple and input current, inductor current but also the power 

losses for each component and showing the result by drawing to analyze the overall 

characteristic of losses and switching frequency vs. different load. The similar method can be 

analyze the input voltage, current, turn-on time, turn –off time and switching frequency vs. 

input voltage phase. The simulation of PSIM is shown in second step to verify the output 

voltage, ripple, and input current with harmonics analysis. A simple experimental result was 

shows at least to realize the design of 100 W critical conduction mode PFC circuit. 

 

3.5.1 Rectifier Power Losses 

Typically the diodes of the rectifier bridge have conduction losses and reverse recovery 

losses. The major source of the loss is the conduction loss due to semiconductor device 

forward voltage drops around 0.7 V. Therefore, only conduction loss is considered in this 

analysis. The conduction losses of bridge diode are given in following equation [59]: 

 
minin,

rF_rectifieout

sBridge_los
Vπη

VP
P

⋅⋅

⋅⋅⋅
=

24
 (3-18) 

where  VF_rectifier is the forward voltage drop of the diodes  

Vin,min is the RMS input voltage 

η is the efficiency of the CRM PFC converter 

Pout is the output power of the converter. 
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Fig. 3.34.  The power losses of rectifier vs. input voltage. 

3.5.2 MOSFET Power Losses 

The switching losses of MOSFET are difficult to determine and calculate in critical 

conduction mode. Because of the type of MOSFET, gate charge, and variable switching 

frequency affect the analysis. Here, we will discuss four kind of main power losses of 

MOSFET [35], [59]-[61]. 

1. Power losses of Gate:  

The following equation is shows the high gate charge value increases high power losses. 

High switching frequency also increases high power losses. 

 sgategategate_loss fVQP ⋅⋅=  (3-19) 

where  Qgate is the gate charge  

       Vgate is the voltage applied between the gate and the source to turn on the 

MOSFET  

       fs is the switching frequency 

2. Coss Power losses:  

 soutosscoss_loss fVCP ⋅⋅⋅=
2

1
 (3-20) 

where       Coss is the value of output capacitor 
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Fig. 3.35 shown the power losses of gate and Coss are fixed when input voltage change.  

 

Fig. 3.35.  The power losses of gate .and Coss vs. input voltage. 

Fig. 3.36 and Fig. 3.37 shows losses of Coss and gate are direct proportion as switching 

frequency. 

 

Fig. 3.36.  The power losses of Coss vs. switching frequency. 

 

 

Fig. 3.37.  The power losses of gate vs. switching frequency. 



 

47 

3. Conduction Losses:  

The conduction loss is major loss in the MOSFET. The value of Rdcon in the MOSFET 

affects the loss so much. It is important to select a MOSFET with low Rdcon value. 

 ( )2

rmsMOSFET,dconcond_loss IRP ⋅=  (3-21) 

where    Irms_FET is the rms value of the current flows through the MOSFET 

         Rdcon is the on-state resistance between drain and source 

  

Fig. 3.38.  The conduction losses of MOSFET vs. input voltage. 

4. Turn on Losses: 

 srrms L,outFET_trloss ftIVP ⋅⋅⋅⋅=
2

1
 (3-22) 

where  Qgate is the gate charge  

       Vgate is the voltage applied between the gate and the source to turn on the 

MOSFET  

       fs is the switching frequency 

       tr is the rise time 
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Fig. 3.39.  The turn on losses of MOSFET vs. input voltage. 

 

The total power losses of MOSFET are the sum of (3-19) - (3-22), and the major losses of 

MOSFET is conduction loss as the function of the RMS value of MOSFET and turn-on 

resistor. 

 

Fig. 3.40.  The total power losses of MOSFET vs. input voltage. 

3.5.3 Diode Power Losses 

Two major power losses of diode are conduction losses as shown in equation (3-24) 

 
outminin,

in
rms

VV

P

π
ID

⋅⋅
⋅

⋅
⋅=

22

3

4
 (3-23) 

 rms_diodeDiode_loss IDVFP ⋅=  (3-24) 
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Fig. 3.41.  The power losses of diode vs. input voltage. 

 

3.5.4 Sensor Circuit Power Losses 

The current sense resistor derives the whole coil current. The losses are given by 

following equation [35]: 

 

2

2

3

4








⋅⋅=⋅=

in

in
CSLrmsCSRS_loss

V

P
R)(IRP  (3-25) 

 

Fig. 3.42.  The power losses of sensor circuit vs. input voltage. 

3.5.5 Output Capacitor Power Losses 

The loss in the capacitor occurs due to the power loss contributed by the equivalent series 

resistance (ESR) of the capacitor. It is given by following equation [35]. 
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 esrcout,rmscout,cout_loss RIP ⋅=
2

 (4-9) 

 

Fig. 3.43.  The power losses of output capacitor vs. input voltage. 

 

3.5.6 Inductor Losses 

The inductor loss comprises the core loss and copper loss. Here we select E30/15/7, N67 

material from EPCOS, and the power losses are 0.82W at 25 kHz [59]. 

 

3.5.7 Summary 

Finally, the power losses for overall CRM PFC circuit are shown in Fig. 3.44 and indicate 

the worst-case was happened at lowest line voltage with full load condition. All selections for 

main component likes inductor, MOSFET, Diode and output capacitor should be considered 

with the condition. 

The efficiency analysis is shown in Fig. 3.45, it indicate the worst-case was happened at 

lowest line voltage with light loading.  
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Fig. 3.44.  The total power losses of PFC circuit vs. input voltage. 

 

Fig. 3.45.  The total power losses Pi Chart. 

The operation switching frequency is shown in Fig. 3.46, it indicate the maximum 

frequency close to 300 kHz at line voltage 190 Vac with light load condition. And the 

minimum frequency closes to 21 kHz at the maximum line voltage with full load condition. 
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)LP4(V

)V(VV
F

pinout

inpkout

2

inpk

swmin
⋅⋅

−⋅
=  (4-10) 

 

Fig. 3.46.  The switching frequency of PFC circuit vs. input voltage. 

 

Fig. 3.47.  The switching frequency vs. input voltage at full load. 

 

3.6 PHASE EFFECT ANALYSIS 

In this section, the analysis of input voltage, input current, turn-off time and switching 

frequency are based on three conditions, the phase angle is variable between 5 deg to 360 
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deg, and the input voltage range are 85 V, 175 V and 265 V with full load condition. All the 

calculations are using MathCAD to plot the calculated waveforms directly. It is easy to 

analyze the relationship between above parameters and phase angle to find out and avoid the 

potential design problem such as the highest switching frequency at zero cross (zero deg, 

180 deg) [5] [35]. More detail calculations can be found in appendix. 

3.6.1 Input Voltage vs. Phase  

The min, normal and maximum input voltage waveforms are shown in Fig. 3.48. 

 

Fig. 3.48.  Input voltage vs. phases. 

3.6.2 Input Current vs. Phase  

The input current is defined as equation (3-26) then the input current waveforms are 

shown in Fig. 3.49. 

 






 ⋅
⋅⋅=

180
sin2

πphase
II inrmsin,  (3-26) 
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Fig. 3.49.  Input current vs. phases. 

3.6.3 Inductor Current vs. Phase 

The inductor current is the absolute value of input current as equation (3-27) then the 

inductor current waveforms are shown in Fig. 3.50. 

 )(2 , phaseIIL rmsinpk ⋅=  (3-27) 

 

Fig. 3.50.  Inductor current vs. phases. 

3.6.4 Off Time vs. Phase  

The turn on time (Ton) is fixed in this analysis and the turn off time (Toff) becomes 

important to calculate the maximum switching frequency. 
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)(

)(

phaseVV

phaseILL
T

inout

pkp

off
−

=  (3-28) 

 

Fig. 3.51.  Toff vs. Phases. 

3.6.5 Switching Frequency vs. Phase  

The switching frequency cab be defined as equation (3-29) and the plot in Fig. 3.52 to 

show that the maximum frequency close to 350 kHz with the maximum input voltage at 0 

and 180 deg condition. 

 
( )








 ⋅
−⋅

⋅⋅
=

out

pkin,

outp

rmsin,

sw
V

ωtV

PL

V
F

sin
1

2

2

 (3-29) 

 

Fig. 3.52.  Switching frequency vs. phases. 
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Chapter 4 

S i m u l a t i o n  a n d  E x p e r i m e n t a l  R e s u l t s   

4.1 SIMULATION RESULT 

4.1.1 PSIM Circuits 

Below is the modeling of MC33260 circuit by PSIM, based on the definition and 

description in [28]. The circuit simulates the major function such as voltage error signal, 

ZCD signal and some measurement for the value of PF, VA, power meter, input 

voltage/current and output voltage. 

 

Fig. 4.1   PSIM modeling: 100W CRM PFC circuit with MC33260. 
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4.1.2 Output Waveform 

The simulation of output voltage is 400 VDC with 7V ripple voltage and the result is 

similar with the calculation by MathCAD in Fig. 3.13. 

 

Fig. 4.2.  PSIM: output waveform. 

4.1.3 Control Signal 

The Fig. 4.3 shows the output voltage error control and the MOSFET reset when Vramp 

greater than voltage error output. 

 

Fig. 4.3.  Output voltage feedback control. 
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4.1.4 Input Waveform 

The Fig. 4.4 shows simulation for the waveforms of input current, inductor current and 

input voltage for the PFC circuit without an EMI filter. The waveform of input voltage is 

ideal without any effect by current. 

 

Fig. 4.4.  Input current, inductor current and input voltage waveform. 

4.1.5 Input Current Harmonics Analysis 

Figure 4.5 shows the input current spectrum without EMI filter and the harmonic 

distributes after 25 kHz. 

 

Fig. 4.5.  Input current spectrum. 
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Import the simulated data of PSIM into the MathCAD program. The RMS value of input 

voltage and input current can be calculated as following equation and found the RMS of 

input voltage is 85 V and the input current is 1.462 A. 

 Vinrms
1

Points
1

Points

n

Vin
n( )

2

∑
=











:=  (4-1) 

 

Iinrms
1

Points
1
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n

Iin
n( )

2

∑
=











⋅:=

 (4-2) 

where    the points is the sample point of one cycle of PSIM 

 

Fig. 4.6.  Input current spectrum in MathCAD. 

The THD of input current also can be calculated by MathCAD as equation (4-3) and the 

THD is 57.3%. 
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
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+

:=

 (4-3) 

Based on the design and analysis in cheaper 3.4.2, an investigated two-stage DM EMI 

filter is selected to reduce the current harmonics. Assume the EMI filter can attenuate the 

harmonics to 0.1% for the frequency range 18 kHz to 100 kHz. The estimation of THD is 

2.4% only, and the estimation of input current waveform is shown in Fig. 4.7. 
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Fig. 4.7.  Estimation of input current waveform in MathCAD. 

The simulation of PSIM for adding an investigated two-stage DM EMI filter is shown in 

Fig. 4.8 and Fig. 4.9 shows the FFT result. Import the simulation data into the MathCAD, the 

improved THD is 3.8%. 

  

Fig. 4.8.  Input current with input voltage. 

 

Fig. 4.9.  Input current spectrum with a damping filter. 
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4.1.6 Summary 

After an investigated DM EMI filter is added, the power factor increases from 0.87 to 

0.995. 

4.2 EXPERIMENTAL RESULTS 

Some equipment is used for the measurement of input and output waveforms. They are: 

Oscilloscope TDS3034B x1, Current Probe x1, HV Probe P5200 x1 and a set of 1600 ohm 

load as shown in Fig. 4.10. The WaveStar software is selected to capture and convert the 

waveform from oscilloscope to CSV file. 

 

Fig. 4.10.  Experimental equipments and condition. 

4.2.1 Output Waveform 

Figure 4.11 shows the output voltage is around 400 VDC and the peak-peak ripple 

voltage is around 23 VDC. 
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Fig. 4.11.  Experimental output voltage waveform. 

4.2.2 Input Waveform 

The MathCAD can impact the data which transfer from WaveStar into the MathCAD 

program to analyze. It is easy to combine the input current and voltage waveform to check the 

zero-cross waveform and calculating the THD and RMS value of input voltage and current for 

the analysis. 

 

Fig. 4.12.  Experimental input voltage and current waveform. 
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4.2.3 Input Current Harmonics Analysis 

 

Fig. 4.13.  Input current (x50) with input voltage. 

 

Fig. 4.14.  Input voltage spectrum. 

 

Fig. 4.15.  Input current spectrum. 
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Fig. 4.14 and Fig. 4.15 are the spectrum of input voltage and current. The THD of input 

current can be calculated by MathCAD as equation (4-3) and it is 4.42%. 

Assume the harmonics between 3
rd

 and 50
th

 can be reduced to 10% only the estimation 

waveform of input voltage and current are shown in Fig. 4.16 and Fig. 4.17, and the THD of 

input current can be improved to 1.7%. 

  

Fig. 4.16.  Estimation of input voltage waveform in MathCAD. 

 

Fig. 4.17.  Estimation of input current waveform in MathCAD. 
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4.3 SUMMARY 

Fig. 4.18 shows the input current spectrum up to 40
th

 of line frequency and all meet the 

limits of EN-61000-3-2 class D [5] [12]. The estimation of 90% attenuation between 3
rd

 and 

50
th

 harmonics order is shown in Fig. 4.19 for better performance. 

 

Fig. 4.18.  Input current spectrum vs. EN-61000-3-2 class D limits. 

 

Fig. 4.19.  Estimation of improved input current spectrum vs. EN-61000-3-2 class D limits. 
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Chapter 5 

Conclusions and Future Works 

5.1 CONCLUSIONS 

In this thesis, a mathematical method for the analysis of the input current harmonics, EMI 

filter design and power losses for critical conduction mode PFC converters was proposed. 

Power factor and THD were simulated by PSIM and also be calculated by MathCAD in 

chapter 3 and 4. It is easy for a student to study the theory of CRM PFC by using above 

methods. 

Finally, the input current was plotted by the Fourier series method in the frequency 

domain and compared with the EN 61000-3-2 limits up to 40
th

 harmonic of line frequency. 

The simulation results of the THD of input current is less than 3%, the power factor is up to 

0.995 and the experimental result of the current THD is 4.42%.  
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5.2 FUTURE WORKS 

Future works related to this research are discussed and suggested in this section. One 

difficult in the realization of the CRM PFC controller is that we must limit the highest 

switching frequency around the zero crossing and minimizing its current distortion at the 

same time. The zero crossing distortion becomes significant at light load condition and special 

control scheme should be developed to solve this problem [62]-[69]. 

EMI filter design is another challenge in this research. It includes many methods such as 

calculation, simulation, noise, PCB layout and input current measurements with frequency 

spectrum analyzer and LISN [70]-[76]. 
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Appendix:

CRM PFC Design and Analysis for componentCRM PFC Design and Analysis for componentCRM PFC Design and Analysis for componentCRM PFC Design and Analysis for component
selectionselectionselectionselection, , , , EMI filterEMI filterEMI filterEMI filter, , , , Power lossPower lossPower lossPower loss

_____________________________________________________________________________

Design Variables Definition 

fline 60Hz:= Line Frequency

Vinmin 85V:= Minimum Input Voltage

Vinmax 265V:= Maximum Input Voltage

Pout 100W:= Maximum Output Power

Vout 400V:= Output Voltage

fs 25 10
3
Hz⋅:= Minimum Switching Frequency

ω 2π fline⋅:=

t_cycle 16.7 10
3−
s⋅:= Period of one Line Cycle

Vdrop 85V:= Amount of holdup voltage

η 0.92:= Efficiency

Pin
Pout

η
:= Pin 108.696W=

Output Hold up
time

t_hold 40 10
3−

⋅ s:=

Rout
Vout

2

Pout
1.6 10

3
× Ω=:=

_____________________________________________________________________________

Calculation of AC Voltage and Current:

Vinrms Vinmin:= Vinrms 85V=

Vinpk Vinrms 2⋅:= Vinpk 120.208V=

Vin t( ) Vinpk sin ω t⋅( )⋅:=

Iinrms
Pin

Vinrms
:= Iinrms 1.279A=
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0 8.35 10
3−
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(V
)

Vin t( )

t

Inductor Selection:

Iinpk
2 Pout⋅

η Vinmin⋅
:=

Iinpk 1.808A=

ILpk 2Iinpk:=
ILpk 3.617 A=

Iin t( ) Iinpk sin ω t⋅( )⋅:=

Lp
Vout 2 Vinmin⋅−( ) η⋅ Vinmin

2
⋅

2fs Vout⋅ Pout⋅
:= Lp 9.299 10

4−
× H=

Using EPCOS E 30/15/7, Bmax=0.3T, Ae=60mm2 

Bmax 0.3T:=

Ae 60mm
2

:=

Np
Lp ILpk⋅

Bmax Ae⋅
186.851=:= Np 187=

Max Pk-Pk ripple current of inductor:

∆ILmax
2Vinmin

Lp fs⋅
1

2Vinmin

Vout
−









3.617 A=:=

ILpk 3.617 A=
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Design of the current sense circuit:
Rcs : current sense resistor losses

Choose Rcs=0.68 ohm Rcs 0.5Ω:=

Prcs
1

6
Rcs⋅ ILpk

2
⋅:= Prcs 1.09W=

Rocp: Overcurrent protection resistor

Set Iocp = 200uA Iocp 200μA:=

Rocp
Rcs ILpk⋅

Iocp
:= Rocp 9.042 10

3
× Ω= Select 9100 ohm

Calculation of Ton , Toff and Switching Frequency:

Ton
2 2 Pout⋅

η Vinmin⋅

Lp

2Vinmin
⋅:=

Ton 2.798 10
5−

× s=

Tonmax 2 Lp⋅
Pout

η Vinmin( )
2

⋅

⋅:=
Tonmax 2.798 10

5−
× s=

t 0.000001s 0.00001s, 0.0333s..:=

Toff t( ) 2 2⋅ Lp⋅
Pin

Vinmin Vout 2 Vinmin⋅ sin ω t⋅( )⋅−( )⋅

⋅ sin ω t⋅( )⋅:=

Toffmax
ILpk Lp⋅

Vout Vinpk−
:=

Toffmax 1.202 10
5−

× s=

WL
1

2
Lp ILpk

2
⋅:=

WL 6.082 10
3−

× J=

Ttotal
2 Pout⋅ Lp⋅ Vout⋅

Vinmin
2
η⋅

Vout

2
Vinmin−









⋅

:=

Ttotal 4 10
5−

× s=

fsmin
Vinmin Vout 2 Vinmin−( )⋅

2Lp Iinrms⋅ Vout⋅
:= fsmin 2.5 10

4
×

1

s
=

ILp t( )

Vinmin

Lp
Tonmax⋅ sin ω t⋅( )⋅

2
:=
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Calculate the PF with K factor

K 2 1000..:=

IL
2

3
Iinrms:= IL 1.477 A=

IL1
1

6
ILpk 1.477A=:=

PF K( )

2 ILpk
π

4
K+









⋅

4 1 K+( ) IL⋅
:=
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PF K( )

K

Calculate the Input Capacitor

Select a attenuate rate=10%

Atte_rate 10%:= Req
Vinmin

Iinrms
66.47Ω=:=

Cin
1

Atte_rate 2π Req⋅ fs⋅( )⋅[ ]
9.578 10

7−
× F=:= Select a 0.63uF

Capacitor

EMI Filter Performance and Specification:

DPF 0.98:=

fc 5KHz:= Cut-off Frequency

EMI Filter Design  1:  L-C Filter

Im Iinpk 1.808 A=:=

Vm Vinmin 2⋅ 120.208 V=:=

ω 376.991
1

s
=

Cmax
Im

ω Vm⋅
tan acos DPF( )( )⋅ 8.103 10

6−
× F=:=

L
1

fc
2

Cmax⋅ 2π( )
2

⋅

1.25 10
4−

× H=:=

77



Zin
Vinmin

2
η⋅

Pout
66.47Ω=:=

j 0 80..:= L1 1.25 10
4−

×:= Zin
Zin

Ω
66.47=:=

f j( ) 10

j

10









:=

s j( ) 2π f j( ) 1−⋅:=
C1 8.1 10

6−
×:= C2 4C1 3.24 10

5−
×=:=

TLC j( )
1

1 s j( )
L1

Zin

+ L1 C1⋅ s j( )
2

⋅+













:= magLC j( ) 20 log TLC j( )( ):=

angLC j( )
180

π
arg TLC j( )( ):=
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0

angLC j( )

f j( )

Damping Filter:

Zout
Zin

2
33.235Ω=:=

Attn 100:=

Attn_rate 20 log Attn( )⋅ 40=:= dB 

Ffilter
fs

Attn
2.5 10

3
×

1

s
=:=

C1 Cmax:=
RD

L

C1
3.928Ω=:=

C2 4C1 3.241 10
5−

× F=:=
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RD
RD

Ω
3.928=:=

Zin 66.47Ω=

Tdamp j( )
1 RD s j( ) C2⋅+

1 s j( ) C2⋅ RD⋅+ L1 C1 C2+( )⋅ s j( )
2

+ L1 RD⋅ C1⋅ C2⋅ s j( )
3

⋅+

:=

magdamp j( ) 20 log Tdamp j( )( ):=

Z0
L1

C1

3.928=:=

angdamp j( )
180

π
arg Tdamp j( )( ):=
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angdamp j( )

f j( )
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C1 2.2 μF⋅:= C2
C1

8
2.75 10

7−
× F=:=

C1 C2+ 2.475 10
6−

× F=

Amin 20 log
1000Iinrms

A

100Ω

Ω
⋅









72− 30.136=:=

VDM 72 Amin+:=

L2
1

4π
2

fs( )
2
C2

10

Amin− 20+

30









⋅ 6.77 10
5−

× H=:= L1 8L2:=

L1 5.416 10
4−

× H= L2 6.77 10
5−

× H= Rd
L1

1.5C1
12.811Ω=:=

C1 2.2 10
6−

× F= C2 2.75 10
7−

× F=
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Wz1
1

Rd C1⋅
3.548 10

4
×

1

s
=:= Wo1

1

L1 C1⋅

2.897 10
4

×
1

s
=:= L1

L1

H
:= L2

L2

H
:=

C1
C1

F
:= C2

C2

F
:=

Wo2
1

L2 C2⋅

2.318 10
5

×
1

s
=:=

Wz2
Rd

L2
1.892 10

5
×

1

s
=:=

fo1
Wo1

2π
4.611 10

3
×

1

s
=:= fo2

Wo2

2π
3.689 10

4
×

1

s
=:= Z01

L1

C1
15.69Ω=:=

fz1
Wz1

2π
5.647 10

3
×

1

s
=:= fz2

Wz2

2π
3.012 10

4
×

1

s
=:=

Z02
L2

C2
15.69Ω=:=

fo1 Wo1 sec⋅ 2.897 10
4

×=:= fz1 Wz1 sec⋅ 3.548 10
4

×=:=

Q1
Z01

Rd
1.225=:=

fo2 Wo2 sec⋅ 2.318 10
5

×=:= fz2 Wz2 sec⋅ 1.892 10
5

×=:=

Q2
Z02

Rd
1.225=:=

Q1 Q1:=

Gs j( )

1
s j( )

fz1

+

s j( )
2

fo1
2

s j( )

fz1

+ 1+











s j( )
2

fo2
2

s j( )

fz2

+ 1+











⋅

















:=

Q2 Q2:=

magGs j( ) 20 log Gs j( )( ):=

Zsout j( )

s j( ) L1⋅ 1
s j( )

fz1

+








⋅ 1
s j( )

fz2

+








⋅

s j( )
2

fo1
2

s j( )

Q1 fo1⋅
+ 1+











s j( )
2

fo2
2

s j( )

Q2 fo2⋅
+ 1+











⋅

:=
angGs j( )

180

π
arg Gs j( )( ):=

Zsout j( ) 20 log Zsout j( )( ):=

82



1 10 100 1 10
3

× 1 10
4

× 1 10
5

× 1 10
6

× 1 10
7

× 1 10
8

×

300−

200−

100−

0

100

Frequency (Hz)

G
ai

n
 (

d
B

)

1 10 100 1 10
3

× 1 10
4

× 1 10
5

× 1 10
6

× 1 10
7

× 1 10
8

×

60−

40−

20−

0

20

40

output impedance

Frequency (Hz)

Z
o
u
t 

(d
B

)

83



Standard DM Filter Design:

fp 25KHz:=

L2
Vinmin 2⋅ Vdrop−( ) Ton⋅

Pout 2⋅

η Vinmin⋅









5.447 10
4−

× H=:=

L3 L2 5.447 10
4−

× H=:=

C4
1

2π fp⋅( )
2

L2⋅

7.44 10
8−

× F=:=

C8 C4 7.44 10
8−

× F=:=
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Output Capacitor Selection:

∆U Pout t_hold⋅:= ∆U 4 J=

Cout
2 ∆U⋅

Vout
2

Vout Vdrop−( )
2

−

:= Cout 1.316 10
4−

× F=

Irmscout
Pout

Vout

16.Vout

3π Vinmin⋅ 2⋅

1−⋅:= Irmscout 0.539A=

VOripple t( )
η Pin⋅ sin 2ω t⋅( )⋅

Cout ω⋅ Vout⋅ 2⋅
:=

Vout_ripple
η Pin( )⋅

Cout ω⋅ Vout⋅
5.038V=:= Vout_ripple 5.038V=

Vo t( ) Vout VOripple t( )−:=

0 0.01 0.02 0.03 0.04
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MOSFET Power Losses Analysis:
MTP8N50E: 500V,8A  

                       Rds(on)~1.75ΩΩΩΩ@100 dgree

Coss 190pF:=

Qgate 40nC:=

tr 33ns:=

Rdcon 1.75Ω:=

Vgate 10V:=

Rdson 1.75Ω:=

Irms_FET
Pout 2 2⋅

η Vinmin⋅

1

6

4 2 Vinmin

9π Vout⋅
−⋅ 1.274A=:=

IL1rms
Pout

η Vinmin⋅ 2⋅

0.904 A=:= ILrms
2

3

Pin

Vinmin
⋅ 1.477A=:=

PMcond
4

3
Rdson⋅

Pin

Vinmin









2

⋅ 1
8 2⋅ Vinmin⋅

3πVout









−








⋅ 2.842W=:=

Pgate_loss Qgate Vgate⋅ fs⋅ 0.01 W=:=

Pcoss_loss
1

2
Coss⋅ Vout

2
⋅ fs⋅ 0.38 W=:=

Pcond_loss
4

3
Rdcon⋅

Pin

Vinmin









2

⋅ 1
8 2⋅ Vinmin⋅

3πVout









−








⋅ 2.842W=:=

PFET_tr
1

2
Vout⋅ ILrms⋅ tr⋅ fs⋅ 0.244 W=:=

PFET_loss Pgate_loss Pcoss_loss+ Pcond_loss+ PFET_tr+ 3.476 W=:=

Diode Conduction Losses:

VF_diode 0.7 V⋅:= MUR460( )

IDrms
4

3

2 2⋅

π
⋅

Pin

Vinmin Vout⋅

⋅ 0.421A=:=

PDiode_loss VF_diode IDrms⋅ 0.295 W=:= PDcond_loss VF_diode IDrms⋅ 0.295W=:=
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Current sense resistor Power losses:

Rcs : current sense resistor losses

Choose Rcs=0.68 ohm

Prcs
1

6
Rcs⋅ ILpk

2
⋅:= Prcs 1.09W=

PRS_loss Rcs ILrms
2

⋅ 1.09W=:=

Rectifier Power losses:

1N5406: VF=0.6V 

VF_rectifier 0.6V:=

Pbridger 2VF_rectifier Iinrms⋅ 1.535W=:= Pbridger 1.535 W=

PRectifier_loss

4 2⋅ Pout⋅ VF_rectifier⋅

η π⋅ Vinmin⋅
1.382W=:=

Inductor Power losses:

PL_loss 0.82W:=

Output Capacitor Power losses:

Cout = 100uF,
ESR=1.44ohm

Cout_ESR 1.44Ω:=

Icrms
32 2⋅ Pin

2
⋅

9 π⋅ Vinmin⋅ Vout⋅









Vout

Rout









2

− 0.703 A=:=

PCout_loss Icrms
2

Cout_ESR⋅ 0.711 W=:=
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Total Dissipation Power losses:

Pall_diss PMcond PDcond_loss+ Prcs+ Pbridger+ PCout_loss+:= Pall_diss 6.472 W=

ηcal
Pout

Pout Pall_diss+
0.939=:=

PTotal_loss PFET_loss PDiode_loss+ PRS_loss+ PRectifier_loss+ PL_loss+ PCout_loss+ 7.773W=:=

ηcal
Pout

Pout PTotal_loss+
0.928=:=

Input Voltage VS Power Losses:

f 60Hz:= i 0 36..:=

Vouti 400V:=

Vinrmsi Vinmin i 5⋅ V+:= Pouti 100W:=

Pin
Pout

η
:=

Vinpk Vinrms 2⋅:=

Fswmini

Vinpki Vinpki⋅( ) Vouti Vinpki−( )⋅

4 Vouti Pini⋅ Lp⋅( )
:=

Iinrms
Pin

Vinrms
:=

Vinrms

0

0

1

2

3

4

5

6

7

8

9
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11

12

13

14

15

85

90

95
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105
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120
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135

140

145

150

155

...

V=

Iinpk Iinrms 2⋅:=

I1rms
2

3
Iinrms⋅:=

MOSrmsi I1rmsi 1
8 2⋅ Vinrmsi( )

3π Vouti⋅
−⋅:=
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MTP8N50E: 500V,8A  

                       Rds(on)~1.75ΩΩΩΩ@100 dgree

Vgate
i

10V:= ILrms
2

3

Pin

Vinrms
⋅:=

Pcoss_loss
i

1

2
Coss⋅ Vouti( )

2
⋅ fs⋅:=

Pgate_loss Qgate Vgate⋅ fs⋅:=
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PFET_tr
i

1

2
fs⋅ Vouti ILrmsi⋅ tr⋅( )⋅:=

PFET_tr_100%Load
i

1

2
fs⋅ Vouti ILrmsi⋅ tr⋅( )⋅:=

PFET_tr_50%Load
i

1

2
fs⋅ Vouti

ILrmsi

2
⋅ tr⋅









⋅:=

PFET_tr_20%Load
i

1

2
fs⋅ Vouti

ILrmsi

5
⋅ tr⋅









⋅:=
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i

Pcond_loss
i

4

3
Rdcon⋅

Pini

Vinrmsi









2

⋅ 1
8 2⋅ Vinrmsi⋅

3πVouti









−








⋅ ...=:=

Pcond_loss_100%Load
i

4

3
Rdcon⋅

Pini

Vinrmsi









2

⋅ 1
8 2⋅ Vinrmsi⋅

3πVouti









−








⋅:=

Pcond_loss_50%Load
i

4

3
Rdcon⋅

Pini

2

Vinrmsi











2

⋅ 1
8 2⋅ Vinrmsi⋅

3πVouti









−








⋅:=

Pcond_loss_20%Load
i

4

3
Rdcon⋅

Pini

5

Vinrmsi











2

⋅ 1
8 2⋅ Vinrmsi⋅

3πVouti









−








⋅:=
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Vinrmsi

PFET_loss Pgate_loss Pcoss_loss+ Pcond_loss+ PFET_tr+:=

PFET_loss_100%Load
i

Pgate_loss
i

Pcoss_loss
i

+ Pcond_loss
i

+ PFET_tr
i

+:=

PFET_loss_50%Load
i

Pgate_loss
i

Pcoss_loss
i

+

Pcond_loss
i

4
+

PFET_tr
i

2
+:=

PFET_loss_20%Load
i

Pgate_loss
i

Pcoss_loss
i

+

Pcond_loss
i

25
+

PFET_tr
i

5
+:=
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W
)

PFET_loss_100%Load
i

PFET_loss_50%Load
i

PFET_loss_20%Load
i

Vinrmsi

Rectifier Power Losses:

1N5406: VF=0.6V 

VF 0.6V:=

PRectifier_loss_100%Load
i

2VF Iinrmsi⋅:=

PRectifier_loss_50%Load
i

2VF
Iinrmsi

2
⋅:=

PRectifier_loss_20%Load
i

2VF
Iinrmsi

5
⋅:=
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i

Vinrmsi
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Diode  Power Losses:

MUR460, VF=0.7V@ 100 dgree, IF=0.3A

ID1rmsi
4

3

2 2⋅

π
⋅

Pini

Vinrmsi Vouti⋅

⋅:=

PDiode_loss_100%Load
i

ID1rmsi VF_diode⋅:=

PDiode_loss_50%Load
i

ID1rmsi

2
VF_diode⋅:=

PDiode_loss_20%Load
i

ID1rmsi

5
VF_diode⋅:=
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PDiode_loss_50%Load
i

PDiode_loss_20%Load
i

Vinrmsi

Current sense resistor Power loss:

Rcs : current sense resistor losses

Choose Rcs=0.5 ohm

PRS_loss_100%Load
i

Rcs ILrmsi( )
2

⋅:=

PRS_loss_50%Load
i

Rcs ILrmsi( )
2

⋅

2
:=

PRS_loss_20%Load
i

Rcs ILrmsi( )
2

⋅

5
:=
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PRS_loss_100%Load
i

PRS_loss_50%Load
i

PRS_loss_20%Load
i

Vinrmsi

Output Capacitor Power loss:

Cout_ESR=1.44 ohm

Vout 400V:=

Icrms
32 2⋅ Pin

2( )⋅

9 π⋅ Vinrms⋅ Vout⋅









Vout

Rout









2

−:=

PCout_loss_100%Load
i

Cout_ESR Icrms
i( )

2
⋅:=

PCout_loss_50%Load
i

Cout_ESR

Icrms
i( )

2

4
⋅:=

PCout_loss_20%Load
i

Cout_ESR

Icrms
i( )

2

25
⋅:=
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Total Power losses:

PTotal_loss PFET_loss PDiode_loss+ PRS_loss+ PRectifier_loss+ PL_loss+ PCout_loss+:=

ηcal
Pout

Pout PTotal_loss+
:=

PTotal_loss_100%Load PFET_loss PDiode_loss+ PRS_loss+ PRectifier_loss+ PL_loss+ PCout_loss+:=

PTotal_loss_50%Load1 PFET_loss_50%Load PDiode_loss_50%Load+ PRS_loss_50%Load+:=

PTotal_loss_50%Load2 PRectifier_loss_50%Load PL_loss+ PCout_loss_50%Load+:=

PTotal_loss_50%Load PTotal_loss_50%Load1 PTotal_loss_50%Load2+:=

PTotal_loss_20%Load1 PFET_loss_20%Load PDiode_loss_20%Load+ PRS_loss_20%Load+:=

PTotal_loss_20%Load2 PRectifier_loss_20%Load PL_loss+ PCout_loss_20%Load+:=

PTotal_loss_20%Load PTotal_loss_20%Load1 PTotal_loss_20%Load2+:=
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Input Voltage (V)
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ss

 (
W

)

PTotal_loss_100%Load
i

Vinrmsi

Eff_100%Loadi

Pouti

Pouti PTotal_loss_100%Load
i

+
100⋅:=

Eff_50%Loadi

Pouti

2

Pouti

2
PTotal_loss_100%Load

i
+

100⋅:=

Eff_20%Loadi

Pouti

5

Pouti 0.2⋅ PTotal_loss_100%Load
i

+
100⋅:=
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)

Eff_100%Loadi

Vinrmsi

Fswmin
Vinpk Vinpk⋅( ) Vout Vinpk−( )⋅

4 Vout Pin⋅ Lp⋅( )
:= Vouti 400V:=

Fsw_100%Loadi

Vinpki Vinpki⋅( ) Vouti Vinpki−( )⋅

4 Vouti Pini⋅ Lp⋅( )

1

1000
⋅:=

Fsw_50%Loadi

Vinpki Vinpki⋅( ) Vouti Vinpki−( )⋅

4 Vouti
Pini

2
⋅ Lp⋅









1

1000
⋅:=

Fsw_20%Loadi

Vinpki Vinpki⋅( ) Vouti Vinpki−( )⋅

4 Vouti Pini⋅ 0.2⋅ Lp⋅( )

1

1000
⋅:=
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CRM PFC analysis for variable phase with full loadCRM PFC analysis for variable phase with full loadCRM PFC analysis for variable phase with full loadCRM PFC analysis for variable phase with full load
conditionconditionconditioncondition

_____________________________________________________________________________

Design Variables Definition 

fline 60Hz:= Line Frequency

Vinmin 85V:= Minimum Input Voltage

Vinmax 265V:= Maximum Input Voltage

Pout 100W:= Maximum Output Power

Vout 400V:= Output Voltage

fs 25 10
3
Hz⋅:= Minimum Switching Frequency

ω 2π fline⋅:=

tholdup 16.7 10
3−
s⋅:= Period of one Line Cycle

Vdrop 120V:= Amount of holdup voltage

η 0.92:= Efficiency

Pin
Pout

η
:= Pin 108.696W=

t_hold 40 10
3−

⋅ s:=

_____________________________________________________________________________

Calculation of AC Voltage and Current:

Vinrms Vinmin:= Vinrms 85V=

Vinpk Vinrms 2⋅:= Vinpk 120.208V=

Vin t( ) Vinpk sin ω t⋅( )⋅:=

Iinrms
Pin

Vinrms
:= Iinrms 1.279A=

0 8.35 10
3−

× 0.0167 0.025 0.0334

200−

120−

40−

40

120

200

Vin t( )

t
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Inductor Selection:

Iinpk
2 Pout⋅

η Vinmin⋅
:= Iinpk 1.808A=

ILpk 2Iinpk:=
ILpk 3.617 A=

Iin t( ) Iinpk sin ω t⋅( )⋅:=

Lp
Vout 2 Vinmin⋅−( ) η⋅ Vinmin

2
⋅

2fs Vout⋅ Pout⋅
:= Lp 9.299 10

4−
× H=

Using EPCOS E 30/15/7, Bmax=0.3T, Ae=60mm2 

Bmax 0.3T:=

Ae 60mm
2

:=

Np
Lp ILpk⋅

Bmax Ae⋅
186.851=:= Np 186.851=

Design of Regulation and overvoltage protection circuit:

Ro
Vout

200μA
:=

Ro 2 10
6

× Ω=

Design of oscillator circuit:

Enter Cint: Cint 15pF:=

Enter Kosc: Kosc 6400:=

CT
2 6400⋅ Lp⋅ Pin⋅ Vout

2
⋅

Vinmin
2

Ro
2

⋅

:=

Design of the current sense circuit:
Rcs : current sense resistor losses

Choose Rcs=0.5 ohm Rcs 0.5Ω:=

Prcs
1

6
Rcs⋅ ILpk

2
⋅:= Prcs 1.09W=

Rocp: Overcurrent protection resistor

Set Iocp = 200uA Iocp 200μA:=

Rocp
Rcs ILpk⋅

Iocp
:= Rocp 9.042 10

3
× Ω=

101



Input Voltage vs. phase: 

Phase 5 360..:=

Vac

85

175

265











V:= Vin Phase( ) Vac 2⋅ sin
Phase π⋅

180









⋅:=

Pin

Pin

Pin

Pin











:= Iin
Pin

Vac
:= Iin

1.279

0.621

0.41











A=

Full Load: 

Vinmin Phase( ) Vin Phase( )0:=

Vinnormal Phase( ) Vin Phase( )1:=

Vinmax Phase( ) Vin Phase( )2:=

0 100 200 300
400−

320−

240−

160−

80−

0

80

160

240
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400

Input Voltage vs. Phase

(Degree)

A
C

 I
n
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u
t 

V
o
lt

ag
e 

(V
)

Vinmin Phase( )

Vinnormal Phase( )

Vinmax Phase( )

Phase

Iinrms 1.279A=

Iinrms Phase( ) Iin 2⋅ sin
Phase π⋅

180









⋅:=

Iin_Vinmin Phase( ) Iinrms Phase( )0:=

Iin_Vinnormal Phase( ) Iinrms Phase( )1:=

Iin_Vinmax Phase( ) Iinrms Phase( )2:=
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Phase

ILpk Phase( ) 2 Iinrms Phase( ):=

ILpk_Vinmin Phase( ) 2 Iinrms Phase( )( )
0

:=

ILpk_Vinnormal Phase( ) 2 Iinrms Phase( )( )
1

:=

ILpk_Vinmax Phase( ) 2 Iinrms Phase( )( )
2

:=
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ton_Vinmin Phase( ) Lp
ILpk_Vinmin Phase( )

Vinmin Phase( )
⋅:=

toff_Vinmin Phase( )
Lp ILpk_Vinmin Phase( )⋅

Vout Vinmin Phase( )−
:=

ton_Vinnormal Phase( ) Lp
ILpk_Vinnormal Phase( )

Vinnormal Phase( )
⋅:= toff_Vinnormal Phase( )

Lp ILpk_Vinnormal Phase( )⋅

Vout Vinnormal Phase( )−
:=

ton_Vinmax Phase( ) Lp
ILpk_Vinmax Phase( )

Vinmax Phase( )
⋅:= toff_Vinmax Phase( )

Lp ILpk_Vinmax Phase( )⋅

Vout Vinmax Phase( )−
:=
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Fsw_Vin265V Phase( )
1

ton_Vinmax Phase( ) toff_Vinmax Phase( )+
:=

Fsw_Vin175V Phase( )
1

ton_Vinnormal Phase( ) toff_Vinnormal Phase( )+( )
:=

Fsw_Vin85V Phase( )
1

ton_Vinmin Phase( ) toff_Vinmin Phase( )+( )
:=
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PSIM Result: 100W CRM PFC

 John Hung

May 8, 2009

Enter the names of the files that contain the waveform data in the file read box.  

DATA_file READPRN "noemi.txt"( ):=

Enter the frequency of the line voltage: f 60 Hz⋅:=

Enter the sample time of data log: sample_t 2μs:= Pcycle

1

f

sample_t
8.3333 10

3
×=:=

Enter the number of points/cycle Pcycle 8333:=

tstep
1

Pcycle f⋅
:=

tstep 2 10
6−

× sec⋅= Time step

Number of line voltage cycles in data set: Ncycle floor
rows DATA_file( )

Pcycle









:= Ncycle 1=

Points Pcycle Ncycle⋅:= Points 8333= Number of data points

Time length of data set: T Points tstep⋅:= T 0.0167 s=

n 1 Points..:=

t
n

tstep n⋅:= Array of time values

Extract voltages and currents from the data file.

Vin DATA_file
6〈 〉

V⋅:= Iin DATA_file
4〈 〉

A⋅( ):=

0 5 10
3−

× 0.01 0.015 0.02

200−

100−

0

100

200

Input Voltage

V
o

lt
s

Vin

t
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0 5 10
3−

× 0.01 0.015 0.02

4−

3−

2−

1−

0

1

2

3

4

Input Current

A
m

p
er

es

Iin

t

0 5 10
3−

× 0.01 0.015 0.02

200−

100−

0

100

200

Line Current

A
m

p
er

es Vin

Iin 50⋅

t

Compute the rms Input voltage and rms Input current.

Vinrms
1

Points
1

Points

n

Vin
n( )

2

∑
=











:= Vinrms 85.00 V= Iinrms
1

Points
1

Points

n

Iin
n( )

2

∑
=











⋅:= Iinrms 1.462A=

Sin Vinrms Iinrms⋅ 124.27 W=:=
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Enter the number of the highest harmonic of the power line frequency to use in

computing the Fourier coefficients of the line-line voltages and line currents:
hmax 1800:=

Frequency corresponding to the length of the data set. F
1

Points tstep⋅
:= F 60

1

s
=

Define the fundamental frequency

Highest harmonic of F to use in the Fourier calculations. Hmax hmax Ncycle⋅:= Hmax 1800=

h 1 Hmax..:=

Frequency corresponding to h. Freq
h

F h⋅:=

Compute matrices of sine and cosine values to be used in the Fourier calculations.

Matrix size Hmax Points⋅ 1.5 10
7

×=

COSFht
h n, 

cos 2 π⋅ Freq
h

⋅ t
n

⋅( ):= SINFht
h n, 

sin 2 π⋅ Freq
h

⋅ t
n

⋅( ):=

Compute the Fourier coefficients of the line-line voltages.

AVin
h

2

Points
1

Points

n

Vin
n

COSFht
h n, 

⋅( )∑
=











⋅:= BVin
h

2

Points
1

Points

n

Vin
n

SINFht
h n, 

⋅( )∑
=











⋅:=

Compute reconstructed voltage waveforms from the Fourier coefficients

VRec12
n

1

Hmax

h

AVin
h

COSFht
h n, 

⋅ BVin
h

SINFht
h n, 

⋅+( )∑
=

:=

0 5 10
3−

× 0.01 0.015 0.02

200−

100−

0

100

200

Seconds

V
o

lt
s Vin

VRec12

t

Actual and reconstructed line-line voltage waveforms. 
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Compute line-line voltage phasors. 

VPH12
AVin j BVin⋅−

2
:=

Check to see that the sum of the phasors is approximately zero.

max VPH12
→

( ) 85 V= mean VPH12
→

( ) 0.05 V=

Check to see that the rms voltages computed from the data points are close to the values of the rms voltages
computed from the phasors.

Vinrms 85.0 V=

VPH12 85.0 V=

Compute the magnitude of the line-line voltage at each harmonic.

Vin_mag VPH12
→

:=

Fundamental components of the line-line voltages.

Vin_mag
Ncycle

85 V=
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V
 r

m
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Vin_mag

Freq

Input voltage spectrum.

Compute the Fourier coefficients of the line current waveforms.

AIin
h

2

Points
1

Points

n

Iin
n

COSFht
h n, 

⋅( )∑
=











⋅:= BIin
h

2

Points
1

Points

n

Iin
n

SINFht
h n, 

⋅( )∑
=











⋅:=

Compute line current phasors. 

IPH1
AIin j BIin⋅−

2
:=
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Check to see that the sum of the phasors is approximately zero.

max IPH1
→

( ) 1.27 A= mean IPH1
→

( ) 5.73 10
3−

× A=

Check to see that the rms voltages computed from the data points are close to the values of the rms voltages
computed from the phasors.

IPH1rms IPH1:=

IPH1rms 1.461 A=

Iinrms 1.462A=

Compute the magnitude of the line current at each harmonic.

Iin_mag IPH1
→

:= Iin_mag
Ncycle

1.27 A=

Compute reconstructed line current waveforms from the Fourier coefficients

IRec1
n

1

Hmax

h

AIin
h

COSFht
h n, 

⋅ BIin
h

SINFht
h n, 

⋅+( )∑
=

:=

0 5 10
3−

× 0.01 0.015 0.02

4−

2−

0

2

4

Seconds

A
m

p
er

es Iin

IRec1

t

Actual and reconstructed line current waveforms. 
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Freq

Input current spectrum.

Compute input voltage and input current THD percentages.

VinTHD
1

Hmax

h

AVin
h( )

2
BVin

h( )
2

+




∑

=

AVin
Ncycle







2
BVin

Ncycle






2
+









−

AVin
Ncycle







2
BVin

Ncycle






2
+

:= VinTHD 7.5 10
3−

× %⋅=

IinTHD
1

Hmax

h

AIin
h( )

2
BIin

h( )
2

+




∑

=

AIin
Ncycle







2
BIin

Ncycle






2
+









−

AIin
Ncycle







2
BIin

Ncycle






2
+

:= IinTHD 57.3 %⋅=

Kd
1

1 IinTHD
2

+

0.868=:= Vout 404V:= Rload 1595Ω:= Pout
Vout

2

Rload
102.33 W=:=

If the 25KHz~50K current harmonic be reduced to 50%

Atte

0.99

200

440

h
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BIin
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+




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=











0.999
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Hmax

h

AIin
h( )

2
BIin

h( )
2

+




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=











−

AIin
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





2
BIin
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





2
+

:=
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