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Abstract 

A SINGLE STAGE POWER FACTOR CORRECTED AC/DC CONVERTER 

MATI'EO DANIELE 

Applications for AUDC converters that require high input power factor has been 

traditionally implemented by two power stages. In order to provide a cost effective and 

high density solution for low power applications, this thesis proposes a single stage 

isolated converter topology designed to achieve a regulated dc output voltage having no 

low frequency components and a hîgh input power factor. The topology is derïved from 

the basic two switch forward converter, but incorporates an additional transformer 

winding, an inductor, and a few diodes. The proposed circuit inherently forces the input 

current to be dkontinuous and ac modulated to achieve high input power factor. The 

converter's output is operated in discontinuous conduction mode to rninimize the bulk 

capacitor's voltage variations with variations in the output load current. Analysis of the 

converter is presented and performance characteristics are given. Design guidelines to 

select criticai components of the circuit are presented. Experimental results on a 150 W, 

50 kHz, universal input (90 - 265 V), 54.75 V output AC/DC converter are given which 

confirm the predicted performance of the proposed topology. 
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1.1 GENERAL INTRODU~ION 

Today an increasing number of equipment require a DC power source. The power 

rating of such applications may range from low power, in the electronic circuits within 

cornputers, to high power, in centrai office equipment in the telecommunication industry. 

Irrespective of the power level most electronic circuits are very sensitive to variations in 

the input DC voltage source and therefore require a regulated (stiff) DC bus. The AC 

mains, provided by the utility, is the prinary source for the M3 power which is derived by 

a suitable conversion process ushg AC to DC power converters. 

In traditional AC to DC conveners, the input stage converts the AC input voltage 

to an unregulated DC bus voltage which is the input to the downstream converter 

providing a well-regulated DC output The basic method of generating the unregulated 

DC bus voltage is to use the bridge rectifier-capacitor arrangement as shown in Fig. 1.1. 



Fig. 1.1 Traditional AC to DC conversion scheme. 

The DC bus Capacitor (Cl) gets charged to a voltage close to the peak of the AC 

input voltage. The Iuie current which flows ihrough the bridge diode (Dl-D4) does not 

flow continuously during the 60 Hz cycle. The current becomes zero for a f i t e  duration 

during each half-cycle of the line frequency, as shown in Fig. 1.2. The input line current 

deviates significantly from a sinusoidal waveform. 

Fig. 1.2 Input AC line voltase and current with conventional front end conversion scheme. 



Also, from Fig. 1.2. it is shown that the converter loads the line near its peak 

voltage level. This, in conjunction with the source impedance of the line, produces an 

undesirable distortion of the voltage waveform. This distorted waveform wiii also be 

impressed on any other piece of equipment connected to the same Me. The disadvantages 

posed due to the phenomenon of 'harmonic pollution' have been of interest in the power 

electronics community for more than a decade. Harmonic currents cause power system 

heating and add to user power bills. The input current wavefonn introduces harmonies 

into the line ais0 disturbing nearby sensitive equipment like cornputers thereby adversely 

effecting their performance [ 1, 21. 

As shown in Eig. 1.2, the RMS value of the in pu^ current is also higher than the 

correspondhg sinusoidal current required to produce the same power. This translates into 

a reduction in the amount of available real power from the line. The peak current 

conducted ako places a high stress on the bridge rectifier, the bulk capacitor and other 

components located dong the input current path. The fuse rating at the input and input 

line losses are also affected. 

Therefore, it is desirable tc operate an AC to DC convener so as to eluninate the 

conducted harmonic content as well as to maximize the use of available power from the 

mains. Power line quality is becoming an important factor in modem electronic designs. 

With current regulation such as EN 61000-3-2, use of power factor correction (PFC) 

circuits is becoming widespread in power converter designs. Thus, operation of the AC to 

DC converter at unity power factor is desirable. 



Power factor is defmed as the ratio of real power to total apparent power, where 

the totaI apparent power is the product of the RMS voltage and the RMS current [3]. 

Vin,,,,, * l i n -  

w here, 

I I  is the fundamental component of the input current 

cos 8 is the phase angle between the fundamental component of the current Il and 

the line voltage, and 

The distortion factor (DF) is dehed as the ratio of the fundamental current Ii to 

the R M S  current. 

A Fourier series analysis of the line current waveform of Fig. 1.2 would show a 

s m d  lagging dispIacement angle between the fundamental line current and AC input 

voltage [3]. Most of the reduction in power factor is not attributed te reactive power but 

to distortion power which includes the effects of the harrnonics. Hence harmonics in the 

current cause lower power factor. 

1.2 POWER FACTOR CORRECTION: THEORY AND TECHNIOUES 

Reducing the harmonics. Power Factor Correction (PX) ,  can be accomplished by 

shaping the input current waveform so that the power converter, which is a nonlinear 

output load, looks like a resistive load to the input. PFC c m  be implernented using two 

approaches. [ 1,461 



1.2.1 Passive PFC 

One approach to PFC is to add passive components to provide leading or lagging 

phase-angle. This technique is quite successful when dealincg with inductive loads such as 

ac motors. For AC to DC converters, this approach wili not be successful as the problem 

is not with the phase lag but with the nonsinusoidal input current waveform caused by 

harmonic distortion. A choke input type of fdter rather than a capacitive input type can be 

used. But such chokes tend to be very large and bulky. Three-phase power distribution 

will improve the power factor a little to about 0.85. The problem with such distribution is 

that it is often not found in residentiai and office environment CS]. 

1.2.2 ActivePFC 

The second approach is an active solution which incorporates a switching DClDC 

converter as a pre-regulator to the downstream converter as shown in Fig. 1.3 [1,4-61. 

The pre-regulator provides an input current waveforrn exactly matching the input 

voltage and i .  thus capabIe of producing an input current waveforrn that is a sinusoid with 

no phase shift [5] .  

Vin 

Fig. 1.3 Two stage PFC AC to DC converter. 



The pre-reguiators which improve power factor can be of any switch-mode power 

converter topology. There are three basic circuit topologies which are the Buck, Boost 

and Fiyback. The characteristics of the three circuits are different and each has their set of 

advantages and dkadvantages to power factor applications [1,6-81. 

The boost pre-regulator, Fig. 1.4, remains the most popular approach for PFC 

applications [7, 81. For higher power applications, the boost converter operates in 

continuous conduction mode(CCM). For Iow power applications the boost can operate in 

discontinuous conduction mode (DCM). 

-u 

Fig. 1.4 Two stage PFC AC to DC converter with Boost pre-regulator. 

The input current is not chopped when the boost pre-regulator operates in CCM. 

Thus, generating very low harmonies in the input current. This type of pre-regulator 

provides good holdup t h e  and quickly reacts to load changes [6, 7, 9-1 11. However. the 

use of pre-regulators results in a two-stage power supply converter. This adds to the 

cornplexity, cost and a Q h e r  component count. At low power levels, !ow implementation 

costs and simplicity are of great importance. 



In order to provide a cost effective and high density solution for power factor 

corrected A U D C  power supplies, a number of high power [ 12, 131 and low power [ 14- 

171 single-stage PFC circuits have been recently developed and reported in the literature. 

However, the low power single-stage circuits reported so far present one or more of the 

follo wing disadvantages: 

low output power rating 1141, 

variable frequency control [ 14, 1 53, 

control and power circuits are complex [16], 

dc output voltage contains a large low frequency voltase ripple component [17], 

hold-up tirne is reduced because small dc bus capacitors are used [17]. 

The circuits proposed in [18, 191 overcome the above limitations. However, their 

use is restricted due to patent rights. Another single stage two-switch isolated converter 

topology [20] was presented, which achieved a reguiated DC output voltage having no 

low frequency components and a high input power factor. 

1.3 SCOPE AND CONTRIBUTION OF THE THESIS 

This thesis is concerned with a Single Stage PFC for low power applications. The 

purpose is to present a topology that attempts to overcorne the drawbacks in the existing 

single stage PFC topologies. The final topology is derived from the basic two-switch 

forward converter and is the principal contribution of this thesis. The main objectives of 

the thesis are: 



i) To propose a new single switch PFC A C K  converter topology that is simple and 

cost effective for low power applications. 

ü) To present the steady-state analysis in both continuous and discontinuous modes of 

operation. 

iii) Selection of the proper mode of operôtion of the output filter. 

iv) To verify the feasibility of the proposed converter by experimental results obtained 

from the practical setup of the converter. 

1.4 THESIS OUTLINE 

The contents of the thesis are organized as folfows: 

Chapter 2 presents the steady-state anaiysis of the convener for continuous output 

current with a fixed operating fkequency. The analysis is used to generate characteristic 

curves which are used in selecting and rating the various components. The experimental 

results from the prototype are used to verify the analysis. 

Chapter 3 presents a method to reduce the high bus voltage by operating the 

proposed converter in a variable frequency mode at light loads. The control method to 

implement the variable frequency control is described. Performance characteristics of the 

prototype converter are presented with experimental results. 

Chapter 4 presents the fmal topology of a single stage PFC AC-DC converter in 

which the converter's output current is discontinuous. This converter eluninates variations 

in the DC bus voltage from no load to fuil load conditions. A detailed analysis provides 

design guidelines for irnplementing the proposed converter topology. 



Experimental results from a prototype are given for a convcrter operating from a universal 

input voltage range. 

Chapter 5 presents the contributions and conclusions of the thesis and suggestions 

for future work. 



2.1 Introduction 

This chapter presents a single stage single switch isolated converter topology 

which achieves a regulated dc output voltage having no low fiequency components and a 

high input factor. The proposed converter operates with a fixed fiequency of 50 kHz and 

with an input voltage range of 90 V - 135 V. The maximum output power of the converter 

is 50 Watts with an output voltage of SV at a maximum output current of 10 Amps. The 

operation of the proposed converter requires the output inductor to operate in continuous 

current mode upto a minimum load current of 1 Ampere. 

In the foilowing sections, the description of the proposed converter, the analysis 

and performance characterist ics will be given. 

2.2 Circuit Descri~tion of the Prowsed Converter 

The proposed converter circuit is shown in Fig. 2.1. The converter is derived fiom 

the basic one switch forward with the addition of the aux- circuit. This auxiliary circuit 

consists of a bypass diode Dl, an mductor Li ,  a rect-g diode Dz and a free wheeling 

diode D3. The a u x î h y  circuit aiso includes an auxiliary winding N, on the main 



Fig. 2.1 Power and convol circuits of the proposed converter. 

transformer of the forward converter. The purpose of this circuit is to force the input 

current to be discontinuous and ac modulated to achieve high input power factor. The 

auxiliary circuit fiinctions as a discontinuous-mode boost converter. 

The proposed converter circuit shown in Fig. 2.1 consists of the following: 

Input Filfer. The input filter is compromised of high fiequency capacitors Csl, C,2 and an 

inductor L,,.  This filter is used to fiiter out the high fiequency harmonic contents of the 

input current. 

Diode Rectifier. The diode rectifier consists of D7 to D1O which are used to convert the 

input ac voltage to a uncontrolled dc voltage across capacitor Ci. 

DC Capacitor Cr. The dc bulk capacitor Ci serves two functions: (a) it flters out the low 

frequency voltage harmonic of the rectified voltage and (b) it provides the hold-up tirne 

for the converter. 

Fonvurd Convetïer. The forward converter is compromised of a transformer with 

prirnary, secondary and reset windings, MOSFET switch QI, rectifying diode Ds, fiee 



wheeling diode Dg and output filter L, and Co. This converter converts the unregulated 

input voltage to a regulated output voltage. 

A u i I i a q  Circuit. This circuit consists of bypass diode DI, and inductor Li, rectifjmg 

diode Dz and fiee wheeling diode Ds. It also includes an auxiliary winding Na, on the 

main transformer of the forward converter. The function of Dl is to charge the bulk 

capacitor at start-up. Under normal operation, the voltage V, is larger than the peak h e  

voltage. Diode DI is reverse biased and does not play a role in the normal operation of the 

converter. The purpose of this circuit is to force the input current to be discontinuous and 

ac modulated for high input power factor. 

Control Circuit. The circuit consists of a PWM and Opto-coupler circuitry. This 

combination is exactly the same seen on a standard isolated forward converter. 

2.3 Princides of Operation 

The operation of the circuit is as foiJow: 

(a) When switch QI is turned on, power is transferred fiom capacitor Ci to the 

secondary. If the turns ratio from primary to auxiliary winding is unity, the rectifkd 

input line voltage is applied across inductor LI, causing the inductor current to rise 

linearly as show in Fig. 2.2. 

(b) When switch Q 1 is turned off, power from the primary ceases to be delivered to 

the output load. .4t the same tirne the current flowing through inductor LI forces 

diodes D3 and either D7, Dg or Dg, Dio to conduct. A net negative voltage appears 

across the inductor Li which decreases the current to zero. Since no power is 

delivered to thc load, the inductor current charges the capacitor Ci. 

12 
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Fig. 2.2 Operational waveforrns of the proposed convener. 

From the above principles, the auxiliary circuit forces the ac line current to have a 

sinusoidal envelope at the fiindamental supply frequency with high frequency components, 

Fig. 2.3. These high frequency components are filtered at the source providing a nearly 

sinusoidal current waveform. This results in low harrnonic distortion and a high input 

power factor. 



Time (ms) -- 
Fig. 2.3 Simulated ac line current before high frequency input filtering 

(V,= 110 V, Io= 10A, V o , = = 5  Vdc, V,= 230 V) 

The bulk capacitor's voltage varies with the output load. The voltage rises under 

iight-Ioad conditions and drops with the increasing load. There is large voltage variation 

fkom no-load to fidl load conditions. 

2.4 Steadv State Analvsis 

In this section, the various intervals of the converter's operation are explained. A 

simplified analysis is performed by dividmg the operation of the converter into three 

different intervals. The analysis is based on the foiio wing assumptions: 

(i) The output inductor L,, is large enough so that the current in the inductor 

is always continuous. 

(ii) The bulk capacitor voltage V, is considered constant for a given input 

voltage and output load. 

(iii) The magnetizmg inductance of the transformer is assumed infinite. 



(iv) The input voltage is assumed to be constant within an arbitrary interval k, 

Fig. 2.2. 

Under the above assumptions, the operational waveforms of the converter with the 

transformer tums ratio Nu, : N, : N, = 1 : 1 : 1 are shown in Fig. 2.2. 

Fig. 2.4 Equivalent circuits of the converter of Fig. 2.1 during various operating intervals 
(a) Interval 1 ,  (b) Interval 2, (c) interval 3 



Interval 1, ( & C t  < t , )  

During this interval, switch QI is on. Power is transferred from capacitor Ci to the 

main dc output via the transformer. Power is also circulated from the ac mains into the 

loop formed by either diodes Ds or Dg, the auxiliary winding, the diode Dz, the inductor LI 

, prirnary winding and either of the diodes D7 or DIO- Fig. 2.4(a) shows the equivalent 

circuit during this mode of operation. If the turns ratio from prirnary to auxiliary winding 

is unity, a voltage of approximately ( V A n  ut) is applied across inductor Li,  causing the 

inductor current to rise linearly as show in Fig. 2.2. The current through the switch is the 

sum of the cunents in Li and L,. By applying KVL, we get the following equation 

where V,. = V A n  ut 

If, Nu, = N p ,  (2.1) yields. 

VLI = Ivm sin otl (2.2) 

This indicates that the voltage irnpressed on the inductor is the rectified input sine 

wave. The rate of change of the inductor current is given 

This indicates that the mductor current is modulated by the rectified sinusoidal input 

voltage. 

By taking KCL at node A, we get 



Transformer equations are given by 

P," = P,>"I 

v p  - i p  = v s  aii +va ,  -i,, 

N p  +i, = N, s i ,  + N,, -id,, 

Equation (2.7) can be written as 

N, i p  =- Nu, - .ix + - -lUu 
N P  N P  

From Fit. 2.4(a) we have 

I 

where i, is the reflected output current at the primary. From (2.8)-(2.1 O), the primary 

current is given by 

From (2.4) and (2.11) 

This is the current king drawn from the capacitor when the switch is turned on. 
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If N,, = Np then, 

This indicates that when N,, = N,, the current that is drawn from the capacitor is sent 

to the Ioad when the switch is on. 

I 

The output inductor current < is constant and is reflected back to the primary as i, . 

I n t e r d  2, ( t ,  cf < t 2 )  

Interval 2 begins when switch QI is turned off. The current that was flowing through 

the inductor Li at the end of interval 1, forces diode D3 to conduct. This current circulates 

through capacitor Ci and input source Y. until it becomes zero. The equivalent circuit 

during this interval is show in Fig. 2.4(b). 

Applying KCL at node A, we get 

I L ,  =Zc (2.15) 

This indicates that the inductor current is flowing into the capacitor Ci. 

Applying KVL in Fig. 2.4(b) the capacitor voltage is given by 

V, = IV,,, . sin + vq 

Since voltage across an inductor is given by V, = L dildt, (2.16) yields 



It can be seen from (2.17) that the rate of change of the decaying current iLI varies 

with the rectified input voltage. The time during which iL, , fiows into Ci during interval 2, 

is defined as r, and is shown in Fig. 2.2.. During interval k, t, varies between t l  and r3 as it 

is king modulated by the rectified input line voltage. At the peak of the rectified input 

voltage, the duration of t, is at it's maximum. In a correct design, the value of LI is chusen 

so that the current iL1 decays to zero before the next switching period begins. 

The output mductor current is constant and is fieewheehg through diode Dg 

supplying the load during this interval. 

Interval 3( t2 c t < t3  ) 

At the end of interval 2, ali the energy stored in Li has k e n  transferred to 

capacitor CI .There is no current flowing in any part of the primary circuit. The output 

inductor current continues to free wheel and supply the output load while the transformer 

resets during this interval. The equivalent circuit is shown in Fig. 2.4(c). 

2.5 Performance Characteristics 

In this section, the performance of the converter is studied. A mathematical 

presentation of effective current in various components will be shown. Characteristic 

curves of the proposed converter will be shown. These curves are used in selecting and 

rating the various components. The turns ratio of the transformer between the primary and 

secondary (Np : Ns) is 1 1.6: 1 and turns ratio between the primary and auuliary (Np : N.,) 

is 1:l .  



2.5.1 Effect of Transformer Turns Ratio on the Input Power Factor. 

The primary to secondary tums ratio (Np : N,) is determined by the dc buk voltage 

and the output voltage. However, the tums ratio between primary and auxiliary (Np : Na,) 

is some what arbitrary. In this section an optimum tums ratio between Np and N, is 

determined by the use of PSPICE simulation. Fig 2.5 shows the unfiltered input line 

current of the converter for the three possible conditions, namely, (a). Na,= Np , (b). Na, 

c Np , and (c) Na, > Np . 

The following points are observed 6om Fig. 2.5 ; 

(a) For Na-= Np , the input current has near sinusoidal current envelope. therefore a high 

input power factor. 

(b) For Na= c N, , the input current has dead-bands in each half cycle resulting in higher 

distortion in the current waveform and therefore a lower power factor. 

(c) For Na, > Np , the input current has over-laps near the zero crossings and therefore a 

10 wer power factor. 

The above points lead to a conclusion that in order to obtain a high input power factor, 

the primary to auxiliary turns ratio should be close to unity. 
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Fig. 2.5 Typical simulate- ac line current before filtering the high fiequency 
components (a) N,, =Np. (b) N,, = 0.9Np. (c) N,, = 1. IN,. 

(Vin- 110 V , I, - 10 A, V,,, - 5 V,$, = 5 kHz) 



2.5.2 DC Bulk Ca~acitor Current and Voltape 

The dc bulk capacitor voltage determines the voltage stress across almost al1 the 

components of the converter, therefore, it is an important design factor. In this section, 

expressions which relate the capacitor voltage to the circuit parameters are derived and 

characteristic curves presented. 

The input ac voltage is given by 

vin = v,,, sui ot 

The input line voltage c m  be divided into n switching intervals within each half 

cycle. The number of switching cycles per half cycle of the line frequency is given by 

where Ta, is the half period of the input voltage V ,  and T, is the switching tirne. Assuming 

that k is the number of intervals corresponding to the switching cycle and varies between O 

to n . If r, is the length of the K* interval, the input voltage for this interval is given by, 

Vin, = V,,, sin [W (kTw + t , ) ]  (2.20) 

The peak inductor current of L, can be expressed as 

where ton is the on time of  the switch (interval 1 ). Also, (2.1 7) can be written as 

where tx, is the duration in time of the boost inductor current decaying fiom illPok, to O A. 



The capacitor voltage V, can be found by summing the charge during interval 2 and 

subtracting the charge leaving the capacitor during interval 1 for n intervals. The 

surnmation of all the currents leaving and entering the bulk capacitor shall give the net sum 

of zero amps. This is expressed by 

I 

Note that Li and i, detemine the currents to and fiom the capacitor, and these 

determines the capacitor voltage. 

Expanding (2.23) results in 

The output voltage of the converter operating with ib in the continuous current 

mode is given by 

where N p  is the turns ratio between primary to secondary. 

Vc and ton can be obtained by solving equations (2.24) and (2.25) using 

mathematical software such as MathCad. 

The buk capacitor voltage V, is a function of output load, primary to secondary 

turns ratio, duty cycle, value of auxiliary inductor Li and the input voltage. Fig. 2.6 shows 

the effect on the buik capacitor voltage during changes in output current. The capacitor 

voltage increases for decreasing output load cwrent. 



Fig. 2.6 B u k  voltage versus output current. 

In Fig. 2.2, the bulk capacitor current ici, is shown for a switching interval within a 

half cycle of the input voltage. In Fig. 2.7, ici is shown for a typical case during one cycle 

of the input voltage. It can be seen that ici during interval 2 is modulated by the ac input 

voltage. 

The current leaving the bulk capacitor during interval 1 results in slight discharging 

of the capacitor. During interval 2, the current in the bulk capacitor cm be either positive 

or negative, thus slightly discharging or charging the capacitor. The voltage ripple on the 

capacitor can be deterrnined by calculating the net current per switching interval. 

The net or average current during the switching interval can be either positive or 

negative. We wiii denote this term as i,,, . 

Therefore, 
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Fig. 2.7 DC bulk capacitor current. 

In Fig. 2.8, i,,, is s h o w  for a typical case. The net current of the buik capacitor during 

the half cycle o f  the ac input is determined by 

and is equal .to zero amps during steady state conditions. If the buik capacitor value is 

assumed to be 100 pF, the 

by (2.26) and the equation 

Therefore, 

rate of voltage change in the buUc capacitor can be determined 

dv 
I = C - . We will denote this term dv.,. 

dt 



Fig. 2.8 Average current per switching cycle of the capacitor. 

Fig. 2.9 iilustrates dvaWk during a half cycle of the 60 Hz input. 

Fig. 2.9 Average voltage per switching intervai of the capacitor. 



The net voltage of the bulk capacitor d u ~ g  the half cycle of the ac input is determined by 

and is equal to zero volts during steady state conditions. By sumrning the voltage change 

in the capacitor per switching interval T ,  the voltage ripple of the capacitor is determined 

and shown in Fig. 2.10. The voltage ripple of the bulk capacitor is denoted by v,. 

(VI 

Fig. 2.10 Ripple voltage and average voltage per switching interval of the capacitor. 

It should be noted that there is a 90' phase shifi between v, and dv,,,. The 

voltage dv,,, is the complernent of i,,, and therefore these two are in phase. This 90' 

phase shift between v, and duavg, is due to the fact that current leads voltage in a capacitor. 



The RMS current of the DC bulk capacitor c m  be expressed as: 

where i, is the secondary output current divided by the turns ratio between prirnary and 

secondary. 

As seen in the above calculations, the DC bulk capacitor voltage is a fiinction of 

many variables and it determines the voltage stress across almost ali the power 

components. 

2.5.3 Auxiliarv Inductor Current 

The auxiliary inductor current iL, is designed to rernain discont inuous throughout 

the operating points of the converter. In Fig. 2.1 1, the auxiliary inductor current is shown 

during one cycle of the 60 Hz input voltage. The auxiliary inductor current is s h o w  to be 

modulated by the rectified input voltage. 

A closer look at Fig. 2.1 1 is shown m Fig. 2.12 and Fig. 2.13 at two dserent time 

intervals. It can be seen that the current peaks and the dead times (interval 3) are dflerent 

at these intervals. This current that flows through Li is the same as the unfiltered line 

current. 



Fig. 2.11 Auxiliary inductor current modulated by the rectified line voltage 

The effective current in the auxiliary inductor cm be expressed by 

As seen in Fig. 2.12 and Fig. 2.13, the peak current is the same for intervals 1 and 2 within 

a switching interval. Using (2.20), (2.21). (2.22) the RMS current in the auxiliary 

inductor can be expressed as 
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Fig. 2.12 Auxiliary inductor current modulated by the rectified line voltage 

dead time 
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Fig. 2.13 Auxiliary inductor current modulated by the rectifiai Iine voltage 



2.5.3.1 Effects on the value of the Auxiliarv inductor 

The value of the auxiliary inductor affects the buk capacitor voltage which 

determines the maximum load capability and the voltage rating of the semiconductors of 

the converter. 

If the value of the auxiliary inductor is decreased, a larger current in the inductor is 

produced (iLlpcakA ), which in effect increases the bulk capacitor voltage. The voltage 

rahgs of the switch and outpur diodes rnay be increased in this case. 

If the value of the auxiliary inductor is increased, a smailer current in the inductor 

is produced (iLlpeak, ), which in effect decreases the buk capacitor voltage. The voltage 

ratings of the semiconductors can be decreased in this case. 

The effect with dEerent values of auxiliary inductor on the bulk capacitor voltage 

with various output current levels are s h o w  in Fig. 2.14. 

Fig. 2.14 Capacitor voltage versus output current for various vatues of LI 



The following points are observed from Fig. 2.1 4; 

i) For a given output load, the capacitor voltage is higher for a lower value of L i .  

ii) The DC capacitor voltage increases for decreasing output load current. 

2.5.3.2 Boundarv of Continuous and Discontinuous current in the auxiliarv Inductor 

The converter's auxiliary circuit is designed to operate in the discontinuous current 

mode. As long as the current in LI is always discontinuous, the input current will be 

sinusoidaily moduiated and the power factor will be close to unity. In the correct design of 

the converter, the current in the auxiliary inductor is on the boundary of continuous mode 

of operation when the input voltage is at low line and the output load current is at 

maximum. The continuous current mode of operation is entered when the duration r,  of 

interval 2, exceeds 13 as shown in Fig. 2.2. This mode can occur at the peak of the input 

sine wave where the differential voltage between V, and the peak rectified input voltage is 

the smaliest. Fig. 2.15 illustrates the current in the auxiliary inductor at the bundary of 

continuous current. Note the bump at the peak of the auxiliary inductor current. Fig. 2.16 

illustrates the current in the auxiiiary inductor with profound region of continuous 

conduction, including an exploded view in Fig. 2.1 7. 
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Fig.2.15 Current in the auxiliary inductor at the boundary of continuous current 
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Fig.2.16 Current in the auxiliary inductor in profound continuous current 



Time (ms) ---, 

Fig. 2.17 Exploded view of the Curent in the auxiliary inductor in profound continuous current. 

From Fig. 2.15, Fig. 2.16, and Fig. 2.17, it can be said that the specific converter is 

operating beyond its maximum power level. 

Fig. 2.1 8 iiiustrates a typical rectified input voltage V, and during one period of the 

60 Hz input voltage. 



8.33 

Time (ms) 

Fig. 2.18 Rectified input voltage 

The minimum difTerentia1 voltage requued so that current in Li remains discontinuous is 

determined by 

Thus the capacitor voltage V, at the boundary is given by 

From equations (2.25) and (2.34), D can be found at the boundary to be 



The value of Li to maintain discontinuous current flow can easily be solved by 

as LI is the only unknown variable. 

2.5.1 Input Current. Harmonic Content and m w e r  factor 

The current through the auxiliary inductor i,, follows the same path as the input 

current. Thus, the unNtered input current is the same as the auxihary inductor current 

except that the current's magnitude is negative during alternative half cycles. This 

unfiltered input cunent was s h o w  in Fig. 2.3. If the average current per switching interval 

is taken, the fltered input current is obtained. The average current per switching interval is 

deterrnined by 

This Ntered waveforrn is shown in Fig. 2.19. 

It cm be seen fiom Fig. 2.19 that the Ntered input current is not purely sinusoidal but 

distorted. 

By taking the Fourier transform of the Ntered mput current, the harmonic content is 

deterrnined. Fig . 2.20 iiiustrates the hannonic content of the waveform of Fig. 2.1 9. 
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Fig. 2.19 Filtered input current (Vin = 1 IO V, V, = 5 V, V, = 230 V, Io = 10 A) 

Fig. 2.20 Harmonic spectnim of the filtered current waveform of Fig. 2.19 
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Figure 2.20 shows the 3" and 5'h harmonic are approxünately 216 and 2.2% of the 

fundamental current respectively. 

The total harmonic distortion (THD) is deterriiined by 

The power factor (PF) is given by 

The tlltered input current waveform fkom Fig. 2.19 contains a large 3" harmonic. The 

large third harmonic is caused by the modulation of the inductor current i,, during interval 

2. An analysis of this effect was reporteci m [22]. 

The effective filtered current is given by 



2.55 Current and Voltane Ratinn of the MOSFET Switches 

The MOSFET switch QI, canies the sum of the auxiliary inductor current and the 

reflected output current during interval 1 as show in Fig. 2.2. The effective current is 

determined by 

The RMS current is greatest when the converter is operating at full load and at minimum 

input voltage. The maximum voltage stress across the switch occurs during high line when 

twice the bulk capacitor voltage is applied across the switch Q1. 

Conduction losses can be calculated from equations (2.41 ) and 

- 
pwc~ttd - ( i swm ) ' . Rdssn (2.42) 

The charging and discharging of the body drain-source capacitance will be 

dissipated in the switches and can be calculated by 

The turn on losses is determined by 

1 : 
Pwon = - - 

2 
1,  -Vc .tris, * f  (2.44) 

where r,, is the time requued for the current in the switch to increase from zero to rated 

current. 

The turn off losses is determined by 



where rJa,/ is the thne required for the current in the switch to decay to zero Arnpere. The 

power losses in the switch consists rnostly of tum-off losses. 

2.5.6 Output Filter C haracteristics 

The output inductor is designed exactly the same mamer as per a standard forward 

converter. The minimum output current required before ih enters the boundary of 

discontinuous is assumed to be 10 percent of the maximum rated current-Thus. the ac 

ripple is srnaIl compard to the output cunent. The value of Lo is determuied by 

The output voltage ripple is determhed by 

For a given specification for the output voltage ripple, Co is solved using equation (2.47). 

This equation excludes the ESR value of the output capacitor which also contributes to 

the output voltage ripple. Another criteria in determinkg the value of the output capacitor 

is from load transients. The energy stored in the output inductor is dumped to the output 

capacitor under a load removal transient, 



Thus, Co is determineci by the maximum overshoot allowed at the output and given by 

where Vp is the maximum allowable voltage at the output under transient load condition. 

2.5.7 Experimental Results 

A 50W prototype to convert 110 Vac (k 20%) to a regulated 5 Vdc was built in 

the laboratory to validate the theoretical results. Fig. 2.21 shows the experimental input 

line current while Fig. 2.19 shows the theoretical input iine current. The cornparison of the 

two show that they are very similar waveforms. 

O 5 10 15 20 25 30 35 40 45 50 

Tirne (ms) -- 
Fig. 2.21 Experirnental input line current waveform at rated full load. 

(V, = 1 10 V, Io = 10 A, Vo, = 5 V, f, - 50 kHz, Vdc = 387 V, PF = 0.96, efficiency = 78 %). 
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Fig. 2.22 Experirnental output dc bus ripple waveform at rated full load. 

(Vin = Il0 V, Io = 10 A, Vo, = 5 V,f,, = 50 kHz, Vk= 387 V, PF = 0.96, efficiency = 78 %). 

The experllnental output voltage npple is shown in Fig. 2.22. As expected. the 

high loop gain of the controller rejects the 120 Hz tipple at the output as in a standard 

forward converter. The 120Hz ripple is less than 25mVp-p as shown in Fig. 2.22. 

The efficiency of the converter is shown in Fig. 2.23 for various operating 

conditions. It can be seen fkom this figure that the efficiency rapidly drops when the Ioad 

current decreases fiom approxirnately 80% of full load with an input voltage of 135 Vac. 
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Fig. 2.23 Experirnental efficiency of the converter for various operating conditions. 

This effect is due to the processine of the auxiliary inductor current iL, by the 

MOSFET switch as it is modulated by the input h e  voltageThe higher magnitude in ihe 

voltage gives rise to higher current in the auxiliary inductor which is processed through 

the MOSFET switch. Therefore the ratio between the aux- inductor current to the 

reflected output current (iLI: i r e )  is higher at light loads in effect degrading the efficiency 

of the converter. 

The experirnentai input power factor for various operating conditions is s h o w  in 

Fig. 2.24. The power factor obtained is high and mets  the IEC10003-2 specification. 



t 
input PF 

Fig. 2.24 Experimental input power factor for various operating conditions. 

Table 2-1 shows values of various components used in the prototype. 

Table 2- 1 

Component Value Manufacturer 

332 pH 

1 0 0 ~ 1 4 0 0 v  

UC3844 

IRFPESO 

10Al45  VnhotJcy 

MUR 1 1 00E 

MUR460 

1 pFi20Ovdc 

bû00 f i l 2 5  Vdc 

100 pH 

In Housc 

Nipon ChcmiCon 

Unitrodc 

IR 

Moiotrola 

Moiomla 

Motorola 

Spraguc 



2.6 Conclusions 

A single stage, single switch isolated addc converter topology which has high 

input power factor, hold-up time capability and no low frequency component in the output 

voltage has been presented in this chapter. 

However, there are a few disadvantages which compromises the usefiilness of this 

converter. The most important draw back is the buik voltage variation which is load 

dependent. The buik voltage is to high at Light loads which hinders the operation of the 

converter to operate fkom a universal input voltage range. Therefor, the operation of the 

converter is restricted to an input voltage range of 90 V - 135 V. 

Based on the theoretical and experimental results, it is concluded that the proposed 

converter is best suited for low power applications where cost is one prime objective. 



3.1 INTRODUCTION 

The proposed converter of chapter 2 is simple and obtains input current wave 

shaping with a regulated output dc voltage. However, the bulk vohage has a large variation 

from minimum to maximum load output currents. A method in reducing this large voltage 

variation will be introduced in this chapter. 

This chapter presents a variable fkquency, single stage, single switch isolated 

converter topology which achieves a regulated dc output voltage having no low kquency 

components and a high input factor. By operating the converter with a higher frequency at 

light loads, lower voltage stresses on the power components and an increase in the 

eficiency of the converter at light loads can be achieved. The proposed converter is 

designed to operate with a variable frequency range of 50 to 90kHz. The proposed converter 

operates with the sarne load and line requuements as with the converter of chapter 2. The 

proposed converter operates with the output inductor in continuous current mode. 

In the following sections, the description of the proposed converter, the analysis, 

performance characteristics and experimental results will be given. 



3.2 CIRCUIT DESCRIPTION OF THE PROPOSED CONVERTER 

The proposed converter circuit is show in Fie. 3.1. The circuit is almost ident ical 

to the circuit of chapter 2 except for the difference in the control circuitry. The control 

circuit consists of a PWM. Opto-coupler. and a variable frequency control circuitry. The 

variable frequency control (WC) circuiuy is shown in Fig. 3.2. The VFC circuit consists 

of a few resistors a zener diode and an operational amplifier. 
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Fig. 3.1 Power and control circuits of the proposed converter. 

Fig. 3.2 Variable Frequency Circuit. 



The operation of the converter is almost identical t o  the converter of chapter 2 

except that the operating fiequency increases at light loads. This section will focus on the 

operation of the WC cucuit. 

From Fig. 3.2, R3 and R4 f o m s  a voltage divider of 2.5 Volts and R I  and R2 form 

a voltage divider of approximately 1 percent of the buik voltage. 

The b u k  voltage is below 250 Volts at high output currents. The negative input of the 

operational amplifier is at a higher potential than the positive input, therefore the output 

voltage of the op-amp is zero volt. DI is reversed biased and there is no current flow 

through R,. C,  is charged only from RT as no additional current is supplied from the op- 

amp to help charge CF The rate which CT charges in this condition would give the lowest 

operating frequency of the converter. 

As the load current is decreased, the bulk voltage increases above 250 Volts and 

the output voltage of the op-amp increases fiom zero volts. As the bulk voltage further 

increases, Dl starts to conduct and current flows through R7 to CT. This additional current 

fiom R7 with the charging current of RT, charges CT quicker thus increasing the fkequency 

of the PWM which in effect increases the frequency of the converter. 



3.4 STEADY STATE ANALYSIS 

The steady state anafysis of the converter is the same as section 2.4 of chapter 2. 

3.5 PERFORMANCE CHARACTERISTICS 

The effect on the operation of the converter with variable frequency controt will 

be examined in this section. 

3.5.1 Effect of Transformer Turns Ratio on the I n ~ u t  Power Factor 

This effect is the same as section 2.5.1 of chapter 2. 

3.5.2 Dc Bulk Ca~acitor Current and Voltage 

The proposed converter tries to ehminate the large bulk voltage variations seen 

with the converter of chapter 2. Fig. 2.6 in chapter 2 illustrated the variation of the bulk 

voltage with changes to the output load current. In Qing to reduce this effect, the 

proposed converter's operating frequency is increased at light loads. It can be seen from 

equation (2.21) that iL, is a function of t, . If ton can be reduced, then iLlpCak, will be 

reduced which in effect reduces the current chargmg the bulk capacitor during interval 2. 

Therefore, by increasing the kquency, ton is reduced. The theoretical variation in 

frequency versus output cument for a fixed bulk voltage is shown in Fig. 3.3. 
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Fig. 3.3 Variation in fiequency for various operating conditions of the converter. 

It can be seen fiom Fig. 3.3 that there is a variation in fiequency of approxirnately 

15 times tiom minimum to maximum load while maintainhg a fured bulk voltage. This 

Iarge variation in fiequency is difficult to implement practically. The proposed converter 

has a fiequency variation of approxirnately two times. The fiequency range of the 

proposed converter is not enough to cover the entire Ioad variation. As the highest 

frequency of the converter is reached, the bulk voltage will start to rise as the output load 

current is further decreased. 

3.5.3 Auxiliarv Inductor Current 

The auxiliary inductor current analysis is the same as section 2.5.3 of chapter 2. 



Fig. 3.4 iliustrates different required operating fiequencies for various values of 

LI while maintaining the same buk voltage variation over the output current range. The 

operating frequency of the converter is different for different values of LI. It is shown that 

with a value of LI = 332 pH, the operating tiequency of the converter is 50 kHz for the 

indicated bulk voltage. For a value of LI - 250 pH and LI = 200 pH, the operating 

frequency is 66 )clHz and 83 kHz respectively. 

Fig. 3.4 Capacitor voltage versus output current for a fixed sw itching 
frequency for different values of Ll . 



3.5.3.2 Boundarv of Continuous and Discontinuous current in the Auxilian 
Inductor 

The fiequency variation versus output current for three different values of LI is 

shown in Fig. 3.5. The discontinuous boundary for al1 three curves is the area below their 

respective curve. The continuous bundary for al1 three curves is the area above their 

respective curve. It can be seen fkom Fig. 3.5 that the large fiequency variation occurs 

below an output load current of approximately three amps. 
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Fig. 3.5 Boundary of continuous and discontinuous mode of operation for 

difierent values of L.1 . 

3.5.4 I n ~ u t  Current, Harmonic Content and Dower factor 

The input current has the same waveshape as Fig. 2.19 of chapter 2. The high 

frequency harmonics are filtered by the EMI fiher. 



3.5.5 Current and Voltane Ratineis of the Mosfet Switch 

The ratings of the mosfet switch will be the same as section 2.5.5 of chapter 2. 

3.5.6 O u t ~ u t  Filter Characteristics 

The output filter characteristics are the sarne as section 2.5.6 of chapter 2. 

3.5.7 ExDerimental Results 

The same prototype as in chapter 2 was used with the addition of the VFC 

components of Fig. 3.2. Fig. 3.6 illustrates the performance on the bulk voltage V, 

between the converter of chapter 2 and with the proposed convener with the VFC 

circuitry. The frequency range of the proposed converter was fiom 50 kHz to 90 kHz. At 

the maximum output load current, the VFC circuitry was already active due to the bulk 

voltage king  above 250 Vdc. This is why the two curves do not merge at full load. The 

VFC circuitry is at its maximum fiequency when the output bad current is about 6 A. 

Further decreasing the load curent gives rise in the bulk voltage as shown. 

The efficiency of the converters are s h o w  in Fig. 3.7 and illustrates that when the 

converters are operating with an input voltage of 135 Vac, the variable fiequency 

converter has a greater efficiency throughout the output current range. This was expected 

as iL,,,aZ is reduced with the hnplementation of the VFC circuitry. 
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Fig. 3.6 Buik voltage cornparison between converter with and without WC. 
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Fig. 3.7 Experimental results showing efficiency for prototype converters. 

E ffic ienc y for fmed frequenc y and variable frequenc y single stage converters. 



The experirnental power factor of both converters is shown in Fig. 3.8. At light 

loads, a degradation of power factor is seen. This is due to the increasing capacitive 

displacement factor at light loads caused by the EMI filter capacitor co~ec ted  across the 

l ine. 

input i 
power factor 0.4 -L 

(%) l 
I 
I 

I 

-I)- V,, - 135 V. var. freq. 1 - V,,  = 95 V, var. freq. 
1 

1 - V,,, - 135 Vf, - 50 kHz 1 

I - V,, = 95 VJ, = 50 kHz 
l 

Fig. 3.8 Experimental results showing the power factor for the proposed converters. 
Power factor for fixed fiequency and variable frequency single stage converters. 

A variable fkequency control circuitry added to the proposed converter of chapter 

2 irnproved the eficiency of the converter at light loads. However, the fkequency 

variation needed to reduce or elhinate the large b u k  voltage variation is very wide and 

therefore difficult to implement practically. 

Based on the obtained results, this converter is also best suited for low power 

applications. 



4.1 INTRODUCTION 

The proposed converters of Chapter 2 and 3 are simple and obtain input current 

wave shaping with a regulated dc output voltage. However, there is large buk voltage 

variations with both converters. They are also restricted to operate from the North 

Arnerican ac mains due to the large voltage stress on the MOSFET switch. 

This chapter presents a single stage isolated converter topology designed to achieve 

a regulated dc output voltage having no low frequency components and a high input 

power factor. The topology is derived fiom the basic two switch forward converter. The 

converter's output inductor is operated in discontinuous current mode to elirninate the 

buk voltage variations due to the output load current variation. The proposed converter 

operates fiom a universal input voltage of (90 - 265 V). The converter has an output 

power of 150 Watts and operates with a switching frequency of 50 kHz. The output 

voltage of the converter is 54.75 Vdc . 

Analysis of the converter is presented and performance characteristics are given. 

Design gu idelines to select critical components of the circuit are presented. Experimen ta1 

results are given which confirrn the predictexi performance of the proposed topology. 



4.2 CIRCUIT DESCRIPTION OF THE PROPOSED CONVERTER 

The proposed converter circuit is shown in Fig. 4.1 Power. The converter is 

derived from the basic two switch forward with the addition of  the auxiliary circuit. The 

control of  the output voltage o f  the proposed circuit is identical to a conventional two 

switch forward converter. 

Vbulk 

FJE~ & drivers i 

Fig. 4.1 Power and control circuits of the proposed converter. 



4.3 PRINCIPLES OF OPERATION 

The operation of the circuit is simiiar to the converter of Chapter 2. The difference 

lies with the operation of the output inductor in discontinuous current mode which affects 

the auxiliary circuit. The effect is shown in Fig. 4.2 where the bulk capacitor current (ici) 

commences fiom zero and decays with a dope equal to the output inductor current during 

interval 1. As the load is decreased fiom the maximum rated output current, the converter 

reguiates the output voltage by decreasing the duty cycle. This results in a smalier peak 

auxiliary inductor current therefore charging the buk capacitor less during interval 2. In 

effect, the bulk voltage does not increase as the load is decreased. 

Fig. 4.2 Operational waveforrns of the proposed converter. 



4.4 STEADY STATE ANALYSIS 

A sirnplified analysis is performed by dividing the operation of the converter into 

three different intervals. The analysis is based on the same assumptions of Chapter 2 

except for: 

(i) The output inductor L,, is small enough so that the current in the inductor is 

discontinuous below rated output load current. 

The operational waveforms of the converter with a transformer turns ratio of N, : N,, : N, 

= 1: 1 : 1 under the above assumptions are shown in Fig. 4.2. 

Interval 2, ( t o  cf ch)  

During this interval, switches SI and Sz are on. Power is transferred fiom capacitor 

Ci to the main dc output via the transformer. Power is also circulated from the ac mains 

into the loop formed by either diodes Dg or  Dg, the auxiliary winding, the diode Dz, the 

inductor LI , primary winding and either of the diodes D7 or  DIO- Fig. 4.3(a) shows the 

equivalent circuit during this mode of operation. As the turns ratio from primary to 

auxiliary winding is unity, a voltage of approximately (V,-sin ut) is appiied across inductor 

Li ,  causing the inductor current to rise linearly as shown in Fig. 4.2. The current through 

the switches is the sum of the currents in LI and L,. The steady state analysis of interval 1 

of Chapter 2 is also valid here where it was s h o w  mathematicdy that the current drawn 

from the capacitor was sent to the load when the switch was on. 



The output inductor current iLe rises linearly with a rate deterrnined by (4.1). 

during this intervat as shown in Fig. 4.2. 

Fig. 4.3 Equivalent circuits of the converter of 4.1 during various operating intervals 
(a) Interval 1 ,  (b) Interval 2, 



Interval2, (tr < t  <t3) 

Interval 2 begins when switches SI and Sz are turned off. The current that was 

flowing through the inductor LI at the end of interval 1, forces diode D3 to conduct. This 

current circulates through capacitor Cl and input source V.. until it becornes zero. The 

equivalent circuit during this interval is shown in Fig. 4.3(b). 

During interval k, lx varies between tl and t4 as it is king rnodulated by the 

rectified input line voltage. At the peak of the rectified input voltage, the duration of r, is 

at it's maximum. The same design critena for LI of Chapter 2 is applied such that the 

value of LI is chosen so that the current iL, decays to zero before the next switching period 

begins. 

The output inductor current decays with a rate deterrnined by 

shown in Fig. 4.2. The duration of the free-wheeling period is defined as r,,. If the output 

load is constant, then r,  does not change during interval k. The duration of t ,  varies 

between t~ and fq ,  depending on the value of output current. With a proper vaiue of L,, the 

current iL decays to zero before the next switching period begins. 

Interval 3( t3 < t < t, ) 

At the end of interval 2, aii the energy stored in Li has k e n  transferred to 

capacitor CI and aU the energy stored in the output inductor L, has k e n  transferred to the 

load during this interval. The output capacitor supplies the output load while the 

transformer resets. 



4.5 PERFORMANCE CHARACTERISTICS 

This section presents the characteristics and performance of the proposed 

converter. The turns ratio of the transformer between primary, auxiliary and secondary is 

N p :  Nd",: N,= 1 : 1 : 1. 

4.5J Effect of Transformer Turns Ratio on the I n ~ u t  Power Factor 

This effect is the sarne as section 2-51 of Chapter 2 

4.5-2 Dc Bulk Capacitor Current and Voltage 

The proposed converter etiminates the large bulk voltage variations seen with the 

converters of Chapter 2 and 3. 

The capacitor voltage V, can be found by summing the cuments that charge the 

capacitor during interval 2 and subtracting the currents Ieaving the capacitor during 

interval 1 for n intervals. This is expressed by 

Note that LI and L, determine the currents to and kom the capacitor, and these 

determines the capacitor voltage. Therefore, the ratio between LI and L, determines the 

capacitor voltage. This effect was also reported in [18] and [19]. 

Expanding (4.3) results in 



The output voltage of the converter in the discontinuos mode is given by [21] 

V,  and r,, can be obtained by solving equations (4) and (5) using mathematical 

software such as MathCad. 

The capacitor voltage V, is a function of input voltage and the value of inductors 

Li and L,. Fig. 4.4 shows the theoretical capacitor voltage V,  as a function of output load. 

The curves show that by operating both the auxiliary and output circuits in discontinuous 

current mode, the capacitor voltage is constant fkom no load to M l  load. 

Fig. 4.4 Theoretical capacitor voltage versus output current. (t& = 1). 



Fi$. 4.5 shows the theoretical capacitor voltage versus the input line voltage for different 

ratios of Li and L,,. 

Fig. 4.5 Theoret ical capacitor voltage versus input line voltage 

for different ratios of L and L, (L, = 1 30 pH). 

The average current per switching interval i,,, is defined by 

If the bulk capacitor value is assumed to be 390uF, the voltage npple of the capacitor v, 

with an input voltage of 120V at full rated output power is ihstrated in Fig. 4.6. 



Fig. 4.6 Ripple voltage of bulk capacitor. 

The RMS current of Ci is given by 

4.5.3 Auxiliarv Inductor Current 

The analysis of the auxiliary inductor current is the same as section 2.5.3 of 

Chapter 2. The RMS current through LI  is given by 



4.5.3.1 Effects on the value of the Auxiliary Inductor 

By decreasing the value of the auxiliary inductor, the peak current in it is 

increased. The bulk voltage is thus increased. 

By increasing the value of the auxiliary inductor, the peak current in it is 

decreased. The bulk voltage is thus decreased. 

The effects on the bulk voltage by the different values of auxiiiary inductor is shown in 

Fig. 4.5. 

4.5.3.2 Boundary of Continuous and Discontinuous cumnt in the Auxiliary 
Inductor 

The sarne criteria for the minimum differential voltage required to maintain the 

current in LI  discontinuous is applied in this converter as in the one in Chapter 2. The 

differential and capacitor voltage at the boundary are also given by equations (2.33) and 

(2.34). The duty cycle at the boundary can be determined by equations (2.34) and (4.5). 

4.5.4 I n~u t  Current. Harmonic Content and Dower factor 

The input current will have the sarne waveshape as with the converten of Chapter 

2 and 3 and can be found using equation (2.37). The input RMS current is also found by 

equation (2.38). 

Fig. 4.7 shows the theoretical fùtered input current at two dflerent input voltages. 

The waveforms are not sinusoidal and contain large 3" harmonies. The large third 

harmonic is caused by the modulation of the inductor current iLl during interval 2. An 

analysis of this effect was reported in [22]. 



Fig. 4.8 shows the theoretical peak input current 3d and 5" harmonic components 

for different load and supply conditions. The peak 3" and 5" harrnonics are within the 

IEC-1000-3-2 Class A and D requirernents. The Limits for the 3d and 5" hamnics  for a 

150 W converter operating fiom a 120 V input are 0.98 A peak and 0.55 A peak 

respectively. The 3" harmonic is the major contributor to the total harmonic distonion. 

THD and power factor are also found by equation (2.39) and (2.40). 
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Fig. 4.7 Theoretical fdtered input current (Po= 1 SOW). 

(a) Vjn = 120 V. (b) Vin = 220 V. 
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Fig. 4.8 Theoretical peak input current harmonic spectrum for dif5erent 
load and supply conditions. 

(a) 3rd hannonic. (b) 5th harmonic. 



4.5.5 Current and Voltage Ratines of the MOSFET Switch 

The MOSFET switches during interval 1 carry the sums of the auxiiiary inductor 

current and the output inductor current as shown in Fig. 4.2. The RMS current for SI and 

SI is determined by 

The conduction losses for each MOSFET can be calculated by equations (4.9) and (2.42) 

while the charging and discharging of the body drain-source capacitance will be dissipated 

in the switches and can be calculated by 

Turn on Iosses are negligable as the switches turn on with zero current. 

The turn off losses is determined by 

where r/.ll is the t h e  required for the current in the switch to decay to zero. The power 

losses in the switches consist mainly of tum-off losses. 



4.5.6 Out~ut Filter Characteristics 

The key performance of the converter relies on the ratio between Li and L.. Thus, 

the design of L. is crucial to the operation of the converter. The value L. is designed so 

that the ripple current is twice the rated full load output current. The output inductor 

current is at the boundary of continuous current mode d u ~ g  rated full load. As the load is 

decreased, the inductor current enters discontinuous current mode. The converter 

regulates the output voltage by decreasmg the duty cycle as shown in equation (4.5). The 

large ripple current in L. produces a large flux swing in the core. In effect. the ac core 

losses are high compared to those of Chapter 2 and 3 as the output peak to peak ripple 

current is only twenty percent of the rated output current. 

The output capacitors must be able to handle the high ripple currents. Therefore, 

lower ESR capacitors must be chosen as this will also af'fect the ripple voltage at the 

output of the converter. 

The peak output inductor load current cm be found by 

The RMS current of Lu is determined by 

where t. is detennined fiom equation (4.1 ) and is given by 



4.5.7 Ex~erimental Results 

A 150 W, 90-265 Vac to 54.75 Vdc prototype converter has been built in the 

Iaboratory to validate the theoretical results. The operating fiequency o f  the converter is 

50 kHz. Table 1 gives the values of the components used in the prototype. 

TABLE 1 

COMPONENT VALUES FOR THE EXPERIMENTAL PROTOTYPE ( n ~ .  1 ) 

Component Value Manufacturer 

L, 

r, 

Cl 

PWM 

SI. s: 

D5. De 

D I - D C D I I  

WDi. &-Di0 

Cl. Cd 

Li 

C u  

Magnctics (MPP55254) 

Magnetics (MPP55254) 

Nipon ChcmiCon 

Unitrode 

IR 

Moiomla 

Motorola 

Motorola 

pue 

United Cherni-Con 



Fig. 4.9 shows the efficiency versus the output current for different nominal input 

voltages. The universal input range converter has a LI / L, ratio of one and operates with 

an input voltage fiom 90 V to 265 V. nie high voltage range or European type converter 

has a LI / L, ratio of 2 and operates with an input voltage from 170 V to 265 V. Fig. 4.9 

also shows that the converter has a rated efficicncy of about 85% and 80% for European 

and universal input voltage ranges, respectively. 

Fie. - 4.10 gives the power factor versus different values of output current for 

dfierent nominal input voltages. This figure shows that the converter has reasonably high 

input power factor for universal range (in the range of 0.96) and a moderately high power 

factor for the European range (in the range of 0.94). 

The input current harmonics and the waveforrns for the input line current with 

appiied input voltages of 120 V and 220 V are given in Fig. 4.1 1 and Fig. 4.12, 

respectively. Both figures show that the magnitude of these harmonics is lower than the 

permissible values defined by the IEC 1000-3-2 standard. 
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Fig. 4.9 Experimental efficiency versus output current 
(V,, = 54.75 V,f,, = 50 HZ). 
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Fig. 4.10 Experimental input power factor versus output current 

(V,,, = 54.75 V, f,, = 50 HZ). 



Fig. 4.11 Expimentai waveforms at full load (a) Peak line curent harmonic 

spectrum, (b) Line current. 
(Vin= 120 V, Io = 2.75 A, VoM= 54-75 V, Vdc= 252 V, pf = 0.969) 

(LI = Lo= 130 w, f , , = 5 0 k H ~ ) .  

Fig. 4.12 Experimental waveforms at full load. (a) Peak line curent harmunic 
spectrum, b) Line current. 

(Vin= 220 V , Io = 2.75 A, Vu, = 54.75 V, V&= 444 V, pf = 0.965) 

(LI = L,= 130 w, f,,= 50 kHz) 
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Fig. 4.13 Variation in bulk voltage versus load for two input line voltages. 

4.6 DESIGN CONSIDERATIONS 

The proper operation of the converter is assured by the appropriate selection of the 

transformer turns ratio, the auxiliary inductor Li, the dc buik capacitor Ci, and the output 

inductor L,. 

The dc bulk capacitor voltage establishes the performance of the converter as it 

determines the voltage stress across almost al1 the components. The value of the capacitor 

determines the hold-up tirne of the power supply and the 120 Hz voltage ripple across Cr. 

The hold-up time should be detennined at the minimum input voltage and at the rated 

output power. The capacitor voltage varies approximately three to one with an input 

voltage varying from 90 V to 265 V. Therefore, the hold-up tirne is much longer with an 

input voltage of 265 V as compared to an input voltage of 90 V. 



A compromise must be made between the magnitude of the capacitor voltage V, 

and the distortion of the input current. The distorted input current is proportional to the 

differential voltage between the rectified input peak voltage and V,. The larger the 

differential voltage, the less distortion is present in the input current. 

It is found that Na, = Np gives the optimum results in ternis of high input power 

factor and lower voltage stress across the power circuit components. If the turns ratio is 

less or  greater than unity a higher distortion in the input current is present. 

The turns ratio between Np and N, of the transformer should be selected so that the 

duty cycle D of the converter is small. Equation (2.34) shows that to obtain a low 

capacitor voltage the duty cycle should be small. 

The value of inductors Li and Lo should be selected so that the currents in them are 

at the boundary of the continuous conduction mode at rated output power with minimum 

input voltage. The ratio of LI 1 L, should be made large as it reduces the bulk capacitor 

voltage. This means that for a universal range (90V-265V) the ratio of LI 1 L, is different 

than for the European voltage range (1 70V-265V). 

Operation of the converter at high input voltage range (170 V-265 V) can be 

achieved by selecting a larger value of LI . A higher efficiency is obtained with this voltage 

range since lower values of current and voltage are processed by the switches. 

For a given ratio of Li / Lo , the value of Lo is chosen in such a way that the current 

through it is at the boundary of continuous and discontinuous mode at the rated current 

and minimum AC input voltage. Inductor Lo selected in this way will minimize the ac cor 

losses and nppk  current through the output capacitor Co . 



The drain current in the switches at turn-on will ramp up  fiom zero to a level 

determined by the load current and line voltage. The converter will have zero current 

switching at tum-on. There will be large losses at tum-off. Therefore, the speed at which 

the switches tum-off must be fast. 

4.7 ADVANTACES AND LIMITATIONS OF THE PROPOSED AC/DC CONVERTER 

The proposed converter topology maintoins the advantages of convent ional t wo 

stage PFC circuits in terms of high input power factor, hold-up tirne capabiiity and no low 

frequency ripple in the output voltage. In additi,on to these advantages. the proposed 

single stage converter employs fewer components particularly in the control circuit, which 

results in srnaller board area and lower power components and manufacturing costs. 

However, these benefits corne at the expense of increased current stresses in the power 

circuit components as both the auxiliary and main output inductor currents have to be 

discontinuous to reduce the voltage stress across the switches. This results in higher 

switching and conduction losses m the converter and negatively impacts the efficiency. In 

order to keep these losses low, and taking into account the available switches. the output 

power rating of the proposed converter is Iimited (below 200 W). 

A single stage two-switch isolated AUDC converter topology with high input 

power factor, hold-up time capability and no Iow frequency component in the output 

voltage has been presented. The steady state behavior has been studied, andyzed and 



performance characteristics presented. 1 t has been shown that by operating the converter 

output in the discontinuous conduction mode. the voltage stress across the components is 

minirnized whiie operating the converter at constant fiequency. 

Experimental results show that the converter has high input power factor and good 

overall efficiency both for the European as weii universal input voltage range. The 

proposed converter is best suited for low to medium power applications with high output 

voltages. 



CHAPTER 5 

SUMMARY AND CONCLUSIONS 

5.1 SUMMARY 

Conventionally, AC to DC converters with power factor correction are implemented 

using two stages. This thesis presents three low power AC to DC converters with PFC 

implemented in a single stage. 

Three converters were analysed; 

i) Singie Switch, fixed fiequency, continuous output current forward converter. 

ii) Single Sw itc h, variable fiequenc y, cont inuous output current forward converter. 

iii) Two Switch, fmed fiequency, discontinuous output current forward converter. 

The steady state analysis and operatmg principals were performed. The results of the 

analysis used to generate characteristic curves which aid in the understanding of the 

operation of the converters. Experirnent results are used to ver@ the theoretical analysis. 

5.2 C o ~ c ~ u s r o ~ s  

Three new single stage PFC AUDC converters were presented. All three converters 

have high input power factor, hold-up tirne capability and no low kequency component 

in the output voltage. 



However, there are a few disadvantages which compromises the usefulness of the 

converters of chapter 2 and chapter 3. The most important draw back is the buik voltage 

variation which is load dependent. This voltage is to  high at light loads which hinders the 

operation of the converters to operate fiom a universal input voltage range. Therefor, the 

operation of the converters are restncted to an input voltage range of 90 V - 135 V. 

With the fmal proposed converter of chapter 4, it was shown that by operating the 

converter's output in the discontinuous conduction mode, the bulk voltage was not load 

dependant and the converter's operation includes the universal input voltage range. 

5.3 SUGGESTTONS FOR ~ U R E  WORK 

As an extension to the research work presented in this thesis, the following topics are 

suggested: 

i) Implementation of loss-less snubbing for the improvement in efficiency of tum- 

off losses of the MOSFET. 

ü) Analyze the possible feasibility of operating the converter's auxiliary circuit in 

continuous current mode. 

iii) Analyze and compare other topological combinations for possible improvements 

to the new single switch converter. 
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