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To meet the requirements for the input current distortion of lighting equipment, an active power

factor corrector is needed. This is usually a boost converter working in critical mode that is

controlled by an analog control IC. With microcontrollers becoming faster and cheaper, it is

interesting to investigate the use of digital control in lamp drivers. The main advantages of using a

microcontroller are a reduction of the number of components and therefore probably lower costs,

especially when the PFC and half-bridge controller can be integrated in a single microcontroller.

Another advantage is that new features or improvements can be implemented without needing

additional components. This report contains an overview of the improvements that are possible for

a digitally controlled PFC. These are mainly methods to improve the output voltage controller

performance and some specific digital control algorithms. The focus of this report is on the

reduction of the input current distortion. A reduced current distortion allows adding certain

distortions to the current, such that a property of the converter is improved while staying within the

distortion limits. Possible improvements are a reduced switching frequency variation to allow a

cheaper EMI filter, or a higher efficiency.

The common control methods for a critical mode boost converter are constant on-time control and

peak current control. They are based on the principle that a constant on-time or a sinusoidal peak

current reference will result in a sinusoidal input current. This is true for an ideal boost converter

but in practice the THD of the input current is about 10%. With a detailed analysis it is shown that

this distortion is caused by the parasitic capacitance of the switch in combination with the filter

capacitor after the rectifier bridge, and the desire to have valley switching. With a Matlab script it is

calculated how the on-time should be varied over time to compensate for the current distortion. It is

also shown that this compensation is not depending on the output power of the converter.

Therefore the compensation can be stored in a lookup table so it is very easy to implement in a

microcontroller.

A dSPACE-controlled prototype is realized to test the distortion compensation. To be able to

control the boost converter with dSPACE, additional control hardware was designed.

Measurements with the standard peak current control resulted in a THD of more than 10%. When

the distortion compensation is used, the THD becomes less than 2%. Another result of the

compensation is that the variation of the switching frequency is reduced. By adding a third

harmonic to the reference current, the variation of the switching frequency can be reduced even

more, while keeping a THD of less than 10%. It is even possible to get a close to constant

switching frequency while staying within the limits of the current distortion standard. This shows

that with digital control it is possible to exchange a low current distortion for a small switching

frequency variation.
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This document describes my graduation work at the Pre Development Center (PDC) of Philips

Lighting Electronics in Eindhoven. My work is part of the Digital PFC project at PDC. With

microcontrollers becoming cheaper and faster, it would be possible to have both the PFC and

the lamp ballast controlled by a single low-cost microcontroller. The goal of the Digital PFC

project is to learn more about digital control of a power factor corrector (PFC) and to realize a

critical mode boost PFC controlled by a microcontroller. Some advantages of a microcontroller

controlled PFC and lamp ballast are listed below:

- No external components are needed to set the gain and bandwidth of the control loops. With

a digital controller the number of components can be reduced, especially when multiple

controllers are integrated in a single microcontroller. The performance of the control loop is

also no longer affected by the temperature, manufacturing tolerances and aging of these

components.

- The PFC controller and ballast controller can easily exchange information, which may be

used to improve the controller performance.

- Complex, non-linear algorithms can be used.

- It is possible to implement new features without needing additional hardware.

My work consists of investigating new features and improvements that are possible with a low

cost microcontroller and realization of one of the improvements using dSPACE. To be able to

control a converter with dSPACE, additional hardware was designed.

The chosen improvement is reduction of the THD of a critical mode boost converter by varying

Ton over a line cycle. When Ton is constant, in theory, the current should be a sine wave but in

practice, it has some distortion, especially near the zero crossing of the line voltage.

Increasing the Ton near the zero crossing reduces this distortion but it was unknown how this

should be done exactly. The reduction of the THD is not a goal in itself. It allows the

introduction of deliberate distortion to improve other properties of the PFC while staying within

the distortion limits.

The report starts in chapter 2 with an introduction to the boost converter and its requirements.

Chapter 3 gives a detailed analysis of the boost converter with two capacitors added to the

basic circuit. It is explained how these two capacitors cause the distortion of the input current

and how this distortion can be compensated. Chapter 4 will then discuss the preferred

behavior of a PFC for a distorted input voltage. Experimental results are shown in Chapter 5.

The report ends with conclusions and recommendations.
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Figure 1 shows the basic structure of a TL ballast. The PFC has two functions: it should create

a DC voltage for the half-bridge that drives the lamp and while doing that, the input current

should meet the requirements regarding power factor and total harmonic distortion (THD). The

EMI filter suppresses the high-frequency distortions. The PFC and half-bridge controller are

now two independent circuits but in the future, they can be implemented in a single

microcontroller.

AC mains
voltage

EM! filter Power factor Half-bridge Fluorescent
- I-- I-- - lampcorrector

,-----'--- ------------------ -------...,
I M1::IOcontmIler

,
I

,, ,
I

,, ,,
PFC Half-bridge

I

I I

I ---- ,
I controller controller ,
I I

I
,

I I

Figure 1: Block diagram of a ,.L ballast

This chapter starts with the definition of THD and the limits for harmonic input currents. Then

the boost converter is introduced and the most common control methods are explained. This

chapter ends with an overview of the improvements that are possible when digital control is

used.

2.1 LIMITS FOR CURRENT DISTORTION

Current distortion is expressed as the amplitude of each harmonic of the current or by the

THD of the current. THD is defined as:

~,,40 1 2

THD(%) = L..Jn=2 n .100
I]

In Europe, the limits for harmonic current emission for low power devices «16A) are

described in the EN61 000-3-2 standard [1]. The limits of this standard are shown in Table 1.

Limits for class B equipment are not shown in the table but they are equal to the class A

limits multiplied by 1.5.

Lighting equipment with an active input power of more than 25 W has to meet the limits for

Class C devices. These limits are relative to the amplitude of the fundamental harmonic.

When the device is dimmed, the harmonic currents shall not exceed the current values that

are allowed at maximum load.
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When the active input power is less than or equal to 25 W the harmonic currents may not

exceed the mAIW limits for class D equipment, or the current has to meet the following

requirements: the third harmonic shall not exceed 86%, the fifth harmonic shall not exceed

61%, current should start flowing before or at 60°, has its last peak before or at 65°, and

does not stop flowing before 90°, where the zero crossing of the supply voltage is at 0°.

Measurement is only done at full load, even when the device can be dimmed.

Harmonic order Limits for class A Limits for class C Limits for class D
equipment equipment equipment

n A % mAIW
2 1.08 2
3 2.3 30*'\ 3.4
5 1.14 10 1.9
7 0.77 7 1.0
9 0.4 5 0.5
11 0.33 3 0.35
13 0.21 3 0.3

15 - 39 (odd only) 0.15*15/n 3 3.85/n

Table 1: Limits for harmonic currents in the EN61000-3-2 standard

For the US the limits are described in the ANSI C82.77 standard [2]. For commercial and

industrial lighting equipment the power factor has to be at least 0.9 and the THD should be

less than or equal to 32% for all input powers. Since

PF = II COS(lpl) ~ COS(lpl)

~It~t -Jl +THD 2
'

this means that a phase shift of up to 19° is allowed.

Furthermore the limits for individual harmonics in table 2 should not be exceeded.

Measurements are only done at the full rated power.

Harmonic Limit
2 5%
3 30%

11 and higher 7%
Odd triples (*) 30%

(*) Root-sum-square of the 3rd
, 9th

, 15th
, 21 St, ... , harmonics.

Table 2: Limits for the harmonic currents of lighting equipment in the ANSI C82.77 standard

On top of these standards is the request of the marketing department to have a THD of less

than 10%. In general, this limit is more strict than the EN61 000-3-2 or ANSI C82.77 standard,

but with a THD of less than 10% it is still possible to exceed the limits for the higher

harmonics.

Some examples of current distortion are shown in Figure 2 and Figure 3. For both current

waveforms, the period during which the current is zero is 0, 1, 2 or 4 ms. For an identical
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period of zero current, the THO of the waveforms in Figure 3 is much lower than the THO of

the waveforms in Figure 2. Although the currents look very much like a sine wave, the limit of

10% THO is easily exceeded.

-2 '-------::-:'=-::-:'::-:--=-='=--=-:'::::--::-',,----,,-:'=-::-:'::-:--::-:'-:-=--::-:':-::--::-'o 0.002 0.004 0.1IE 0.008 0.D1 0.012 0.D14 0.016 0.018 0.02
t (s)

-THD=O%
-THD=4.0%

THD = 11.4%
-THD = 32.8%

-,

1.5

0.5

-1.5

-0.5

-THD=O%
-THD=9.8%

THD = 20.3%
-THD=42.9%

-1

1.5

0.5

-0.5

-1.5

Figure 2: THO of some distorted current

waveforms (1)
Figure 3: THO of some distorted current

waveforms (2)

Another type of distortion is shown in Figure 4. Here the distortion is near the peak of the

current instead of the zero crossing. Again, to stay within the 10% THO limit not much

distortion is allowed.

1.5r-~--::::::::::--~~~~;=======:======il
-THD=O%
-THD=4.2%

THD = 9.0%
-THD=18.5%

-0.5

-1

-1.5 '-------::-:'=-::-:'::-:--=-='=--=-:'::::--::-',,----,,-:'=-::-:'::-:--::-:'-:-=--::-:':-::--::-'o 0.002 0.004 0.1IE 0.008 0.01 0.012 0.014 0.D16 0.018 0.02
1(8)

Figure 4: THO of some distorted current waveform (3)

The limits for harmonic current emission only cover the distortion at frequencies up to the

40th harmonic. For higher frequencies, the emission limits are stated in the CISPR15

standard [3]. The conducted emission that is measured with an artificial mains network has to

be below the limits shown in Figure 5. For the United States, devices have to meet the limits

of FCC part 18 [4]. These limits are shown in Table 3. The EMI filter is needed to meet these

limits. The limits of CISPR15 become more strict above 150 kHz. This is why it is preferred to

keep the switching frequency of the PFC below 150 kHz. The switching frequency should

also be higher than 20 kHz to prevent audible noise. The limits in FCC part 18 start at 450

kHz so usually a cheaper EMI filter can be used for the US market.
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Figure 5: CISPR15 limits for conducted EMI

Frequency (MHz)

Non-consumer equipment
0.45 to 1.6 .
1.6 to 30 .

Consumer equipment:
0.45 to 2.51 .
2.51 to 3.0 .
3.0 to 30 .

Maximum RF line
voltage measured
with a 50 uHl50
ohm USN (uV)

1,000
3,000

250
3,000

250

Table 3: FCC part 18 limits for conducted EMI

The easiest method to obtain a DC voltage for the half-bridge is by charging a buffer

capacitor with a rectifier bridge. This introduces higher harmonics in the line current since the

capacitor will only be charged when the rectified line voltage is higher than the capacitor

voltage. The resulting input current waveform with C = 47 IJF and R = 2 kO is shown in

Figure 6, the harmonics are shown in Figure 7. The THD is about 170%. For most low power

devices this is not a problem since they are Class A or B equipment for the EN61 000-3-2

standard and the harmonics only have to be below absolute values. For lighting equipment,

the limits are more strict and a PFC is needed.
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!ilalIi1:1 .,,,.,-- --Figure 6: Input current for a capacitor (C =47 IJF, R = 2 kO) charged by the rectified line voltage
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Figure 7: Current harmonics for a capacitor (C =47 IJF, R =2 kO) charged by the rectified line
voltage

The most commonly used topology for a PFC converter in lighting electronics is the boost

converter. The reason to use a boost converter is simple: the required output voltage is about

400 V to 450 V, which is higher than the peak input voltage of the 230 V line voltqge. It also

has a low component count, both the input current and output voltage can be controlled and

no insulation between the input and output is required. The boost converter layout is shown

in Figure 8.

L

+I------S
Vin •

Rload

Figure 8: Boost converter layout
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During normal operation, the voltage at the output capacitor will be higher than the peak

voltage at the input. This means that the inductor current will increase and the diode will

block when the switch is closed. When the switch is open, the inductor current will decrease

until it is zero or until the switch is closed again. This decreasing current will charge the

output capacitor through the diode. Different modes of operation are possible. depending on

when the switch is toggled.

In continuous conduction mode (CCM) the switch is turned on before the inductor current has

decreased to zero. In discontinuous mode (DCM) the current is zero during a short interval.

The waveforms can be seen in Figure 9 and Figure 10. Advantages of DCM are zero-current

turn-on of the switch and zero-current turn-off of the diode. CCM does not have this

advantage but has a lower peak current, which gives lower component stress and possibly a

smaller EMI filter because of the small current ripple. However, the reverse recovery of the

boost diode will cause additional distortions so the effect on the EMI filter depends on the

distortion that is dominating. Both methods can be used with a constant switching frequency,

so PWM can be used.

Figure 9: Inductor current for CCM (Source: [5])

o nl2 n

Figure 10: Inductor current for OCM (Source: [5])
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In critical mode the switch is turned on immediately after the current has decreased to zero.

In the literature this mode is also known as boundary conduction mode, transition mode or

CCM-DCM mode. Figure 11 shows the inductor current for this mode.

t

o Tt/2

Figure 11: Inductor current for Critical Conduction Mode (Source: [5])

Critical conduction mode occurs at the boundary between CCM and DCM. A new rising slope

of the inductor current is initiated as soon as the current reaches zero. Critical conduction

mode has the same advantages as DCM but has a lower peak current. The switching

frequency is variable. It is possible to have a constant switching frequency in critical mode

but then the boost diode needs to be replaced by a switch. This is called extended transition

mode (TMX) and is described in [6].

2.3 CONTROL METHODS

This paragraph will explain the most common control techniques that are used for boost PFC

converters. For CCM and DCM usually two control loops are used: a fast inner loop to

regulate the shape of the input current and a slow outer loop to regulate the output voltage. A

typical control scheme is shown in Figure 12.

,....--------lSine \An 1+---------,

Current shape
\An

Vret

lampl

Voltage control

dlrty cycle

Current control

dlrty cycle 'l.blrt

la\lg

PFC

Figure 12: Typical PFC control scheme
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The output voltage is controlled by adjusting the amplitude of the reference current. This is

done by multiplying the current reference with the output of the voltage regulator. A very

important observation is that the voltage error has a 100 Hz or 120 Hz ripple. After

multiplication with the sinusoidal reference this results in a third harmonic in the current

reference, as explained in [7]. The resulting third harmonic in the input current is of course

undesired. Therefore the control bandwidth of the voltage control loop is limited to about 10

Hz to 20 Hz.

The reference for the current shape is usually obtained from measuring the input voltage.

This gives a reference that is proportional to and in phase with the input voltage. If the input

voltage is a sine, then the reference for the input current is also a sine but when the input

voltage is distorted, the current reference also contains these distortions. It is also possible to

calculate a sine wave reference that is in phase with the input voltage by using a phase

locked loop. Then the reference will always be a sine wave, also for a distorted input voltage.

For the current control loop there are many different control methods. They will be explained

in the next paragraphs. First the fixed switching frequency control methods will be treated,

then the variable switching frequency techniques.

2.3.1 Fixed frequency control methods

The most common fixed frequency control method is average current control. The duty cycle

of the switch is adjusted such that the difference between the measured inductor current and

the reference is minimized. This control method can be used in both CCM and OCM. The

inductor current for average current control in CCM is shown in Figure 13.

Figure 13: Inductor current for average current control (Source: [8])

Another control method is peak current control. With this method the switch is turned on at a

constant frequency and turned off when the measured current is equal to the reference. Peak

current control can be used in CCM and OCM. The resulting inductor current is shown in

Figure 14. In a similar way valley current control can be implemented. The switch is turned

off at a fixed frequency and turned on when the current drops below the reference current.

OCM is not possible with valley current control. Both peak and valley current control result in

a slightly higher THO compared to average current control.
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Figure 14: Inductor current for peak current control (Source: [8])

2.3.2 Variable frequency control methods

Peak current control and valley current control can be combined. The switch is turned off

when the inductor current reaches the upper reference and turned on when it reaches the

lower reference. This method is called hysteretic control; the inductor current is shown in

Figure 15.

Figure 15: Inductor current for hysteretic control (Source: [8])

Hysteretic control has a variable switching frequency, which is high near the zero crossing of

the voltage and low near the peak amplitude of the voltage.

For critical mode there are two control methods: constant Ton control and peak current

control. With constant Ton control the on-time of the switch is constant during a cycle of the

line frequency. By keeping the on-time constant, the input current will be proportional to the

input voltqge. The output voltage is controlled by changing Ton. With peak current control the

switch is turned off when the inductor current reaches the peak current reference, which is

twice the desired current. The current waveform is shown in Figure 16.

Ip,!Cf

Figure 16: Inductor current for constant on-time control in critical mode (Source: [8])
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Both peak current control and constant Ton control in critical mode are not actively controlling

the input current. It is assumed that a constant Ton or a peak current of twice the preferred

current will result in the correct current waveform; there is no feedback loop to correct errors.

The advantage of these methods is that they don't require a fast inner control loop like

average current control but the disadvantage is that they have a higher THO. The typical

input current of a critical mode boost PFC, smoothed by an LC filter, is shown in Figure 17.

P6:-- -P5:mean(F1 )P4:mean(C2j
...

P3:mean(F1)
60.1 W

~

P2:rms(C2)
264.2 rnA

~

P1 :rms(C1)
231.2 V

~

Measure
value
status....
Figure 17: Typical input current waveform (C2) for a critical mode boost converter with
sinusoidal input voltage (C1)

For most fluorescent lighting applications the PFC is a critical mode boost converter. Critical

mode is preferred because it has lower losses compared to CCM and allows simple control

methods.

2.4 NEW FEATURES AND IMPROVEMENTS

This paragraph gives an overview of the possible new features and improvements for a

digitally controlled boost PFC. The main points of improvement are reduction of the input

current distortion and a faster response of the output voltage control loop. Of all the

improvements that are mentioned in this paragraph, the reduction of the input current

distortion was chosen as the main subject of the graduation work.
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As shown in Figure 17, the input current of a critical mode boost converter has much

distortion near the zero crossing. It is possible to reduce this distortion by increasing the Ton

or peak current reference near the zero crossing. This is done by the ST L6562 PFC control

IC [9] and also described in [10] and [11], and results in a THO reduction of a few percent.

More improvement should be possible since in [9-11] it is mainly used as a trick to get the

THO below 10% and not to obtain a perfect sinusoidal current.

If it is possible to get a very low THO, new improvements could be possible by adding

deliberate distortion to the input current. Some options are shaping the current to get a

better efficiency or changing the range with which the switching frequency is varying.

When it is possible to get a very low THO for the input current, it is also interesting to look

at the behavior of the PFC for a distorted input voltage. The PFC could behave like a

resistor but it can also try to make a sinusoidal current, independent of the input voltage.

Resistive behavior is preferable since it contributes to the damping of the voltage

harmonics. This doesn't mean that a sinusoidal current is undesired. It will not contribute to

the damping of the voltage harmonics but it is also not introducing new harmonics. An

interesting control technique is Programmable Harmonic Resistance (PHR), described in

[12]. With PHR the PFC has resistive behavior, with an input resistance for harmonics that

can be chosen independent of the input resistance for the fundamental frequency. This

allows a higher damping of the voltage harmonics by choosing a low harmonic input

resistance.

2.4.2 Dynamic response of the voltage loop

As mentioned before, the bandwidth of the voltage control loop is very limited due to the

ripple of the output voltage. Many techniques can be found to improve the control

bandwidth by eliminating the voltage ripple of the feedback signal:

Filter the voltage error signal with a digital notch filter tuned at twice the line frequency [13].

A digital filter can have a high Q factor so this method is very suitable for implementation in

a microcontroller. The control bandwidth can be increased to about 40 Hz.

Instead of a notch filter, it is also possible to use a digital comb filter [14]. This should allow

for a small increase of the control bandwidth compared to the notch filter since it also

attenuates the higher even harmonics.

A digital regulation band method is proposed in [15]. It uses a dead-zone around the

reference voltage where the controller gain is low. Outside the dead-zone the controller

gain is high to improve the response speed. Both a fixed and adaptive dead-zone are

described. The experimental results show a settling time that is about three times faster.

Sample and hold of the output voltage at twice the line frequency, at a zero crossing of the

line voltage, is another method to eliminate the voltage ripple [16]. Due to the low sampling

rate the control bandwidth is limited. Sample and hold in combination with dead-beat

control gives a good performance and is described in [17]. When sample and hold at twice
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the line frequency is used in a microcontroller, the voltage control loop requires very few

calculations.

2.4.3 Digital control algorithms

The advantages of digital control were already mentioned in the introduction of this report

but of course there are also some disadvantages:

The control bandwidth is limited because of the sample and hold delays and computation

delays. Therefore algorithms that calculate a new Ton or duty cycle for every switching

cycle have the switching frequency limited by the speed of the microcontroller.

The resolution of Ton or the duty cycle is limited by the minimum time step of the timers of

the microcontroller.

A digital controller can be implemented as a digital equivalent of an analog controller as

was done in [18], but this does not utilize the advantages of digital control and suffers from

the disadvantages. With a microcontroller it is possible to use new control algorithms.

Predictive control could be interesting since this avoids problems with time delays. Dead

beat control is also interesting for its fast response time.

In [19] a dead-beat controller for the current loop of a boost converter in CCM is proposed.

The dead-beat controller calculates the duty cycle ahead of time in such a way that the

error is cancelled out after a fixed number of steps. This results in a fast dynamic response

for the inner loop. The controller needs less than half the processor resources compared to

a digitized two-loop PI control method.

Three predictive current control methods (valley, peak and average) are proposed in [20]

for a CCM PFC. It predicts the duty cycle d[n+1] based on d[n], the error of the current and

the input and output voltage. The current has to be sampled only once every switching

cycle. The reference current is achieved in two or three switching cycles. A method that

achieves the control objective in one switching cycle is proposed in [21]. It is a method with

a variable switching frequency: Ton is kept constant and Toff is adjusted such that average

current equals the reference.

A method for a CCM PFC that does not calculate a new duty cycle in every switching cycle

is the Stored-duty-ratio (SDR) method [22]. All duty cycles are determined off-line and

stored in memory. The only input that is needed is the line voltage synchronization. The

main disadvantage is the narrow range of operating points in which SDR works properly.

This can be solved with the method described in [23]. Here a predictive algorithm is used

that calculates all duty cycles for a half line period in advance. Input voltage feed-forward is

used to guarantee a sinusoidal input current under distorted input voltage conditions and

wide input voltage range. With this method a high switching frequency is possible using a

low-cost DSP.

2.4.4 Exchange information between the PFC and ballast controller

Integration of both the PFC controller and ballast controller in one microcontroller also gives

some new possibilities since both controllers can easily exchange information.
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When the lamp will be dimmed, this results in a higher output voltage of the PFC, which is

then corrected by the voltage control loop. A way to improve the controller performance at

load changes is to feed-forward the desired output power. Then the PFC can immediately

correct the input current for the new power level, which gives a much faster response. This

can easily be done when the ballast and PFC controller are integrated in one

microcontroller.

Another possibility is to let the ballast controller adjust the output voltage of the PFC, for

example to improve the efficiency or allow a lower dimming level. This option isn't very

useful for a boost converter because the output voltage always must be higher than the

peak input voltage. However, a combination of boost converter output voltage control

together with half bridge frequency or PWM control could get around the problem of

frequency dimming [5].



Philips Company Restricted

CONFIDENTIAL

- 19- B.G. Lighting Electronics

3 CURRENT DISTORTION OF A CRITICAL MODE BOOST PFC

A list of possible improvements was given in the previous chapter. Of these improvements, the

reduction of the THD by varying Ton is chosen. This chapter will give a detailed analysis of the

behavior of a critical mode boost converter. It will be shown that when Ton is constant, the

drain-source capacitance of the FET in combination with the filter capacitor after the rectifier

bridge is causing the distortion. Although the analysis in this chapter is based on constant Ton

control, it can also be used for a peak current controlled boost converter. The differences will

be explained.

3.1 CRITICAL MODE BOOST WITH CONSTANT TQM CONTROL

The basic boost converter circuit is shown in Figure 18. When the switch is turned on, the

inductor current increases linearly, assuming that the input voltage vin (t) =V;n sin(aJof) is

constant during the switching period:

diL (t) V in (t)
--=--

dt L

After a constant time Ton has passed, the switch is turned off and the current decreases

linearly:

diL (t) = vin (t) - Vout

dt L

As soon as the current has decreased to zero, the switch is turned on again. This results in a

high frequency triangular current.

L

+I------J

vin •
Rload

Figure 18: Boost converter circuit.

The low-frequency input current, that is, the average current of each switching period, is

found to be:

i. (t) = vin (t) T . (1)
l/l,avg 2L on

By keeping the on-time constant over one period of the line frequency, the filtered input

current will be a sine with the same frequency and phase as the input voltage. The resulting

current waveform was already shown in Figure 11.
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Figure 19 shows the boost converter with the drain-source capacitance of the switch (CdS)

and a filter capacitor after the rectifier bridge (Cf). Cf is needed to attenuate the ripple on the

rectified input voltage, caused by the high frequency switching of the converter. Cds

represents the internal capacitance of the switch. In practice there can also be a capacitor in

parallel with the switch to reduce the conducted emissions of the converter. In that case the

Cds in Figure 19 will be the sum of both.

L

yin •
Rload

Figure 19: Boost converter with filter capacitor Cf and drain-source capacitance Cds,

The above circuit was simulated using PSIM. PSIM is simulation software for power

electronics and control circuits. It uses the ideal behavior of parts like a diode or FET, not

models of real components. PSIM also contains many control elements like transfer

functions, comparators, gains, summers, zero order hold, lookup tables and logic elements.

This makes it very easy to simulate a power converter with different types of controllers.

The low frequency input currents for PSIM simulations of the boost converter with and

without the two capacitors are shown in Figure 20. Table 4 shows the parameters that were

used for the simulation. It can be seen that the peak amplitude is a little lower and that the

current is zero near the zero crossing of the line voltage. This gives a high distortion,

although the current looks very much like a sine. The distorted current shown in Figure 20

has a THD of about 12%.

-o.~.02 0.022 0.024 0.026 0.028 0.03 0.032 0.034 O.ll:!i 0.035 0.04
TIme (s)

Figure 20: Simulated input current for the PFC with (blue) and without (red) Cf and Cds for a

constant Ton.
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A 150VV;n

Vout 300V

Cf 300 nF

Cds 300 pF

L 3mH

Ton 151.1s

R10ad 32000
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Table 4: Parameters used for the PSIM simulation

3.2 INPUT CURRENT DISTORTION FOR CONTANT TON CONTROL

The distorted current waveform in Figure 20 can be explained by looking at the high

frequency currents. As can be seen in Figure 21 the input current is different from the perfect

triangles in Figure 11. This is because the two capacitors and the boost inductor form a

resonant circuit, depending on the state of the switch and diode. This will be explained below

by explaining what is happening at the points A-J of Figure 21.
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Figure 21: High frequency currents and voltages for the circuit of Figure 19.

For simplicity it will be assumed that:

- You! is constant.

- Vin(t) is constant: vin (t) = V;n .

- The switch is turned on at point D.

- The efficiency is 100% so there are no losses.

At point A the current has decreased to zero and in the case of the ideal boost converter, the

switch would be turned on at this point. However, V Cds =You! at this point so switching on the

switch would result in high switching losses. Furthermore, the point A cannot be detected

because of the way the input current is sensed. This is done with an extra winding at the

boost inductor, which means that not the current but the slope of the current is sensed. Zero

Current Detection (ZCD) is not triggered when the current is zero but when the slope of the

current is zero, which is at point B.
From point A to point C the active part of the circuit is as shown in Figure 22.
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> 1

.RIoael

(2)

Figure 22: PFC circuit from A to C.

In this period the switch is open, the rectifier bridge is blocking since VCI ;::: v'nand the diode

is blocking since VCds ~ Vout . What is left is a resonant circuit with Ct, L and Cds. The inductor

current is described by:

V. -V (iL(t) = In Lout sin lVrt) ,
lVr

with

1
lVr = ~LCr '

C = CICds

r CI+Cds

Note that C r ~ Cds when CI >> Cds so the resonance frequency does not depend on Ct.

At point C the resonance ends because the voltage over the switch is zero and the internal

diode of the switch starts conducting. Figure 23 shows the PFC circuit from point C to point

F. Assuming that the voltage ripple at Ct is small, the current at point C can be calculated

from (2):

diL (tJ = v'n - Vout (t) _ v'ncos lVr e - ,
dt L L

( v'n J 0lVrte = arccos ( . _ )' < lVrte < 1[,

v'n Vout

() v. - V t ( ) v. - V ( (V. JJiL te = In

lV
LOU sin lVrt = In out sin arccos ~n

r lVrL (v,n Vout )

(3)
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Rload
cds

D'--........--.---{>1--"----~
L

Figure 23: The PFC circuit from C to F.

At point D the switch should be turned on because VCds will be at its lowest voltage here.

When V;n ~ Vout /2, VCds = OV at point D. For higher values of Vin , VCds = 2V;n - Vout at point

D. This is called valley switching and results in low switching losses. Point D is after a half

period of the resonance that started at point A:

tad = 1!~LCr . (4)

Since detection of the zero crossing of the current occurs not at point A but at point B, the

switch should be turned on with a delay of ~LCr 1!/2 after point B. However, since the

switch is always turned on with a delay and at a negative inductor current when V;n ~ Vout /2 ,

the input current is distorted.

The current at point Dis:

iL (tJ = iL (tJ+ V;n (1! -arccos( ~n 1J. (5)
OJrL V;n Vout )

The current at point F can easily be determined. Since VCf ~ V;n from point A to point F, the

rectifier bridge blocks 50 the input current is zero. Assuming that there are no losses, the

energy in Cds at point A is the same as the energy in the inductor at point F:

1 2 1.2 ( )
-CdsVout =-L1L \!f '
2 2

iL ~f) = ~C: Vout .

The zero input current between point E and point F will also cause distortion. For a low input

voltage it is even possible that Ton is too short to let the inductor current reach iL(tf), which

results in zero input current near the zero crossing of the input voltage, as is the case in

Figure 20. At point F the rectifier bridge will start conducting and the active circuit becomes

as shown in Figure 24.
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DtT. . t
Cds <./

<> Rload
Cout, <",'>

(6)

Figure 24: The PFC circuit from F to G.

For the calculation of the current at point G it is assumed that VCf =Vin from point D to point

F. This assumption is valid when Cf is large enough to keep the voltage ripple at Cf from D to

F small. In that case, the current at point Gis:

.() .() VinT
ILtg = ILtd +- on

L

and

tdg =Ton' (7)

(8)

At low input voltages the voltage ripple at Cf will be relatively high. This will be ignored for

now but the effect of this can be seen later on when simulations with the Ton compensation

are done.

Figure 25 shows the PFC circuit from point G to point I. At point G the switch is turned off

and the parasitic capacitance will be charged until its voltage is equal to the output voltage.

Of the resonance between point G and point I it is given that:

di V () () v.- It starts at G with dt = Zand iLtg = iLtd + ZTon'

. di V. - V
- It ends at I with _ = In out.

dt L

The resonance frequency is: (J) =de:.
LCds

With this information the current at point I can be derived:

iL (tJ = ii (tJ-C;: Vout (Vout - 2V;J

and

tgi =
iz(t )+ V;;Cds
L~ g L

.~LCds' (9)
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Vin 0

L
D

-----t>t---I-i
+ ~ l~

cds r-'-'"

;....,. Rload
Cout, <",'>

Figure 25: The PFC circuit from G to I.

From point I to point J, power is transferred to the output. The circuit is shown in Figure 26.

The input power is equal to the output power since it is assumed that no energy is stored or

lost during a switching cycle:

i. (t) = i (t) Vout = ii (t) !..L Vout (10)
In out V 2 v:in ttot in

with

iL(tJL
L = .

fJ Vout - ~n

tlOI can be calculated from (4), (7), (9) and (11):

(11 )

(12)

L

Vin 0

D

Rload

Figure 26: The PFC circuit from I to J.

Formula (10) is used to write a Matlab script that calculates the input current. The calculated

average input current for a constant Ton is compared to the smoothed input current of the

PSIM simulation in Figure 27. Apart from a small phase shift, the currents are the same. This

phase shift is caused by Cf and will be discussed later.

I PSIM I
-Matlab

0.25

0.2

0.15

~
_&

0.1

0.05

0

0 0.002 0.004 0.00; oro; 0.01
Time (8)
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Figure 27: The low-frequency input current calculated by the Matlab script compared to the
current found by PSIM.

In the beginning of this paragraph, some assumptions were made. The consequences of

these assumptions are treated now. It was assumed that:

V9JJ! is constant:

The output voltage is not constant but has a ripple of twice the line frequency. The amplitude

of this ripple depends on Cout. The input currents of PSIM simulations with a very large ripple

on Vout and with a very small ripple on Vout are shown in Figure 28. It can be seen that a large

ripple on Vout does cause some distortion but much less than the distortion caused by the

short period of zero current. In this case the THO was increased from 11.6% to 12.6%.

Usually the ripple of Vout will be much lower than the 60V used in this example so the

contribution of this ripple to the THO will be small and therefore it was not modeled in the

Matlab script.

Yin is constant:

The input voltage is not constant but it is of course a 50 Hz sine. Because the filter capacitor

voltage follows the rectified input voltage, it is charged when the rectified input voltage is

increasing and discharged when it is decreasing. This causes the phase shift of the input

current as was seen in Figure 27 but again the distortion it causes is very small compared to

the distortion of the short period of zero current.

V;n ~ Voutl2 :

When V;n ~ Voutl2 some things are different at point O. iL(~) will be zero and Vcp(~) will be

larger than zero so there will be switching losses. As a result of this, i(tt) will be lower.

This means that for V;n ~ Vout /2 there is less distortion. Since the input voltage is a sine, V;n

will always be smaller than Vout /2 during a part of the period. Figure 29 shows the input

current for V;n,peak > Vout /2 compared to a current for V;n,peak ~ Vout /2. When the current is

0.1A, V;n =Vout /2 for the blue graph. It can be seen that at this point the input current slightly

changes.

04

03

0.2

0.1

-0.1

-0.2
'\

~

-0.3

-o~02=--=0-=022=-0::-:!.02=-4 """'0.:'=Q26=-0'""'.02lI=-:"0.-'c:-03---:0"".03CC-2 ---:0.034L..,----,0-=.la;.,---,-,'0.033~0.04·

Figure 28: Input current for large and small ripple on the output voltage
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Figure 29: The low-frequency input current calculated by the Matlab script for Vin,peak =Vout'1/2

and Vin,peak = Vout'2/3. Note that Ton for both simulations is not the same; they are chosen such
that the difference between the two waveforms is clearly visible.

3.3 INPUT CURRENT DISTORTION FOR PEAK CURRENT CONTROL

The difference between constant Ton control and peak current control is the condition to

switch off the switch. As explained in the previous paragraph, the switch is turned on at a

negative inductor current when constant Ton control is used and V;n < Vout /2. This means

that the inductor current at switching off is lower than when the switch is turned on at zero

current. This will not happen when peak current control is used. Then the switch will always

switch off at the desired current. Therefore it is expected that there will be less distortion with

peak current control when V;n < Vout /2 . For V;n > Vout /2 there should be no difference.

The distorted input current for a peak current controlled boost converter can be found with

the same analysis as was used for constant Ton control. The differences in the formulas are

shown in Table 5

Constant Ton control

tdg =Ton

Peak current control

i~g ) = i(td ) + I peak

Table 5: Differences between constant Ton control and peak current control

The difference between the current waveform for peak current control and constant Ton

control can be seen in Figure 30. Although the difference doesn't seem very large, the THD

is quite different: 11.3% for peak current control and 17.1 % for constant Ton control.



Philips Company Restricted

CONFIDENTIAL

- 29- B.G. Lighting Electronics

-lin for constant Ton

lin for lpeak control

- Reference for In

0.2

0.1

00 0.001 0.002 a.em 0.004 O.~ 0.006 a.do? 0.008 0.009 0.01
Time (s)

0.7

0.3

0.5

06

Figure 30: Difference between the input current for peak current control and constant Ton

control

3.4 COMPENSATION OF THE CURRENT DISTORTION

With the Matlab script that calculates (10), it is possible to determine how Ton should be

varied over time to compensate for the distortions. For a small time interval, Ton is varied until

the Ton is found for which the current equals the desired current in that interval. This is

repeated until the correct Ton for every interval is found. The Matlab script that calculates this

Ton(t) is included in Appendix A. The resulting Ton(t) is shown in Figure 31. With this Ton(t) the

current will be the same as for an ideal boost converter with a constant Ton. The dotted line

represents this constant Ton. To keep the switching frequency above 20kHz, Ton(t) is limited

to 40lJs.

3.5

2.5

1.5

0.5

00 0.001 0.002 0.lIl3 0.004 0.0Cl5 O.Wi 0.007 O.ooa OUll 0.01
Tim. (oj

Figure 31: Variation of Ton to compensate the input current distortion.
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Figure 32 shows the PSIM simulation results of the boost converter with constant Ton (green

line) and with the time-varying Ton(t) (red line) of Figure 31. The blue line is for a constant Ton

such that the input power is the same as for the red line. The THO is 2.6% for the red line,

15.2% for the blue line and 17.9% for the green line.

0.25

0.2

015

0,1

.Q05

.Q.l

-0.15

.Q,2

-0.25

- lin with the calculated Ton~)

iin Vtlith constant Ton

- i1n with a higher constant Ton

0,02 0,022 0,024 0,026 0.D28 0.03 0,032 0.034 OO:E 0,038 0.04
Time (5)

Figure 32: Input current for the boost converter with and without Ton compensation.

The compensated current still shows some distortions, which already were predicted. It can

be seen that near the zero crossing the current is a little higher because of the voltage ripple

at the filter capacitor. Since Ton(t) is limited to 40IJs the current is zero for a very short period

at the zero crossing of the input voltage. Nevertheless the THO is reduced a lot.

There is also a small phase shift caused by the filter capacitor. This phase shift can easily be

compensated by calculating Ton(t) such that the average inductor current is equal to a sine

wave minus the capacitor current:

iL,avg (t) = I sin(av)- Cf dv;t(t) = I sin(av)- CfOJO cos(OJot). (13)

The resulting Ton(t) is not symmetric as can be seen in Figure 33, which has consequences

for the switching frequency as will be shown later.

A phase shift does not directly influence the THO, except that the converter could try to make

a negative current at a positive voltage, which is not possible with a boost converter.
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1-

6

0.5

00 0.001 0.002 0.003 0.004 0.005 0.005 0.007 0.005 0.009 0.01
Timo ('l

Figure 33: Ton(t) that also compensates for the phase shift of C,

In a similar way the reference to obtain a sinusoidal current for peak current control can be

calculated. The resulting peak current reference is shown in Figure 34. The dotted line is the

ideal peak current reference, the blue line is the peak current reference that compensates

the distortions and the red line is the reference that also compensates for the phase shift.

PSIM simulations showed a similar result as for the Ton compensation, with a very small

difference near the zero crossing of the voltage because the on-time is not limited.

0.6

0.5

0.4
~

J 0.3

Figure 34: Peak current reference that compensates for the input current distortion (blue) and

phase shift (red)

3.5 ESTIMATION OF ToNill

Because the formulas of the Matlab model are way too complicated to let a microcontroller

calculate Ton(t) for a specific situation, it is tried to derive Ton(t) based on a simple estimation

of the input current. Although the formulas are complicated, the distorted current looks very
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simple, like a sine with a negative offset. This is shown in Figure 35. Therefore, it is

attempted to estimate the current by a sine with an offset:

iest (t) = I ampl sinewot) + I offset •

lpeak
0.25 ,-----r----.---r--~~~:--r----.---.--------,-___,

0.2

0.15

0.1

0.05

o

-0.05

loffset

-0.1 L...-....L.L_---l.-_...l.-_.l....-----'_----'--_--'---_.l..------'_----'
o 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0009 0.01

Figure 35: Estimation (blue) of the distorted current (red)

When the peak of the input current (Ipeak) and the time at which the input current becomes

larger than zero (tzc) are known, lampl and loffset can be calculated:

I ampl = I peak - I offset I

I peak sin(lUotzJ
I offset = . ( ) 1SIn wotzc -

Ipeak and tzc were determined with the Matlab model. The parameters that were used are:

Vout =400V, Cp =300pF I Cf =300nF, L =3mH. V;n and Ton are varied.
~

The resulting lampl is shown in Figure 36 for constant Ton and in Figure 37 for constant V;n.
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Figure 36: lampl as function of Vln for different values of Ton and their linear trendlines.
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Figure 37: lampl as function of Ton for different values of Vin and their linear trendlines.

Based on these graphs, it is assumed that lampl depends linearly on V;n and Ton:

lamp/ = ATonV;n + BV;n + CTon + D.

A, B, C and D are estimated from the graphs:

510 ~ 2
A=-, B=I·lQ ,C=O, D=4·1Q- .

3

Note that 510 ~ _1_. Varying L showed that A is proportional to 1/L so A = _1_ will be used.
3 U U
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~

The relation between V;n' Ton and loffset is shown in Figure 38 and Figure 39.

0
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___ Ton = 10us

Ton = 20us

Ton = 30us

Figure 38: loffset as function of Vin for different values of Ton.

o
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Yin = 300V

Ton (us)

Figure 39: lin as function of Ton for different values of Vin.

~

It can be seen that loffset remains almost constant when V;n is varied and changes slightly

when Ton is varied, especially for low values of Ton. To keep the formula of the estimated
~

current simple, it is assumed that loffset = -0.11, so not depending on V;n and Ton.
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i~, (t) ~ ((~~ + \·10-< )v", +4-10-2 )sine"'ot) - 0.11.

The goal is to find Ton(t) such that:

iest (t) = I peak sin(av),
with

A

~nToncI - '
peak - 2L

and Ton,c the constant Ton for the ideal boost converter. This leads to:

T () T - 2L .10-4 _ 2L 4.10-2 + 0.11 2L
on,est t = on,c A • ( ) A ,

~n sm mot V;n

which shows that Ton(t) is basically a constant divided by the input voltage, plus an offset.

In Figure 40 Ton,est(t) is compared to the Ton(t) that was calculated by Matlab. It can be seen

that this simple estimation gives almost the same result.

3.5

:§:
6

I- 2.5

1.5

, ':----:--=.--c::=--::-:':::-::-:':::-::-:=-=-=-=-=---=-=::-=-:'::::--::-lo 0.001 0.002 0.003 0.004 OUI5 O.IIE 0.007 0.0Cl3 0.009 0.01
lime (0)

Figure 40: Ton(t} (red) compared to Ton,est(t} (blue)

It is interesting that Ton,est(t) consists of two parts: the constant on-time Ton,c calculated by the

voltage controller and a time-varying part that compensates the distortion. This time-varying

on-time will be called Ton,m(t):

Ton,est (t) = Ton,c + Ton,m (t) .
The output voltage controller can be designed for an ideal boost converter. The Ton,c

calculated by the controller should then be added to Ton,m(t) and the converter behavior will

be almost identical to that of an ideal boost converter.

The formula for Ton,est(t) could be used by a microcontroller to calculate the on-time.

However, Ton.m(t) is not depending on the output current. Since the output voltage is usually

constant, this means that Ton,m(t) does not have to be recalculated when the output power

changes. Therefore Ton,m(t) can be stored in a look-up table so the Ton compensation is very

easy to implement in a digital controller, on condition that the zero crossings of the line

voltage are correctly detected.

Note that the difference between the lowest and highest Ton is very large, which could cause

major problems when the zero crossings of the line voltage are not correctly detected. Then
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Ton(t) will not be in phase with the line voltage and a very high Ton can occur at a point where

not much compensation is required, causing a high current spike. This could damage the

FET or inductor. For peak current control this is less problematic since the inductor current

can never exceed the highest reference value.

Using the compensation can also influence the zero crossing detection of the line voltage.

Without compensation the voltage at the filter capacitor will stay at a constant level when the

input current is zero, instead of following the rectified line voltage. With compensation the

voltage of Cf will not have this period of constant voltage. Depending on how the zero

crossings of the line voltage are detected, this could result in stability problems.

When Ton,m(t) is stored in a lookup table, there is a trade-off between the THD and the

number of values of Ton,m(t) that is stored in the lookup table. Simulations were done with a

half period of the line frequency divided in 50, 100, 200 and 1000 segments which equals

zero order hold at a sampling frequency of 5, 10, 20 and 100 kHz. The resulting THD is

shown in Table 6.

Number of THD

segments

50 5.1%

100 3.3%

200 2.6%

1000 2.5%

Table 6: The effect of the number of segments on the THO

For a low THD it is not needed to use much more than 100 segments. However, it is

important that the refresh rate of the current reference is not chosen too close to the

resonance frequency of the EMI filter.
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4 PFC BEHAVIOR FOR A DISTORTED LINE VOLTAGE

So far, it was assumed that the input voltage of the PFC is a perfect sine. However, in practice

it will be distorted. With the possibility to have a THO for the current that is lower than the THO

of the mains voltage, it is interesting to look at the behavior of the PFC for a distorted voltage.

The distortion of the mains voltage is mainly caused by the harmonic currents of non-linear

devices that are connected to it. These currents cause harmonic voltages because of the

mains impedance. The harmonic currents are dissipated in the mains impedance or in

resistive loads so the voltage distortion is a local problem. The preferred behavior for a device

connected to the grid is that it is not causing harmonic currents and preferably has resistive

behavior so it contributes to the damping of harmonics caused by other devices.

For the ideal boost converter without the two capacitors, the behavior can easily be derived.

When constant Ton control is used, the current will follow the shape of the voltage, so the PFC

has resistive behavior. For peak current control there are two options, depending on how the

current reference is obtained. When the voltage is used to make the current reference, the

PFC will have resistive behavior, like for constant Ton control. It is also possible to create a

sinusoidal current reference with for example a PLL. Then the current will always be a sine,

independent of the shape of the voltage. Such a sinusoidal current will not introduce new

distortions but it is also not contributing to the damping of voltage harmonics.

For a PFC with resistive behavior, the fundamental input resistance is identical to the harmonic

input resistance. This means that the contribution to the damping of the voltage harmonics is

depending on the input power of the converter and the harmonic input resistance cannot be

lower than the fundamental input resistance. A control algorithm with a harmonic input

resistance that is independent of the fundamental input resistance is proposed in [12]. The

programmable harmonic resistance (PHR) control strategy is shown in Figure 41. It allows to

set the harmonic conductance gh independent of the fundamental input conductance g1, with

g1 = gh - g'. It also contains a current controller and duty-ratio feed forward. Duty-ratio feed

forward is a method to improve the input current tracking. For a critical mode boost converter,

the current controller and duty-ratio feedforward are not needed but the algorithm can only be

used with peak current control.
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Figure 41: PHR control strategy (Source: [12])

In [12] the PHR algorithm is tested on a 1 kW boost converter in CCM and seems to work well.

Lighting could be a useful application for this algorithm because of the high total power of

lighting devices in a room or building. However, some problems can occur:

- The input power of a single lighting device is usually low so the input resistance is high. This

means that the EMI filter can have a significant influence on the functioning of the PHR

algorithm.

- In [12] the algorithm is tested on a CCM boost converter, so with a fast current control loop.

In critical mode the input current has some distortion, especially near the zero crossing of

the line voltage. This will also be the case for the harmonic currents.

- With a boost converter it is not possible to make a negative current but when the harmonic

resistance is much lower than the fundamental resistance it is possible that the current

reference becomes negative for a short period. This will cause harmonic currents.

- Usually not the AC input voltage is measured but the rectified input voltage. At low voltages

this is not equal to the amplitude of the AC voltage because of the filter capacitor. This will

cause some additional distortion.

Because of the above points, it is not certain how well the PHR algorithm will work. It is also

difficult to measure how well it works since there is no definition for the quality of the current

for a distorted input voltage. THO cannot be used since it only looks at the amplitude of the

harmonics. For a distorted input voltage it is important whether the current harmonics are in

phase with the voltage harmonics or not. A high harmonic current is actually preferred, as long

as it is in phase with the corresponding voltage harmonic.

To find out how well the PHR algorithm will work, it is tested on the prototype. The results are

shown in Paragraph 5.6.
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To test the compensation that was derived in Chapter 3, a prototype was built. The prototype

is a dSPACE controlled boost converter with an output power of 80 W. The sample frequency

of dSPACE is much lower than the switching frequency of the converter so additional

hardware had to be designed to be able to control the converter with dSPACE. More

information about the boost converter can be found in Appendix S, the control hardware is

described in Appendix C and the Simulink model of the controller can be found in Appendix D.

The prototype uses peak current control to be able to test the programmable harmonic

resistance algorithm. This control method also makes it easy to add distortions to the current

reference.

The input voltage and current are measured with a LeCroy Waverunner 6030 oscilloscope.

The input signal to the FET driver is also measured and used to calculate the switching

frequency. A Yokogawa WT1600 digital power meter is used to measure the THD, the

amplitude of the harmonics and the efficiency of the PFC. The AC voltage source is a

Spitzenberger and Spies mains simulation system in order that measurements with a distorted

input voltage could be done.

This chapter will start with the measurement results for standard peak current control with a

sine as reference and without any improvements. These results will be used as the reference

for the other measurements.

5.1 EXPERIMENTAL RESULTS FOR STANDARD PEAK CURRENT CONTROL

The input current that was measured for standard peak current control is shown in Figure 42.

It shows the typical period of zero current at a low input voltage and also the phase shift

caused by the filter capacitance. There is a current ripple after the zero crossing of the

voltage. The frequency of this ripple is about 5 kHz, which equals the resonance frequency of

the EMI filter inductor and filter capacitor:

1



Philips Company Restricted

CONFIDENTIAL

- 40- B.G. Lighting Electronics

i
.....•.•........! ! ; .

j :
j !

··_············1,······_· ······t·····_····························-t··_·_·_·_·· - _ .
j i

I I'" i····
.....................................; ,..·..·..·····..·..·..·..·..·..·..··..1····..·· ···..·····..· ·· 1··..······..·····..·· ·..·..·..··..·······..·········· + .

i i !
Measure
value
status

P1 :rms(C1)
231.4 V

~

•
P2:rms(C2j

359.8 rnA
~

A
P3:mean(F1 )

82.4W
~

P4:freq(C3) P5:mean(C2j

~
200 tn,Jdl'

I iJiJ MS ,)iJ MSls

P6:......

Figure 42: Input current for standard peak current control

The harmonics of the current were measured, they are shown in Figure 43. As can be seen

they are below the EN61 000-3-2 limit. However, the THO is 10.7%, which is above the

desired limit of 10%.
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Figure 43: Current harmonics for standard peak current control

In Figure 44 the measured current is compared to the current that is calculated by the Matlab

script. It can be seen that the calculated current is very close to the current that was
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measured. This means that the analysis of Chapter 3 is correct and that Cds and Cf are

causing the input current distortion of a critical mode boost converter.

0.6
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Figure 44: The measured input current compared to the current calculated with Matlab

The value of Cds is required by the Matlab script that calculates the input current. This value

is determined by letting the boost converter work in discontinuous mode and measure the

resonance frequency of the ZCD signal after the current has dropped to zero. This frequency

was 410kHz. Given that

27if = 1
~LCds '

this results in Cds ~ 220pF . Note that this value is higher than the equivalent output

capacitance of the FET, which is only 56pF [24]. This is because the boost diode and

inductor also have some capacitance. Therefore it is important to measure Cds like described

above and not use the value from the datasheet.

The switching frequency and on-time were also measured. The switching frequency is shown

in Figure 45 and is varying from 74kHz to about 185 kHz for an input current larger than

zero. During the period that the input current is zero, the switching frequency becomes much

higher. In this case it is limited by the minimum Ton and Toft and the switch-on delay that are

implemented in the control hardware, resulting in a maximum switching frequency of about

265 kHz. Note that the variation of the switching frequency is much smaller than the 1:5.3

ratio that can be calculated for the ideal boost converter [5].

The triangular ripple of the switching frequency that can be seen near t =1 ms and t =9 ms

is a result of the zero order hold of the current reference. When the peak current reference is

kept constant and the input voltage is increasing, the on-time will decrease and the switching

frequency will increase. At the point where the current reference steps to a higher level, the

switching frequency will step to a lower level.



Philips Company Restricted

CONFIDENTIAL

3. 10'

2.5

- 42- B.G. Lighting Electronics

0.5

o'----'------'-_...L..-----'---_'----'------'-_...L..-----'--------.J
o 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.003 0.009 0.01

Time (s)

Figure 45: fs for the prototype with standard peak current control

The on-time is shown in Figure 46. It is constant between t=2.5ms and t=7.5ms. As already

was shown in Figure 3D, peak current control and constant Ton control give identical results

for Vin > Voutl2 and this is confirmed by this measurement. Near the zero crossing of the line

voltage the on-time is slightly higher, which results in a THD that is a little lower than for

constant Ton control.
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Figure 46: Ton for the prototype with standard peak current control

5.2 COMPENSATION OF THE INPUT CURRENT DISTORTION

This paragraph will treat the experimental results of the compensation for the input current

distortion. The compensation is implemented as is explained in Appendix D. From the

dSPACE ControlDesk the current distortion compensation and phase shift compensation can

be enabled separately. The input current that was measured with the distortion

compensation enabled is shown in Figure 47.
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Figure 47: Input current for peak current control with distortion compensation

It can be seen that a large part of the zero current period has disappeared and that the

current is almost perfectly sinusoidal. The short period of zero current that is left is caused by

the phase shift of the current. The THD is 2.5%; the individual harmonics are shown in Figure

48. The 3rd and 5th harmonic are below 2% and the other harmonics are below 1% so the

compensation works very well.
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Figure 48: Input current harmonics for peak current control with distortion compensation
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The switching frequency for the prototype with the distortion compensation enabled is shown

in Figure 49, where it is compared to the switching frequency without compensation.

x 10·
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Figure 49: Cs with and without distortion compensation

As a result of the compensation, the current at low input voltages is higher and therefore the

switching frequency is lower. Near the peak voltage the current is slightly lower, so the

switching frequency is slightly higher.

The Ton was also measured. In Figure 50 it is compared to the Ton(t) that was calculated with

the Matlab script, using the same parameters that were used to calculate the peak current

compensation. It can be seen that the difference between both is quite small.
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Figure 50: The measured Ton(t) compared to the calculated Ton(t)
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5.3 COMPENSATION OF THE INPUT CURRENT PHASE SHIFT

When the phase shift of the current that is caused by Cf is also compensated, the input

current becomes as is shown in Figure 51. As can be seen, the current is now in phase with

the voltage. The current harmonics are shown in Figure 52 and it can be seen that all

harmonics are slightly lower than without the phase shift compensation. The resulting THO is

1.8%.
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Figure 51: Input current with compensation for the distortion and phase shift
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Figure 52: Input current harmonics with compensation for distortion and phase shift

The effect of the phase shift compensation of the switching frequency is shown in Figure 53.

Again fs is lower than for the measurement without any compensation but due to the phase

shift compensation it is no longer symmetric around t =5 ms.
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Figure 53: fs when using disturbance and phase shift compensation

5.4 CONSEQUENCES OF THE COMPENSATIONS FOR THE SWITCHING FREQUENCY

The experimental results from the previous paragraphs already showed that the

compensations influence the variation of the switching frequency over a half period of the line

voltage. This paragraph will show how the compensations can be used to manipulate the

variation of the switching frequency.

The distortion compensation has two effects. First of all, the current is no longer zero for a

short period near the zero crossing of the line voltage. During this period of zero current the

switching frequency was very high but with the compensation this high switching frequency

no longer exists. The second effect is that the compensation causes a lower maximum
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switching frequency and a higher minimum switching frequency. Especially for the highest

sWitching frequency the difference is quite large. The phase shift compensation resulted in

an asymmetric switching frequency: one of the peaks is increased while the other one is

decreased.

Since the THD of the compensated current is far below the limit of 10%, it is possible to add

a distortion to the current to manipulate the variation of the switching frequency. With the

maximum sWitching frequency at t =1.5 ms and t =8.5 ms and the minimum at t =5 ms this

can be done by adding a third harmonic to the current. Measurements have been done with

a third harmonic of about 10% and 30% added to the reference current. The current

waveforms are shown in Figure 54, the switching frequency variations are compared in

Figure 55.
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Figure 54: The input current when using the distortion compensation and a 10% (left) or 30%

(right) third harmonic added to the reference current
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Figure 55: fa without compensation (blue), with compensation (red), with compensation and
10% (green) or 30% (black) third harmonic

Figure 55 shows that the maximum switching frequency can be decreased a lot at the cost of

a higher THD. For the prototype the maximum switching frequency dropped to about 135

kHz by adding 10% third harmonic to the compensated current. Compared to the situation

without any compensation this is a large decrease of the maximum switching frequency while
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25

the THD is approximately the same. With 30% third harmonic the switching frequency

becomes almost constant and the current distortion still meets the EN61 000-3-2 limit as is

shown in Figure 56.
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Figure 56: Current harmonics for the current in Figure 54 (right)

A lower maximum switching frequency can be very useful if it drops to less than 150 kHz

since the limits for conducted emission are less strict below 150 kHz. This could lead to a

smaller EMI filter. If the maximum switching frequency was already below 150 kHz without

any compensation then it is possible to have a smaller boost inductance while keeping fs

below 150 kHz.

The phase shift compensation can also help to meet the conducted emission limits. Figure

53 showed that the variation of the switching frequency becomes asymmetric, with two

different maximum switching frequencies for a rising or falling rectified line voltage. When

making a histogram this leads to two lower peaks instead of one high peak as shown in

Figure 57. When the frequency difference between the peaks is larger than the bandwidth

that is used in the EMI measurements, this will lead to less conducted emission per

measured frequency band.
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Figure 57: Histogram of the switching frequency with and without phase shift compensation
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EMI measurements were done to see how the generated conducted emission can be

influenced. Note that the prototype was not in a metal housing and that the EMI filter is only

an inductor, not a complete 1r -filter. Therefore it is not expected that the measurements will

be below the limit. The measurements are only done to analyse the emission caused by the

switching frequency, therefore the results for f > 300 kHz will not be discussed.

The measurement with the standard peak current control is shown in Figure 58. The variation

of the switching frequency between 80 kHz and 180 kHz can clearly be seen. The quasi

peak measurements are done at 80 kHz and at 155 kHz. At 155 kHz it is 11.6 dB above the

limit. The reason that there is a step at 150 kHz is that for f > 150 kHz the bandwidth of the

measurement filter is increased. This clearly shows why it is preferred to keep the switching

frequency below 150 kHz.

The peaks at multiples of 10kHz are caused by the zero order hold of the peak current

reference at the sampling frequency of dSPACE but they are far below the limit, so it is not

giving any problems.
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Figure 58: EMI measurement for standard peak current control.
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The EMI measurement with the distortion compensation enabled and 10% third harmonic

added to the current reference is shown in Figure 59. It can be seen that the emission at 150

kHz is reduced a lot. An other effect of the compensation is that the emission between 20

kHz and 80 kHz has increased. This is because the switching frequency is going down

because of the distortion compensation, as was shown in Figure 49.
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Figure 59: EMI measurement with distortion compensation and 10% third harmonic

The effect of the phase compensation on the distortion can be seen in Figure 60. Now there

are two peaks visible in the distortion near 150 kHz. The quasi-peak measurements are at 90

kHz and 155 kHz. At 155 kHz it is 7.5 dB above the limit, which is a reduction of 4 dB

compared to the measurement without any distortion. This shows that it can be useful to

have an asymmetric variation of the switching frequency.
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Figure 60: EMI measurement with distortion, phase compensation and 10% third harmonic

Finally, the conducted emission with the distortion compensation and 30% third harmonic

was measured. In this case the switching frequency is almost constant. This leads to a

narrow noise band, as can be seen in Figure 61. The quasi-peak measurements are done at

105 kHz and 225 kHz. At 225 kHz it is only 4.9 dB above the limit, which is a difference of 6.7

dB with the quasi-peak measurement at 155 kHz for standard peak current control. In this

case it would also be possible to reduce the inductance of the boost inductor while staying

below a switching frequency of 150 kHz.

From the above measurements it can be concluded that digital control of the PFC can help to

reduce the conducted emission without making any changes to the hardware. At the cost of a

higher THD it is possible to move some of the EMI to lower frequencies, where the limits are

less strict.
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Figure 61: EMI measurement with distortion compensation and 30% third harmonic

5.5 CONSEQUENCES OF THE COMPENSATION FOR THE CONVERTER EFFICIENCY

The power losses in the converter depend on the RMS currents and the switching frequency.

Therefore it is expected that the compensation will influence the efficiency of the PFC. It

should also be possible to shape the current such that the losses are reduced.

The conduction losses of the boost inductor can easily be calculated when it is assumed that

the converter has ideal behavior. Then the RMS inductor current of a single switching period

can be derived:

I = I peak

L,RMS .J3'
The same can be done for the RMS currents of the FET and diode, with the difference that

the FET current is zero when it is turned off and the diode current is zero when the FET is

turned on:
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I peak ~
I FET,RMS = J3 vTonfs '

I I peak rr-r
D,RMS = J3 V.L off J s .

These RMS currents depend on the switching frequency, which is varying over time. In the

previous paragraph, it is already shown that in practice the variation of the switching

frequency is a lot lower than it would be in theory. Furthermore, the currents in the inductor,

FET and diode are not perfect triangles, as was shown in Chapter 3. Therefore, it is not easy

to predict how the compensation will influence the efficiency or what type of distortion should

be added to get a better efficiency. Some practical experiments are done to learn more about

how the losses can be influenced.

The measured losses of the converter without compensations are 3.16 W, which results in an

efficiency of 96.20%. Enabling the compensations also gave 3.16 W losses so the

compensation does not influence the efficiency. This is unexpected since both the switching

frequency and the RMS currents of the components are changed by the compensation. In

the period near the peak input voltage, where no zero-voltage switching is possible, the

switching frequency is increased when the compensation is enabled so the switching losses

are higher. This must mean that the total conduction losses in the components have

decreased by about the same amount as the switching losses have increased, or that the

changes are too small to be measured.

A third harmonic with 10% amplitude was added to the current since this changes the

switching frequency near the peak voltage. This resulted in 3.17 W losses and an efficiency

of 96.19%, which is a very small difference with the measurements without the third

harmonic. When the third harmonic has a 1800 phase shift, the efficiency is again 96.20%.

To increase the switching losses, a 220 pF capacitor was placed parallel to the FET and the

compensation is calculated for Cds = 440 pF. Although the extra capacitor causes a slightly

lower switching frequency (the switch-on delay has to be larger to realize valley switching),

the switching losses should be almost twice as large with this larger Cds. The result is an

efficiency of 96.10% and again the efficiency did not change when the compensations were

enabled or disabled and a third harmonic was added. Therefore, it can be concluded that the

contribution of the switching losses to the total losses is very small.

A similar experiment was done for the conduction losses of the FET. A 10 n resistor is

placed in series with the FET to increase the conduction losses in the FET. The ~s,on of the

FET is 1 n and the current sense resistor is 0.4 n so the total resistance has increased from

1.4 n to 11.4 n, which means that the conduction losses due to the FET current are about

eight times larger. The resulting efficiency is 95.2%, which is 1% lower than without the extra

resistor. With a third harmonic of 10% the efficiency drops to 95.1 % and when the third

harmonic has a phase shift of 1800 the efficiency becomes 95.3%. This means that the third

harmonic with 1800 phase shift gives a lower RMS current for the FET. However, for a typical

Rds,on, this improvement is cancelled by other negative effects that are caused by the added
distortion.
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Another method that could lead to lower losses is leaving the switch off near the zero

crossing of the line voltage. The idea behind this is that the largest part of the power transfer

is done near the peak of the line voltage, which means that the amplitude of the current is

almost not changing when there is no input current near the zero voltage crossing.

Furthermore, Chapter 3 showed that at a low input voltage, a large current variation is

needed to get a small average current. This means that the conduction losses near the zero

crossing of the voltage are high compared to the power that is transferred.

In Figure 2 and Figure 3 two different current waveforms with a period of zero current were

compared. The waveform of Figure 3 resulted in a lower THO for the same period of zero

current, so it is possible to leave the switch off for a longer period while keeping the same

THO. This waveform can be realized by enabling the distortion compensation and leaving the

switch off near the zero crossing of the voltage. The maximum off-time resulting in a THO of

less than 10% is 1.8 ms and results in an efficiency of 96.35%. The losses have decreased

from 3,16 W to 3.03 W, which is a reduction of about 4%.

From the above experiments, it can be concluded that optimizing the current waveform for a

better efficiency is rather difficult. A distortion that is added to the current reference will

change both the switching frequency and the RMS currents in all components and there are

no simple formulas to describe this.

An overview of all efficiency measurements is given in Table 7.

Distortion Phase 3rd harmonic Gate blanking Power losses Efficiency
compensation compensation (ms) (W) (%)

0.0 3.16 96.20
x 0.2 3.16 96.20
x x 0.2 3.16 96.20
x x +10% 0.2 3.17 96.19
x x -10% 0.2 3.16 96.20

1.0 3.13 96.24
x x 1.8 3.03 96.35

With increased Cds
Distortion Phase 3rd harmonic Gate blanking Power losses Efficiency

compensation compensation (ms) (W) (%)
0.0 3.25 96.10

x 0.2 3.25 96.10
x x 0.2 3.25 96.10
x x +10% 0.2 3.25 96.10
x x -10% 0.2 3.25 96.10

With increased Rds,on
Distortion Phase 3rd harmonic Gate blanking Power losses Efficiency

compensation compensation (ms) (W) (%)
x x 0.2 4.04 95.20
x x +10% 0.2 4.12 95.10
x x -10% 0.2 3.95 95.30

Table 7: Overview of the efficiency measurements
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5.6 EXPERIMENTAL RESULTS FOR A DISTORTED INPUT VOLTAGE

This paragraph will treat the behavior of the PFC for a distorted input voltage. Measurements

are done with an input voltage that has 10% i h harmonic. The input power of the PFC at the

i h harmonic is measured as an indication for the resistive behavior. Measurements are done

with a sine and with the shape of the voltage as the current reference. The PHR algorithm is

also tested.

The input current for the distorted voltage with a sine as current reference is shown in Figure

62. It can be seen that the current also contains a i h harmonic, with a large phase shift of

about -80 0
• The input power at the i h harmonic is 0.06 W, which means that R7 ~ 9kQ so

the input resistance is high. Therefore the i h harmonic of the input current is mainly caused

by the LC filter.

Measure Pl :rms(Cl)
valua 229.2 V
status ~--

P2:rms(C2) P3:maan(Fl)
355.3 rnA 80.1 IN

~ ~

P4:freq(C3) P5:maan(C2) P6:- --

-Figure 62: Input current for a distorted input voltage and a sine as current reference

The same experiment is done with the distortion and phase compensation enabled. The

resulting current waveform is shown in Figure 63. These compensations are only

compensating for the distortion of the fundamental frequency so it is not expected to have

much influence on the harmonics of the input current. The harmonic currents are shown in

Figure 64. It can be seen that the 7th harmonic in the voltage is almost not influencing the

other current harmonics. However, the input power at the 7th harmonic increased to 0.25 W,

which means that R7 ~ 2.1kO. This means that the PFC always has some harmonic

resistance, even for a sinusoidal current reference. The harmonic resistance is lower than

when no compensation is used. This is because without using the compensation, the total

harmonic current is the sum of the current caused by the distorted voltage and the current

caused by the distortion described in Chapter 3.
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........ PI :nms(Cl)
value 229.1 V
status ~--

"-
P2:rms(C2) P3:mean(Fl)

351.2 rnA 79.9 W
~ ~

P4:1Teq(C3) P5:mean(C2j P6:---

Figure 63: Input current for a distorted input voltage with the distortion compensation enabled

I-In (%1 with a sinusoidal input voHage

- In (%1 wHh a distorted input voltage
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Figure 64: Current harmonics of the current in Figure 63

The next measurement is done with a current reference that has the same shape as the

measured input voltage, so it should have resistive behaviour. The resulting current

waveform is shown in Figure 65. It can clearly be seen that the phase shift of the current is

reduced a lot. The input power for the 7th harmonic is now 0.65 W, which means that

R7 ~ 8200. This is quite close to the input resistance for the fundamental harmonic, which is

640 Q. Because the rectified input voltage is used as shape for the current, while the

compensation is based on a perfect sine as current shape, some distortion is introduced at

higher harmonics. This can be seen in Figure 66.
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Me_re P1 :rms(C1)
..Iuo 229.2V
status ."--

P2;rms(C<l P3:mean(F1)
351.4 rnA BO.1 W

'" '"
P4:freq(C3j P5:m.an(C:/J P6;- --

-Figure 65: Input current when using the input voltage as current reference and the
compensation enabled
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1-In (%l with a sinusoidal input vo~ageI
- In (%1 with a dislortod input voltago

M 1/1 !:. t. A A A A A ..... ~
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Figure 66: Current harmonics of the current in Figure 65

To test the PHR algorithm, the harmonic input resistance is set to half the fundamental input

resistance. The resulting current is shown in Figure 67, the harmonics of this current are

shown in Figure 66. The input power at the i h harmonic is now 0.77 W, so R7 ~ 675Q. This

is a reduction compared to the measurement without PHR, but the difference is smaller than

expected. A possible explanation for this is that the peak current reference is lagging the line

voltage because of the filter before the AID converter and the calculation time of dSPACE,

while the input filter also causes a phase shift. Therefore, the PHR algorithm cannot work as

well as would be possible.
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P6:---P5:mean(C~P4:lI'eQ(C3)P3:mean(Fl )
BO.1 W

~

P2:rms(C~

351.2mA
~

Pl:rms(Cl)
229.2 V

~

Measure
value
status--
Figure 67: Input current when using PHR, with Rh =0.5 * R1
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Figure 68: Current harmonics of the current in Figure 67
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The objectives of the graduation work were to investigate what new features and

improvements would be possible when using digital control for a critical mode boost PFC, and

to implement one of the improvements using dSPACE.

Of the many possible improvements that are mentioned in Chapter 2, the reduction of the THO

of the input current was chosen as the main subject. A boost converter with constant Ton

control or peak current control has a relatively high THO. This distortion is explained by adding

two capacitors to the ideal boost converter circuit. The effect of these two capacitors is

analyzed and the resulting formulas are used for a Matlab script that calculates how Ton should

be varied over time to compensate for the distortion. A similar compensation is also found by

using a simple estimation of the distorted current. This showed that the Ton compensation is

not depending on the output power, which allows for a very simple implementation in a

microcontroller.

A dSPACE system was used to test the new control algorithms. To be able to control a boost

converter with dSPACE, additional control hardware was designed. dSPACE proved to be a

useful tool for testing digital control methods since it is not needed to write software for the

microcontroller and it is easy to find errors. It also allows simple real-time changes such as

enabling/disabling a compensation or changing the amount of distortion that is added to the

reference current.

Measurements with the prototype confirmed that the compensation works. The THO is

reduced from more than 10% to less than <2%. This means that the distortion is indeed

caused by the two capacitors.

With the low THO of the compensated current, it is possible to deliberately add distortion to the

current to improve other properties of the converter, while staying within the THO limits. One

improvement is a reduction of the switching frequency variation by adding a third harmonic to

the input current. This gives a large reduction of the switching frequency variation, which can

help to meet the limits for conducted emission. It is shown that digital control allows to move

some of the conducted emission of the PFC to lower frequencies, where the EMI limits are

less strict. It is even possible to get a close to constant switching frequency while staying

within the official limits for current distortion.

Another possible improvement is to shape the input current such that the efficiency of the PFC

is improved. A small reduction of the losses was realized on the prototype but it is difficult to

find the optimal current shape since a change of the current waveform has a different effect on

the losses of each component.

Finally, the behavior for a distorted input voltage is analyzed. The preferred behavior for

voltage harmonics is a low input resistance. It was tried to achieve this by using a

programmable harmonic resistance algorithm, but this did not work as well as expected.
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Below is a list of recommendations for future research:

- In Paragraph 2.4, many improvements for a digitally controlled PFC were listed. Most of

these improvements were not implemented on the prototype but they can be very useful

for a digitally controlled ballast.

- The distortion compensation requires synchronization with the line frequency. On the

prototype, this is done with a PLL, but when a microcontroller is used a simpler

synchronization method that requires fewer calculations would be preferred. However, it

must be reliable, especially when Ton control is used, because when the Ton compensation

is not in phase with the line voltage, large current spikes can occur which could damage

some components.

- It was attempted to improve the efficiency of the PFC by adding distortions to the current

reference. This did not result in a large improvement, mainly because it is very difficult to

find the optimal current waveform. It would be interesting to find an accurate estimation of

the losses in the different components, based on the non-ideal behavior of the boost

converter that was explained in Chapter 3.
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Ton_modulation.m calculates the Ton,m that has to be added to Ton,c to get a sinusoidal current,

based on the given Vou" Vin,peak, Cf, Cp and L.

% Ton modulation.m

% It 15 assumed that the Ton modllJ.ation for compensa't:ing the eff:ects of the

% filter capacitor and parasitic switch capacitance can be written as:

% Ton(t) = Ton,c + Ton,rn(t)

% Ton,c is the constant Ton of an ideal boost converter, Ton,m(t) lS the

% Ton needed to compensa te Lhe d:i.s"t~ortions caused by the capacitors.

Vout=300;

Vinpeak= 150;

f=50;

L=3e-3;

Cf=300e-9;

Cp=300e-12;

% Output voltage of the PFC in Volt.

% Ampli tude of the input vol"t~age in Vol t.

% Frequency of the input voltage in Hertz.

% Inductance of the boost inductor in Henry.

% Capacitance of the filter capacitor ln Farad.

% Parasitic capacitance of the switch in Farad.

Tonref = 10e-6; % The modulation is calculated for the reference current

% that corresponds with this Ton.

TonUpLimit = 40e-6; % Upper limit for Ton,m

Cr=Cp*Cf/(Cp+Cf);

K=1000; % number of steps in time

M=10; % The lookup table will be stored in KIM steps. KIM has

% to be arl integer.

t = [0:1/(2*f*K):1/(2*f)];

Yin = sin(2*pi*f*t)*Vinpeak;

Iref = Vin.*Tonref/(2*L);

Ton (l)=TonUpLimit + Tonref; ~i5 To prevent. a divide by zero.

Ton (1001)=TonUpLimit + Tonref; :"i5 To prevent a divide by zero.

for x=2:1ength(t)-1

Tonlower=Tonref;

Tonupper=TonUpLimit + Tonref;

N=10; ~~ ~-lurnbe:r. of st.eps teO refi.ne Tort ..

% Nand TonUpLimit should be matched with the

% mic.rc)controller frequency .. I.n. t_h:i.s ca.se the m.inimurn

% timsstep is 40e-6 * 2~-10 = 4e-8,

r~ whicfi. corresponds t.o 251'1;.Hz.

for y=l:N

Ton(x)=(Tonupper-Tonlower)/2 + Tonlower;
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if Iin_avg<Iref(x)

Tonlower=Ton(x);

end

if Iin_avg>Iref(x)

Tonupper=Ton(x);

end

end

end

Ton = Ton - Tonref;

- 64- B.G. Lighting Electronics

% Save Ton in K!M steps in the file I~T Ton.tbl.

Ton_LUT = [t(l:M:K+l);Ton(l:M:K+l)] ';
dlmwri te (' LUT Ton. tbl', Ton_LUT, 'newline', I pc')

figure(4)

plot (t, Ton, 'b' )

hold on

APPENDIX A2: CALCCURRENT.M

CalcCurrent.m calculates the average input current over one switching cycle, including the most
important effects of Cf and Cp as described in this document.

% CaleCurrent.m

te=aeos(Vin(x)/(Vin(x)-Vout))/pi;

Ie (Vin(x)-Vout)*sqrt(Cr/L)*sin(te*pi);

Id Ie + Vin(x)*(l-te)*sqrt(L*Cr)*pi/L;

If Vout*sqrt(Cp/L);

Ig Id + Vin(x)*Ton(x)/L;

A sqrt(IgA2 + (Vin(x))A2*Cp/L);

Z = (L/Cp)*AA2 - (Vin(x) - Vout)A2;

Z = Z* (Z>O) ;

Ii = sqrt(Z) / sqrt(L/Cp);

Tad pi*sqrt(L*Cr);

Tdg Ton (x) ;

Tgi (pi-asin(Ii/A) - asin(Ig/A)) * sqrt(L*Cp);

Tij Ii*L/(Vout-Vin(x));

Ttot = Tad + Tdg + Tgi + Tij;

Iout avg = (Ii/2) * (Tij./Ttot);

Iin_avg Iout_avg*Vout/Vin(x);
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APPENDIX B: BOOST CONVERTER SCHEMATIC AND PART LIST

The boost converter that is used for the measurements is the EVAL6562N BOW demo-board of ST.

This demo-board is designed to demonstrate the ST L6562 PFC controller. For the measurements

the L6562 was replaced by the dSPACE controlled hardware, which is described in Appendix C.

The schematic and part list of the demo-board are shown in Figure 69 and Table B. There is an

inductor of 2 mH placed in series with the converter to suppress the input current ripple.

40011
OW

01 NTC
T1

l -J .. ........

~~
D!l 1i R1o$ ~. 'WI-

~ R11 Po-9.. • ~ C23
- II

~~ 02 R51""

-- R12
Rl R6 fl R5

R5 -.:- ..
+rusE

"~' Cl::- R:2 6 5 2 1-- " L6562 ~ 16ill: 3 7 ~~J"""I 01 ::C$
26.5\f) 6 4 R6.....~

~

C29:;::C4:~ :
~

R3 :C2
C7··

"T 1\9 R10 1\13

.~ -

..

\J
(l!5V1o

Figure 69: EVAL6562N schematic [25]

R1 750ko 1% R14 1000,5% C6 47J.LF. 450V
R2 750ko 1% R15 shorted C7 N.A.
R3 10ko 1% R50 12kO cn 330nF

R4,R5 180k05% R51 N.A. C29 22f.LF,25V
R6 68k05% NTC 2.5 01 STIH1L06

R7 330 Cl O.47J.Lf 400V 02 1N52488

R8 47kn C2 10nF 08 1N4148
R9,R10 0.82a. 0.6W C3 0.681lF Q1 (T0220) STP8NM50

R11, R12 750kn,1% C4 100nF BRIDGE DF06M

R13 9.53kQ.1% C5 12nF FUSE 4AJ250V

T1: Boost Inductor Spec (ITACOll E25431E)

• E25x13x7 core, 3CB5 ferrite

• 1.5mm gap for 0.7mH primary inductance

• Primary: 105 turns (20 x 0.1 mm)

• Secondary: 11 turns (O.lmm)

Table 8: EVAL6562N part list [25]
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The STP8NM60 is replaced by an STP6NK60 after it broke down.

Two modifications were done to the demo-board:

- Pin 1 is connected to pin 2 to prevent any influence of C23, C3 and R5 on the measured

voltage over R13.

- A 10kO resistor is placed parallel to R6. This is done to get a quicker zero-current detection.

Without this extra resistor the switch was turned on at the second zero current detection

instead of the first one over a part of the low-frequency cycle, which caused steps in the

input current.

APPENDIX C: CONTROL HARDWARE

This appendix describes the hardware that was made to control the boost converter with dSPACE.

The dSPACE system that is used is the DS1104 with a CP1104 connector panel. Since the sample

frequency of dSPACE is too low to directly control of FET, additional hardware is needed. This

hardware should switch on the switch at zero current detection and turn off the switch when the

current has reached a peak current reference that is set by dSPACE.

The circuit contains a flip-Hop and driver (TC4427) to switch the FET on or off. The flip-flop is set at

zero-current detection and reset when the FET current reaches the reference value from dSPACE.

The schematic is shown on the next page. An external power supply is used to power the circuit to

allow testing at low input voltages. As a result of this the gate losses are not included in the losses

and efficiency that were measured.

Some functionality has been added to the circuit:

- dSPACE can force the switch to be turned off. This gate blanking signal is connected to pin 2

of the slave 110 port. During normal operation this pin must be high.

- A restart timer will let the switch go on after it has been off for 40l-ls. This is for start-up after

the gate blanking signal has been low or when the power is connected. It was also useful

for testing the circuit.

- When the switch is turned off, the ZCD signal will be ignored for a short period to prevent that

the switch is immediately turned on by switching noise causing a false ZCD trigger. This

means that there is a minimum off-time.

- After zero-current is detected, there is a short delay to realize valley switching. This is shown

in Figure 71: the switch is turned on when the drain-source voltage has dropped to the

lowest level, not when zero-current is detected.

- When the switch is turned on, the output of the comparator will be ignored for a short period

to prevent that the switch is immediately turned off by switching noise so there is a

minimum on-time.

- The AID converters of dSPACE can be triggered by an external signal via pin 23 of the slave

110 port. This is very useful because without using the external triggering, the AID

converter sampling frequency and PFC switching frequency are independent of each

other. This means that the AID converter could sample at the same moment that the PFC

is switching, which causes disturbance of the AID conversion result. To prevent this, the
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signal that is used for the minimum off-time is also used to trigger the AID conversion so

they are sampled with a short delay after the switch is turned off. A disadvantage is that

the AID converters are not sampled as long as the boost converter is not switching but the

conversion result is improved a lot. A flip-flop is used as inverter so no extra inverter IC

was needed.
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Figure 71: Vds (C1), flip-flop output (C3) and ZCD signal (C4)

APPENDIX D: DSPACE I SIMULINK MODEL

The implementation of the control algorithms is done with dSPACE. The strength of dSPACE is

that is allows direct access to AID and D/A converters, PWM units and digital I/O from a Simulink

model. This means that when a controller is simulated in Simulink with a model of the converter,

this model can simply be replaced by the real converter and measurements can be done. For

predevelopment this is very useful since it is not needed to write control software for the

microcontroller. Furthermore it is very easy to make changes since many parameters like gains

and constants can be changed real-time with ControlDesk. ControlDesk can also show all signals

at the input or output of a Simulink element. This makes it very easy to track problems. There are

some limitations though. For a converter with variable switching frequency, the sampling frequency

of dSPACE is way too low to directly control the FET so additional hardware is needed. For a

converter with a fixed switching frequency the PWM units of the slave DSP of the dSPACE system

can be used. However, the resolution for the duty cycle will be low for high switching frequencies

because the slave DSP operates at only 20 MHz.

The top layer of the Simulink model that is used with dSPACE is shown in Figure 72. It contains

the boost converter and four subsystems to generate the peak current reference for the boost

converter. Basically there are two modes of operation. When the zero crossings of the input

voltage cannot be detected properly, the normalized input voltage will be used as reference for the

current shape. In normal operation the reference current is a sine that is in phase with the input
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voltage and it is possible to add distortions to the reference current or to enable the distortion

compensation.

Master Sync 10 Setup

lampl

Output voltage
controller

Compensation
10r improved THD

Ipeakfll (mil) lA>ut

Boost Converter

'-------------lLock D/l

'--------+----~---------__1\A"..Ph ••e

'-----------------I\An_OOnh

Ze ro crossing
deteation

Figure 72: Top layer of the Simulink model

BOOST CONVERTER SUBSYSTEM

The boost converter subsystem is shown in Figure 73. It contains the connections to the hardware.

The input voltage and output voltage are measured with the 12-bit AID converters of the DS11 04.

The AID conversions are triggered by an external signal to make sure that conversions only occur

when the converter is not switching. The 12-bit AID converters are chosen because they are not

multiplexed like the 16-bit AID converter and have a shorter conversion time. This means that the

conversions take place with the shortest possible delay after a rising slope of the external

triggering signal.

1

Ipeak_ref (rnA)

2

Blanking 0/1

Vout

2

Vin
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For each AID converter there are two gains. The AID converters have an input voltage range from

-10 V to +10 V while the output of the ADC block in Simulink is -1 to +1. The first gain multiplies

the ADC output by 10 to get the voltage that is measured. The input and output voltage are

measured with a voltage divider as shown in Figure 69. The second gain calculates the input or

output voltage from the measured voltage. For the input voltage this gain is:

Gain Vin =( R1 J-
1

=15I.
- R1 +R2 +R3

And for the output voltage:

Gain Vout = ( Rll J-
1

= 158.4.
- R11 + R12 + R13

The full range from -10 V to +10 V is not used. With a maximum measured voltage of about 2.5 V

the effective resolution is about 9 bits.

The reference current is sent to the hardware by a 16-bit D/A converter. The output voltage range

is -10 V to +10 V. There is no voltage divider between the D/A converter and the comparator so

the voltage at the comparator is equal to the output voltage of the D/A converter. For a maximum

peak current reference of 1 A, the maximum reference voltage at the comparator should be 400

mV due to the 0.4 n current sense resistor. In that case, the effective resolution is 10 bits.

To prevent high currents or steps in the reference current, a saturation block and rate limiter block

have been added.

ZERO CROSSING DETECTION SUBSYSTEM

This block detects the zero crossings of the input voltage and is shown in Figure 74. Since the

rectified input voltage is measured, the zero crossings cannot be detected directly from the

measured signal because it never drops to zero. To solve this, a phase locked loop (PLL) is used

that locks at 100Hz. The PLL is shown in Figure 75. The amplitude of the input voltage is scaled to

1 to make the loop gain of the PLL independent of the input voltage amplitude. The outputs of the

zero crossing detection subsystem are the scaled input voltage ('Vin_norm'), the lock indicator

('Lock 0/1') and the time that has passed since a zero crossing has been detected ('Vin_phase').

'Vin_phase' can be used by other subsystems to generate a sine wave or to read values from a

lookup table.
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PLL1

3

1

Lock 0/1

Hit Crossing

Lock 0/11-----------111>{Divide1 Saturation

Constant1

Figure 74: Zero crossing detection of the line voltage

The PLL has no phase error because there is an integrator in the loop. The detected zero

crossings are not in phase with the real zero crossings because of the delay caused by the input

voltage filtering. To compensate this a phase offset is added.

A lock detector is implemented to be able to use a simple control algorithm in case that the PLL

cannot lock. This was mainly done to be able to debug the PLL during testing but it is also needed

for start-up since the PLL needs some time to get in lock.

Transfer Fcn1

Constant

Phase offset (rad)

this offset cancels the delays caused by filtering Yin

Figure 75: PLL used for synchronization with the line voltage
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Instead of a PLL that locks at the 100 Hz of the rectified line voltage, it is also possible to

reconstruct the line voltage and let the PLL lock at 50 Hz. The line voltage can be reconstructed by

inverting the rectified input voltage at a threshold voltage. This method is used in [12]. It was also

tested on the prototype but was not very reliable. When no compensation is used, the measured

voltage at the filter capacitor will stay constant from the moment that the current becomes zero.

Therefore the threshold voltage has to be quite high, especially when testing with a reference

current that has a large period of zero current. It frequently happened that an inversion was missed

or that two inversions occurred, which brings the PLL out of lock. The PLL at 100 Hz is more

reliable since it is not depending on a reconstruction algorithm.

OUTPUT VOLTAGE CONTROLLER SUBSYSTEM

The output voltage controller is an integrator with anti-windup and is shown in Figure 76. The

output voltage error is regulated to zero by the integrator. The output of the controller is the

amplitude for the reference current. Note that this controller was not designed to give a fast step

response since a faster control loop will introduce a third harmonic in the input current.

Gain

Figure 76: Output voltage controller

DISTORTION SUBSYSTEM

The distortion subsystem shown in Figure 77 creates the shape of the current. It uses 'Vin_phase'

to calculate a 50 Hz, 150 Hz and 250 Hz sine, which are multiplied by 'Iampl'. The goal of this

subsystem is to add desired distortions to the 50Hz sine to improve a property of the converter

such as the efficiency or switching frequency variation. Gain_150Hz and Gain_250Hz can be

changed from the ControlDesk to add a third or fifth harmonic to the current.
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lamp I Product

x
Iref

Figure 77: Distortion subsystem

COMPENSATION SUBSYSTEM

The compensation subsystem is shown in Figure 78. The compensations for the peak current are

stored in lookup tables. One table compensates for the effect of the drain-source capacitance, the

other compensates for the phase shift of the filter capacitor. Both compensations can be enabled

or disabled independently by changing the gain from a to 1 from the ControlDesk.

The compensation subsystem also contains the gate blanking function. This is mainly used to

prevent that a large on-time near the zero crossing of the line voltage triggers a resonance of the

filter capacitor and filter inductor. The difference can be seen in Figure 79.

Both the gate blanking and the compensations can only be used when the PLL of the zero

crossing detection is in lock.
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Figure 78: Compensation subsystem
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Figure 79: The input current without (left) and with (right) gate blanking near the zero crossing of the
line voltage
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