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ANALYSIS AND IMPLEMENTATION OF RIPPLE CURRENT CANCELLATION

TECHNIQUE FOR ELECTRONIC BALLASTS

MARIUS G. MARITA

ABSTRACT

This thesis evaluates the effect of the Ripple Current Cancellation Technique on a
particular Boost Power Factor Correction Converter of electronic ballasts for lighting
industry. The design and analysis of a universal input 150-Watt boost power factor
correction converter with the ripple current cancellation circuit is presented. In addition a
simulation model is developed using Cadence-PSPICE and its results compared with the
bench model. An EMI filter designed for the 150-Watt boost with ripple current
cancellation is described to satisfy the Federal Communication Commission (FCC)

regulations.
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CHAPTER 1

LITERATURE REVIEW

1.1 Introduction

The demand for more reliable and more compact electronic ballasts for lighting
industry has increased in the past years. Companies and individuals spend a lot of their
research on studying different topologies of switch-mode power supplies that can be
implemented in electronic ballasts, making them more reliable and more compact.

Power supplies are used in providing the load with a constant voltage, current, or
power, while the input voltage and load resistance change. The topologies used for
switch-mode conversion vary up to about seven different methods. Their effects on the
load as well as the problems they cause on the input line are diverse.

Most of the topologies used in switch-mode conversion provide the output with a
constant voltage. This constant voltage has some ripple due to the converter storage
components, and this causes problems for some applications. The output ripple is mostly

controlled by the filter capacitor, which can be increased such that more ripple current



will be bypassing the load through the capacitor. But the capacitor size increases as its
capacitance value goes up and so does the size of the converter.

Another problem occurs when the input current waveform drawn from the source
is distorted due to the high frequency switching of the converter as well as the input
capacitor. This causes the apparent power, which is unnecessary for the load to be high
and causes the current drawn from the line to be distorted.

Besides the distorted current waveform of the source, there is a lot of high
frequency noise that is reflected back to the line, called conducted Electro-Magnetic
Interference (EMI). One of the causes of this type of noise is due to the switching losses
associated with the switch and the diode of the converter. When the switch or diode
changes states from on to off or vice versa, this change cannot occur instantly and there
are some losses associated with it. Forcing the switch to change states, or the diode to be
turned on or off, require some transition time that is associated with power losses. This
causes the high frequency noise reflected back to the line.

EMI filters are designed to reduce the noise level at the input of a converter to a
value that is permitted by the regulatory agencies in charge. These EMI filters while
doing their job they take a lot of space and add to the weight of the converter, making the
converter increase in size, weight, and they add to the overall cost.

There is an increased interest from the industry to find ways to reduce the size of
these filters while making the converters more reliable and more compact. A great deal
of study had been made in reducing the ripple current caused by the inductor of the
converter. The way to reduce the ripple is by adding a circuit that would generate a

current that is of the same magnitude but opposite to the AC ripple current of the



inductor. Feeding this AC current to the output filter of the converter, will cancel out the
AC ripple, and would leave the output with a constant DC required by the load [2], [3],
[5], 161, [7]. [8], [11]. Practically the ripple cannot be fully cancelled but only drastically
reduced. Therefore the output filter capacitor will still have to remain but its size could
be greatly reduced. Smaller ripple through the output filter would imply less AC current
through the filter capacitor, and less ripple through the output load. A smaller ripple at
the output would provide the feedback loop of the controller with a cleaner signal and

this will eliminate some of the control problems associated with the output ripple.

1.2 DC-to-DC Converter — Boost Topology

More reliable power supplies are implemented today by means of switching
power converters. These power converters are designed with two major goals. First they
have to run at high efficiency so that the cost of the wasted energy due to conversion is
low. Secondly, the wasted energy will generate heat that would imply adding heat sinks,
causing to increase the size of circuit components. Other design criteria that results from
the two previously mentioned factors are the cost, size, and weight of the converters [1].

Linear electronics, which has been the only way to convert energy up until about
1970°s was greatly reduced to less than 50% of the energy conversion methods used in
today’s electronics [1]. In linear electronics the conversion is being implemented by
means of transformers that would either step up or down the voltage load while operating

at constant 50 or 60 Hz frequency. Due to the low frequency, these transformers have big



size, which implies more energy dissipation and therefore higher costs, weight, and size
of the overall system [1]. These factors make the linear electronics to be unpractical.

The switch-mode power supplies are a more efficient way of converting power
and they prove to be a lot more reliable. Advancement in microelectronics fabrication
technology led to the development of computers, communication equipment, and
consumer electronics which require regulated power supplies and in some cases,
uninterrupted power supplies.

Energy conservation has become a priority for keeping a clean environment and
many industries, such as the lighting industry have adopted the use of higher efficiency
converters as well as lighting devices that give light while using less and less amount of
energy.

While many of the power converters are used to have as an input the AC lines of
the power grid of the electric company and output a load, some can be used to work in
reverse direction (like power generating farms, or solar panels, or photovoltaic cells) to
put energy back into the lines [1].

The boost converter topology is used in this case to analyze the ripple current

cancellation technique. A boost converter is shown in Figure 1.1 below.
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Figure 1.1: Boost Converter Schematic Representation a) Boost Schematic b) Switch
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In a boost topology the output voltage is always greater than the input voltage [1],
[25]. When the switch is on, the input supplies energy to the inductor and the output is
isolated from the input (See Figure 1.1 b). When the switch is off the inductor is charged

with energy and starts releasing it into the output along with the input supply voltage (See

Figure 1.1 ¢).

When the switch is on, the following two equations hold.

1
lL :zl/m(t)

’ 1 (1.1)
-V
C R-C Ouf()

<

The output voltage is also the voltage across the capacitor, V.

The governing state space system of equations is of the form:

X'=4-X+B-U
(1.2)
Y=C-X+D-U



In the above equation, the state variable X consists of the inductor current and capacitor
voltage, U is represented by the input voltage, A is the state matrice, B is a vector, Y
represents the output voltage, C is the transposed matrix, and D represents the initial

conditions. Substituting in the above equation, the state space equation becomes:

i P[00 L
=l oL H+ JARAG
v R-C | LY 0

Rz (1.3)

Vo) = (0 I)H

c

The state space system of equations above describes the boost converter when the switch

is on.

When the switch is off the equations describing the system in Figure 1.1c are:

14
U 1 (149
. .v

The output voltage when switch is on is again equal to the voltage across the output

capacitor. The state space equation describing the system in Figure 1.1¢ becomes:

, 1
i O = 171,71 |L
SE T H+ L[V,
v | |= ———| L] |0

C R-C

V@)= (0 I)H

c

(1.5)

Let D be the duty ratio that describes the converter on time, and the following
matrices representing the system with the switch on (1) and off (2) as:

0 0
4 {0 _;} (1.6)
R-C



O -7
A=l 1
C R-C
1]
81: L
_.O._.
1
B:z: L
_O_l
G =01
G, =001

(1.7)

(1.8)

(1.9)

(1.10)

(1.11)

Then the overall system coefficient factors over one period can be calculated after the

following formulas [1], [21], [24]:
A=4,-D+4,-(1-D)
B=B -D+B,-(1-D)
C=C-D+C,-(1-D)

The resulting coefficients that describe the system in steady state become:

0 _I__LD_
4=1-p 1
e R-C
1
B=|pT
0
C=(0 1)

(1.12)
(1.13)

(1.14)

(1.15)

(1.16)

(1.17)

Once the coefficients are calculated, solving for the steady state transfer function

can be found from the following equation [1]:



vV
V =-C-4"-B (1.18)

m

The system in steady state, with no feedback behaves after the following formula:

_1=D

v 0 7 1
out -
==0 D, 1L (1.19)
V. -0 __1 |5
C R-C

Simplifying the above equation results in the following equation that characterizes the

system in continuous conduction mode:

= (1.20)

Since D takes values between 0 and 1, the output voltage will always be greater than the
input voltage, thus boost topology [1].

A quick modeling of the converter using small signal modeling method can be
derived to obtain a control analysis.

It has been shown in references [1], [21], and [24] that by adding a small
perturbation to D, Vo, 11, and v, and assuming that Vj, stays constant, the following

equation holds in describing a system such as the boost converter:

H,(s) = Vg(g) =C-[s-T—A]"-[(4 — 4,)- X +(B, — B,) -V, ]+(C, ~C,)- X (1.21)

In the above equation the terms V and d represent the small perturbation added to the

out

output and to the duty ratio, and X is a two rows and one column matrix that gives the
average value of the iy and v, which represent the state variables.

For the boost topology, the average values of the state variables are:



c out Viﬂ ’ l
1
V

] out
" 1-D R-(1-D)

<
Il
~
I

(1.22)

out

i
The I in equation (1.21) represents the identity matrix.
Now that all the terms from equation (1.21) are defined, the calculation of the

small signal model is possible. Substituting in the above H,, equation with all the terms

and simplifying the equation, results in a second order system of the form:

12Dy L
H,(s)=—LC 1C (1.23)
57+ s +——-(1-D)?
R-1L ' LcC

A full calculation of the transfer function given by (1.23) is presented in appendix A of
this thesis.

The system above describes the boost transfer function controlled by a simple
voltage feedback loop. The system has two underdamped poles (-R+jI) located in the left
hand plane, and one zero which is in the right half plane of the real vs. imaginary plane.

The system above is very difficult to control due to the zero situated on the right
half plane and the poles that are very close to the imaginary axis. The gains of the
controller cannot take high values because, as the gain increases, the poles tend to move
towards the right half plane and this could also create stability problems. Therefore, the
control feedback loop must be designed with small gains, which makes the system
response to disturbances slow.

The system above is very sensitive to input changes, as well as load disturbances,

as these factors make the pole location to change. The control problem becomes more



difficult for this system at light loads [24]. Due to these factors, a more simplified system
is desired.

The best practice in eliminating these problems is by adding an inner current loop
[24]. Due to this inner current loop, the poles of the system are overdamped, and
therefore much easier to be controlled. This inner current loop is placing the pole due to
the dynamics of the inductor far to the left of the origin so this pole can be practically
eliminated. The pole due to the output capacitor that pretty much describes the system
when the inner current loop is used is well under control by the voltage feedback loop.
The poles in the current mode control are overdamped and this is also an important factor
in making the system much easier to be controlled. Although this inner current loop ads
slight complication to the design of the controller, it is necessary to ensure stability of the

boost converter over a wide range of operation, from heavy loads to very light loads [24].
1.3 Power Factor Correction

A way to measure the utilization of the source is by looking at the ratio between
the real power P and the apparent power S [1], [24]. The term used in the industry today
is called the Power Factor.

This power factor (P.F.) is defined as:
P
PF.=— 1.24
3 (1.24)

where

S=v, -1 (1.25)

rms rms

10



For a pure resistor, the real power P is equal to the apparent power S and the power factor
becomes 1. This is the best case for the utilization of the source.

For a pure inductor, or a pure capacitor, the real power is 0, and the result of the
power factor is 0 as well. This is the worst case for the utilization of the source [24].

The voltage seen by the source is a sinusoidal waveform of the form:
V(t)=V,, -sin(@-1) (1.26)

The current seen by the source as a Fourier series is:
i(t):ilM-sin(n-a)-t+¢n) (1.27)
=0
The real power drawn from the source becomes:
P:i-zilfx(l)-i(t)-d(a)-t) (1.28)
Substituting for the voltage and the current, the equation above becomes:

P =2i- v -sin(a)-t)~§:1M sin(n-@-1+¢,)-d(w-1) (1.29)
T 5y n=0

Simplifying the above equation it becomes:

P:i —217[— jVM -1, -sin(w-1t)-sin(n-w-t+¢,)-d(w-t) (1.30)

=0 2
Carrying out the calculations of the above equation by applying orthogonality (the
integral of the product of two different frequency components are individually zero), all
terms cancel out except the fundamental component. Therefore the equation for power
becomes:

P=j2—1——- Vi1 -sin(w-t)-sin(w-t+¢)-d(w-t) (1.31)
T

2

11



Carrying out the calculations of the above equation results in:

Vi -1

P= -COS(B) =V, 1} s - COS(4) (1.32)

The above equation shows that only the fundamental current component contributes to

the real power [24]. Hence the power factor becomes:

Vrms : ]1 rms

PF.= M E os(d) (1.33)
Il rms

P.F.= T—~cos(¢,) (1.34)

Farther more the power factor can be broken down into two factors:

1,rms

, 1s the distortion factor that shows how much the utilization of the source is

rms

reduced due to the higher harmonics that do not contribute to the power, and;
cos(¢, ) , is the displacement factor and shows how much the utilization of the source is

reduced due to phase shift between the voltage and fundamental current [24].
Another way of measuring the utilization of the source is called the Total
Harmonic Distortion. The total harmonic distortion THD is defined as the ratio between

the sums of the rms of all the higher harmonics over the fundamental:

(1.35)

It is always desired that the total harmonic distortion be as small as possible, and the
power factor be as close to one as possible.
One of the most popular methods of power factor correction used in lighting

industry today is by means of controlling the operation of a boost converter in shaping

12



the input current waveform to obtain a high power factor. One of the controllers used in
power factor correction using boost topology is an L-6562 control chip designed by
STMicroelectronics Inc [13]. This controller is designed to operate the boost converter in
critical conduction mode, therefore increasing its efficiency due to zero current on
switching. Figure 1.2 below shows the simplified version of the L-6562 chip principle of

operation.
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Figure 1.2: Boost Converter Controlled by an L-6562 Chip Schematic Diagram

The L-6562 controller is designed to sense the boost current and turn on the
switch of the converter when the current reaches zero value. The converter current
waveform is shaped to be in phase with the input voltage waveform. This is achieved by
means of using a fraction of the input voltage waveform k*|Vj,(1)|, and multiply it with a
fraction of the output controlled voltage v.. The resultant value of the multiplier, I i(t), is

then compared with the current sensed through the switch, Ii(t). When the value of the

13



current sensed through the switch is equal to the value calculated by the L-6562 chip the
chip turns off the switch. The switch stays off until the current through the inductor
reaches zero value again [13]. A typical current waveform resulted from the control of a

boost converter using an L-6562 Power Factor Correction (PFC) chip is shown in Figure

1.3 below.

PEAK e

B R it ST

T

e, ——————————

%
=

. - ————— e

MOSFET Q

Figure 1.3: Current Waveform Generated by 1.-6562 Chip

The resultant input current value is the sinusoidal shaped high frequency ripple
current of whose rms value is the average value of the peak seen in Figure 1.3 above.
Although a high power factor (.99) can easily be achieved with this method, the input
ripple needs to be eliminated such that Federal Communication Commission (FCC)
restrictions for the maximum conducted noise back to the lines can be met. This is why
an investigation of the methods for input as well as output ripple current cancellation is

desired.
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1.4 Ripple Current Cancellation Methods

The results obtained from using power converters are great, yet there is more
work to be done in improving the efficiency and reliability of these devices. One of the
biggest problems associated with the power converters is the noise generated due to high
switching frequency. The ripple current at the output or input of a converter creates
filtering difficulties, EMI noise, control issues, and output voltage ripple.

Ripple current cancellation techniques improve converter’s performance by
greatly reducing the ripple current at the output and input of a converter as well as

reducing its size and ultimately its cost [2], [3], [11].

1.4.1 Output Ripple Current Cancellation

One way of canceling out the ripple is presented in reference [2]. In this
technique the authors propose a new method that would cancel out the current ripple and
leave the output DC current clean. A buck converter is used in this case to demonstrate
the effect of Ripple Current Cancellation Circuit (RCCC). Figure 1.4 below represents

the buck converter along with the ripple current cancellation circuit in it.
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Figure 1.4: Ripple Current Cancellation Circuit on a Buck Converter

The technique presented in this paper injects current into the output that is of
same magnitude but opposite in sign to the inductor AC current. Due to this injection,
ideally the entire ripple current is cancelled and the remaining current is the DC required
for the load. This technique allows the output filter to be designed with much smaller
output capacitor and providing a cleaner control signal to the controller [2], [9]. The
ripple current cancellation technique is applicable to other topologies as well such as the
boost, cuk, flyback, and sepic [2]. The RCCC circuit is made up of an additional winding
on the transformer along with an auxiliary inductor and a capacitor (See the grayed
region of Figure 1.4). Inductor L, is selected such that it will give the correct ripple
current and will cancel out the output ripple. Capacitor C, is selected so that it will bias
itself to the value of the output voltage and will block any dc current from entering the
circuit.

The circuit is being analyzed to obtain the values for the inductors and
transformer secondary.

From Figure 1.4, the two inductors and the transformer are described by the

following formulas:
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VPri =V "Vauz :Lx —

X

dt
VSec = N : VPri
di,
I/vSec = N : Ll —
dt
By KVL:

VL = VvC2 _VSec_VOMI

2

Assume that V¢, charges up to Vo

VL2 = VOm - VSec - VOul
VLZ = —I/Sec

Voltage through the inductor L, is also derived as:

di L,
odr

v

Ly

Substituting (1.41) and (1.37) into (1.40) gives:

di di,
L, —=2 L —
dt dt

Current i3 is N/1*i, and of opposite direction due to transformers properties.

iy =—N- dis,
dt dt
From (1.42):
diy, = _N.ﬂ.iﬁi
dt L, dt
From (1.36):

diLl . (Vx B VOut)
a1

17

(1.36)

(1.37)

(1.38)

(1.39)

(1.40)

(1.41)

(1.42)

(1.43)

(1.44)

(1.45)



The ripple free condition is that (1.43)+(1.44)+(1.45)=0, and that translates in:

di, .\ a’z‘,‘l \ diL‘

=0 1.46
dt dt dt (1.46)

Substituting (1.45) into (1.44) gives:

di _
ﬁ:_N.gx__VO_w_)_ (1.47)

dt L,
Substituting (1.47) into (1.43) gives:

di3 — _NZ . (Vx —VOMI)

s 1.48
dt L, (1.48)
Substituting (1.45), (1.47), and (1.48) into (1.46) gives:
V.-V V.-V V.-V,
( x Out)_N_( X OM)+N2'( x 0ul)=O (149)
Ll LZ LZ
Simplifying the above equation and rearranging it gives:
L
N2 _N+2-g (1.50)
Ly

Equation (1.50) above is a second order equation that would give the following two

solutions for N:

N=ls 1 L (1.51)

From equation (1.51) above solving for L, gives:
L,=L-N-(1-N) (1.52)
Equation (1.52) above shows that N can take values between 0 and 1. N can take two

values based on equation (1.51). It is preferable to select the smallest value of N since
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this will reduce the copper losses in the RCCC circuit and will also reduce the value of

the inductor L, as well as the ripple across capacitor C, [2].

Given the circuit in Figure 1.4, without the ripple current cancellation circuit, its

transfer function will be solved for next.

By KCL, and using Laplace Transform:

X

V _VOut _ VOul + VOul

s-L, 1 R,
S.COu(
V 1 1
=V, (——+s5-C,, +—
s 'L’ Qut (S‘ L] Qut RL)

V.=V, -1+s’-C,, L +s-%)

L

Solving for Vo, / Vi gives:

VOut _ 1

V. s2~Ll-COu,+s-£‘—+l

L

This equation can be rewritten as:

1
VOul Ll ) C()m
1 1
Voo g4 s+

R L’ C()m L1 : COut

This can easily be identified as a second order system of the form:

2

0]

G(s)= -
s?+2-C -, st @ ’

n

In the above equation the system bandwidth and damping ratios are:

(1.53)

(1.54)

(1.55)

(1.56)

(1.57)

(1.58)



(1.59)
1[4
2‘RL Cbm

The gain and phase of the transfer function from equation (1.58) is plotted in Figure 1.5

below.
” ) —£
U s FI : ‘“
Mag (1) 40 E a
Phase () : |
tttte "12[] g
-160 .
~ 179996,
100 110° 110t 1410° 1-10°
100 f

Figure 1.5: Buck Output Filter Transfer Function Plot

If the circuit in Figure 1.4 is analyzed with the ripple current cancellation circuit,
then there are four storage components involved, and the transfer function can be
calculated by applying the KCL on the circuit above.

Iy iy 40 =i, (1.60)

The current through the inductors i 1, 115, and current i5 are derived from the basic laws of

circuits as:
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V - VOul

X

= s-L
1
-N-(V. -V,
I, == 7 ~Vou) -s-C, (1.61)
Post L, -Cyo+s-Cy Ry +1
iy=-N-i,

Substituting for iy, i3 can be expressed as:

N>-(V. -V
iy =— s =Vou) -5-C, (1.62)
s L,-C,+5-C,- R, +1
The total current 14 1S derived as:
. 1
froar = Vou (5 Cop +—) (1.63)
RL

From equation (1.60), substituting with the expression for the currents obtained, the

equation becomes:

Ve =Vou 2 “NViVo) ooy : NV, ~Vou) 5eCy =V (5-Cyp 1) (1.64)
s-1L st L, -Cy+5-C,- R, +1 s -L,-C,+5-C, - R, +1 R,
Factoring out V-V o above gives:
(-Cr (62 L Cot5-Co R+ 15+ L
. —_— . . - So . . -
Ve Vo Out " ., 2°%2 2D 1
=— 5> 5 (1.65)
Vout $T Ly Cyts:Co Ry +1457 N7-L -Cy =57 -N-L-Cy
Farther simplifying the above equation gives:
> L, )
(s -L-C,,+s5—)(s"-L,-C,+5-C,-R, +1)
Vx _VOul _ RL (1 66)
Vo s> L,-Cy+5-Cy-R,+1+5" -N-L -C,(N-1) '
> Ly o
(s°-L -Cpy,+5-—)(s7-L,-Cy,+s5-C,-R,, +1)
Vx —V()ul _ RL (1 67)
Vo s> L,-C,+5-C,-R, +1+5>-L, -C,(N> = N) '
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Solving for V4/Voy gives:

L
(s7-L,-Cy, +S"R_l)'(S2 Ly, Cy+5-Cy R, +1)

v
S L . . +1 (1.68)
Vow 8L, -Cyt+5-Cy-Ry+1+5>-L -C,(N>—N)

I
2 . I . 2 . 2 2
(s -L]~(,0m+s-—l)~(s Ly +Cy+5-Cy Ry +1)45" Ly -Cy+5-Cy-Rpy +145° L1 -C (N~ =N)

v, R, (1.69)

2 . 2 2
Vou 7 Ly Cy45-Cy Ry +145" L -Co(N” = N)

L
(7 Ly -Cppg+5 =) (5% Ly -Cy 45-Cy -Rpy 4 D452 <Ly -Cy +5-Co -Rpy 414 5% - Ly -Co(N? =

N)
v R, (1.70)

N 2 . 2 V2
You 57 Ly -Cyts-Cy Ry +1+s" L1 -Co(N” = N)

L
(s L -Cpy+5-—-41)(s*-L,-C, +5-C, Ry +1)+5° <L, -C, -N-(N -1)

v, R, (1.71)

Vo s*-L,-C,+s-C,-Ry+1+5"-L -C,(N* = N)

L

(s? L, -Cy+s-Cy-Ry+1)-(s?- L -Cp+5-—-+0)+5>-L-C, - N-(N-1)
v, R, (1.72)
Vo s? L, C,+s5-C,-R,+1-5"-L -C,-N-(1-N)

The condition for ripple current cancellation is:

L,=L -N-(1-N) (1.73)
Based on this condition, and farther simplifying the equation (1.72), the transfer function
for the system becomes:

ng . (+5-Cy-Rp) (1.74)

b

L
2 1 2 2
(s ~L1«C0ut+s~—R +1)-(s -L2-C2+s~C2-RD+1)+s -Ll-C2~N-(l-N)
L

Ignoring the right hand component of the denominator in equation (1.74) due to its small
contribution to the system behaviors, the remaining two second order equations in the
denominator describe the system. The first equation on the left of the denominator is due
to the converter output filter, and the second equation is due to the ripple current

cancellation circuit (L,-C,). This indicates that the ripple current cancellation circuit can
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be designed without affecting the operation of the conventional output filter [2]. The

response of the system from (1.74) is plotted in Figure 1.6.
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Figure 1.6: Magnitude Plot of the System Described in (1.74).

From Figure 1.6 it is noticed that the system described in (1.74) behaves as a
fourth order system (rolls oft at 80dB/dec). Due to Rp, the damping resistance, this
prevents the peak to occur below the break frequency preventing the system stability

problems. As a result the ripple current cancellation circuit reduces the ripple on the
output of a buck converter without causing any stability problems, and without

interfering with the output filter of the system [2].

1.4.2 Input Ripple Cancellation Method

While output ripple reduction can be achieved using the technique described

above, input ripple reduction is also important. One of the input ripple reduction
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techniques is described in reference [3]. This reference presents a method of input
current ripple reduction based on coupled inductors technique. The method is
implemented on a boost converter operating in discontinuous conduction mode. The
direct result of input ripple cancellation is to reduce the converter size and weight.

Boost topology is very popular in correcting the power factor of a circuit, as well
as eliminating the diode reverse recovery [13]. While achieving these benefits, the boost
topology is well known of producing high input current content and electromagnetic
interference effect. In order to prevent this from happening, the boost topology requires

EMI filters at the input that are large in size and increase the cost of the converter.

L1 D1
YT
A0S min
/ ip
Ld e S +
V, = — §
I:j low T © R1§ Vo
i1

Figure 1.7: Boost Converter Topology

In boost topology pictured in Figure 1.7 above, when switch S is closed the

current through L; is of the form:

VS

I . =
L,Stagel 4
1

-t (1.75)
When switch S is open, the current through L, is defined as:
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: v, =V,)
1] Stage2 =~‘—L——-(t—Tl)+1,,k (1.76)

1
In order for the system to run in discontinuous conduction mode, the current
through L has to reach zero value and remain at that value for a given time. This implies
that the inductor is fully de-energized.
The proposed method to reduce the input ripple is very similar to the one shown
in Figure 1.4 and presented in reference [2]. This method as well has a capacitor in series
with an inductor both connected in parallel with the switch S. In this topology the

voltage across the capacitor is assumed to be constant.

A 7

S Ny |

s JFe

= S
- D——{Fﬁ
l_

i11

Figure 1.8: Boost Converter with Ripple Free Circuit

Figure 1.8 above shows the boost converter with its additional circuit to reduce

the ripple. The additional circuit for ripple free condition is crossed selected. When the
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system runs in discontinuous conduction mode, the inductor current goes through three
stages over one period [3].

Stage 1, when the switch S is on, allows the current i; ; to increase. Voltage
across L; is V, and the voltage across 1, is V, which is charged up to V.

Stage 2 1s when the switch S is off and now the inductor L starts releasing
energy. At this stage the voltage across L; is (Vs —V,) and the voltage across L, is (V-
V,) which is also equal to (Vs-V,).

In stage 3, both the diode and the switch are off, and the current path is through
capacitor C; and inductor L,. This path maintains the capacitor C, charged to V;
therefore making the voltage across the two inductors to be zero.

The voltage across the two inductors, L; and L, is the same for all three stages
discussed above. This allows the inductors to be built on the same core, therefore
reducing the amount of material needed for built-up [3].

If both inductors are built on the same core, their voltage is described by the
following formulas:

di;,

iy
V, =L —>+1 1.78
L 1 2 M dt ( )
v, :Lzﬁiumfii (1.79)
* dt dt

Where Ly is the mutual inductance and is defined as:

L, =k-JL I, (1.80)

When the switch is on the input-current ripple-free condition is that Ly=L,.

When the switch is off (stage 2), the ripple-free condition is derived to be again Ly=L,.
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When in stage 3, the current is zero for L; and L,. Therefore the ripple-free condition

becomes:
LM :Lz
k-{L-L, =1L,
L
k= |— 1.81
I (1.81)

Equation (1.81) is the ripple free condition for the topology described in reference
[3]. This technique allows the circuit to have good EMI performance.

While second technique is designed to provide ripple free condition at the input of
the converter, the first technique shows how to reduce the ripple output on a buck
converter. Both techniques are made out of the same circuit components such us
capacitor and inductor. While the second technique provides ripple free based on
equation (1.81) which implies mutual inductance, first technique provides “zero ripple”

by means of inductor selection based on equation (1.52).

1.5 EMI Filtering

Switch Mode Power Supplies (SMPS) are frequently used in today’s technology.
One of the reasons why these converters have become so popular is because they run at
very high efficiency therefore eliminating losses. Another important factor in making the
SMPS popular nowadays is their size, which is considerably reduced due to high

frequency operation.
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While the benefits of using the SMPS are obvious from the above statements, this
method of power supply comes with its disadvantages. One of the disadvantages of
SMPS is that they are a source of noise that is reflected back to the supply lines and
radiated to other electronic products in the vicinity. The cause of this noise is due to the
switching components that makeup the power supply. These switching components are
used to transfer the desired energy to the load. Due to high frequency operation of these
components and the high potential across these switching devices noise is generated.
Regulatory agencies like FCC provide standards of how much noise can be allowed to
reflect back into the lines. Due to these limitations the noise is being suppressed to meet
the regulatory agencies requirements by means of shielding for radiated, and filtering for
conducted noise [1].

Conducted type noise will be dealt with in this thesis. The conducted noise is

measured using Line Impedance Stabilization Network (LISN), a system that looks like

the schematic shown in Figure 1.9 below [30].
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Ly 0.1uF | Idm Neutral

Figure 1.9: LISN Representation

28



System in Figure 1.9 above represents a functional equivalent circuit of the LISN.
The noise level coming from the equipment under test (EUT) 1s measured across the two
resistors Ry and R,. At low frequencies, the circuit in Figure 1.9 behaves as it would
have the capacitors open and the inductors shorted, therefore the low frequency noise
would be reflected back to the line through the L; and L, inductors [26], [27], [28], [30].
At high frequencies the inductors become open and the capacitors shorted therefore the
noise level is passing through the 50 Ohms resistors. The high frequency schematic of

the LISN is shown in Figure 1.10 below.

Phase
< Ry
. Iem E
Ground
U
- § Ry
50 T
> Iagm
Neutral

Figure 1.10: High Frequency Schematic Representation of the LISN Circuit

One of the 50 Ohms resistors is located in the spectrum analyzer that collects the
noise level and plots the noise across a range of frequencies. The other resistor is added
to the LISN as a BNC 50 Ohm impedance connector. The spectrum analyzer will run in

most cases over a range of frequencies from 9kHz to 30MHz for European regulatory
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agencies, and 450kHz to 30MHz for the U.S. regulatory agencies. The magnitude of the
noise level will be plotted in frequency domain over the frequency range established by
the regulatory agencies. Due to significant differences in noise level recorded, the
voltage level is plotted in dBuV (decibels micro volts) and is calculated after the

following formula:

dBuV =20-log( Ve ), (1.82)
1-uV

Where Vg is the voltage across one of the resistors in the LISN circuit [30]. By plotting
the values recorded by the Spectrum Analyzer using formula (1.82), this allows a wide
range of values to be seen on the same plot. For example, by using the above formula a
voltage value of 10 microvolts gives 20dBuV while 10,000 microvolts gives 80dBuV,

and 1Volt gives 120dBpV.

The noise level seen across one of the resistors of the LISN is the high frequency
current signal reflected back to the line. Due to the LISN circuit, the path of the high
frequency current flows through the two LISN resistors and this allows the Spectrum
Analyzer to read the noise level over the high frequency range [26], [30]. It is mandatory
that the electronic systems produced by any company around the world to be able to pass
the requirements of the regulatory agencies where the product is being sold. As the
specifications for the maximum allowed level of high frequency current becomes smaller
and smaller, the electronics manufacturers fight harder and harder to make an electronic
system pass these requirements. In designing the printed circuit boards of the electronic
products, the manufacturer is forced to follow special design rules that would prevent the

generation of the high frequency noise. Even when the special design rules are closely
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followed, the high frequency noise is being generated and reflected back to the line.
Many times this noise level is higher than the regulatory agencies maximum allowable
level. Therefore the electronics manufacturers are forced to come up with additional
filters that would suppress the noise level to a level that would be acceptable by the
regulatory agencies. Figure 1.11 below shows some of the regulatory agencies

requirements for the maximum allowed noise reflected back to the line [26].

100

1

|

1 FCC Ciass A
I /

80 e
VDE 0871/AC

VDE 0875/N

VDE 0871/8B
/ VDE 0875/N-12

mows

e

\ FCC Ciass B

0.01 0.1 1.0 10 100
FREQUENCY (MHz)

EMI EMISSIONS (dBuY)
g

40

20

PPN | S

Figure 1.11: Regulatory Agencies Maximum Allowable Noise Level

The current reflected back to the lines generates the noise measured on one of the
two LISN resistors. This noise comes in two flavors. Differential mode noise, marked as
Iim. is the equal flow of current that flows in opposite direction along a pair of conductors
(Line and Neutral). Common mode noise, labeled as Iy, flows in the same direction in a

pair of conductors like the line and neutral seen in Figure 1.9 above and returns into the
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ground path. Differential mode current is caused due to the circuit design methods and
can be simulated using circuit ideal elements [30]. The common mode currents do not
appear on the circuit schematic diagram and are caused by the parasitic inductors and
capacitors that form due to circuit layout. The regulatory agencies requirements make a
system with only picofarads stray capacitance, and nanohenries stray inductance to

produce a common mode noise with a magnitude above the limit [30].

Common mode noise can be measured by clamping the phase and neutral wires

together with a magnetic current probe like it is shown in Figure 1.12 below.

Magnetic Current Probe
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< e ldm Neutral E
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Figure 1.12: Common Mode Current Measurement

The differential mode current flows through phase and returns into the neutral
path such that the magnetic field generated by this current is cancelled out. The common

mode current flows in the same direction on both phase and neutral wires and returns to
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ground. Therefore the magnetic field generated into the current prob<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>