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Negative Slope Ramp Carrier Control
for High Power Factor Boost Converters
in CCM Operation

T. Tanitteerapan E.Thanpo

Abstract—This paper, a simple continuous conduction mode
(CCM) pulse-width-modulated (PWM) controller for high power
factor boost converters is introduced. The duty ratios were obtained
by the comparison of a sensed signal from inductor current or switch
current and a negative slope ramp carrier waveform in each
switching period. Due to the proposed control requires only the
inductor current or switch current sensor and the output voltage
sensor, its circuit implementation was very simple. To verify the
proposed control, the circuit experimentation of a 350 W boost
converter with the proposed control was applied. From the results,
the input current waveform was shaped to be closely sinusoidal,
implying high power factor and low harmonics.

Keywords—High power factor converters, boost converters, low
harmonic rectifiers, power factor correction, and current control.

[. INTRODUCTION

OOST converter is one of the most popular choices for

using as the high power factor converter. The converter is
supplied from a full wave rectified line voltage and operated
so that the input current follows the input voltage. The input
current waveshaping can be achieved by using a number of
techniques. When the converter is operated at fixed frequency
and fixed duty ratio in the discontinuous conduction mode
(DCM), the low frequency component of the input current is
approximately proportional to the input voltage, so that the
power is automatically close to unity [1]. However, the DCM
operation causes a large current stress on semiconductors and
demands more effort to attenuate the current ripple so as to
have a satisfactory low electromagnetic interference (EMI) to
the line. Therefore, in medium and high power applications,
the continuous conduction mode (CCM) is preferred because
the current stress and current ripple become too large when
operating the converter in the DCM. Traditionally, to operate
the boost converter as high power factor converter in the
CCM, the conventional control as shown in Fig.l [2] is
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applied. A sensed inductor current signal R,i,(?) is compared
with the current loop reference signal v,(?) at the current
feedback loop 4;(s). The current loop signal v,(?) is generated
by multiplying the sensed full wave rectified input line voltage
Ve(?) and the control signal V,, from the error amplifier in the
voltage feedback loop A4,(s) at the multiplier. The amplified
error signal v;#) from the current feedback loop A;(s) is
compared with the fixed frequency triangle waveform v.(z) at
the comparator for pulse width modulator, adjusting the power
switch duty ratio so as to minimize the error between the
reference signal v,(z)and the sensed inductor current signal
Riig(t) resulting the input current waveform i,(?) is shaped to
be proportional to the full wave rectified line voltage v,(?).
The output voltage V, is controlled by varying the scale factor
between the rectified line voltage v,(#) and the current
reference v,(¢) from the multiplier output. So, because the
conventional control requires many devices (the input sensor,
the output voltage sensor, the inductor current sensor, the
multiplier, the error amplifier in the voltage feedback loop
A,(s), the error amplifier in the current feedback loop 4;(s)),
then, its control circuit implementation is very complex.
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Fig. 1 Boost PFC converter with conventional controller
A number of papers [3]-[13] have been dedicated to simplify

the complexity of conventional control circuit implementation
in [2]. These papers eliminated the multiplier, the input
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voltage sensor, and the error amplifier in the current feedback
loop A;(s) in the control circuit. Some method fulfilled that
purpose under the penalty of higher current distortion [3]. The
nonlinear-carrier (NLC) control proposed in [4] and [5] is one
of good example for the simple CCM operation control
technique. The sinusoidal switch current is sensed to compare
with the nonlinear carrier waveform in each switching period
for achieve the sinusoidal input current waveshape or high
power factor condition. The input line voltage sensor, the
multiplier, and the error amplifier in the current feedback loop
A;(s) as shown in the conventional control technique in Fig.1
are not required in the NLC controller.
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Fig. 2 High power factor boost converter with proposed controller:
(a) inductor current sensing type and (b) switch current sensing type

The purpose of this paper is to present a simple PWM
controller in the CCM operation for the high power factor
boost converter as shown in Fig.2a and b. The proposed

controller uses the basic principle like as the principle used in
the NLC controller in [4] and [5] that the duty ratios are
obtained by the comparison of the sensed current and the
parabolic carrier waveform in each switching period. The
proposed controller obtains the duty ratio in each switching
period from the comparison of the negative ramp carrier
waveform v.(#) and the sensed inductor current signal as
shown in Fig2a and sensed switch current signal as shown in
Fig 2b. So, the input voltage sensor, the error amplifier in the
current feedback loop A4;(s), and the multiplier as used in the
conventional control technique are not required.

The design considerations of proposed controller are
detailed in section II, and finally, the circuit experiment of
350W high power factor boost converter with proposed
control is discussed in section IV.

II. DESIGN CONSIDERATION FOR PROPOSED CONTROL

The high power factor boost converter shown in Fig.1 and 2
is well-known switched-mode converter that is capable of
producing a dc output voltage greater than the input voltage.
Considering in one switching period when switch Q is turned
on, the inductor is connected to ground, the inductor voltage
vy (¢) for this subinterval is given by

Vi (1) = Vg (1)
where V, is the input voltage.
When the switch Q is turned off, the inductor is connected to
the output, the inductor voltage v;(?) is then

v, ()=V, -V, 2)
where V, is the output voltage.
Equations (1) and (2) are used to sketch the inductor voltage

waveform shown in Fig.3.
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Fig. 3 Inductor voltage v;(?) waveform of boost converter in CCM
operation

The figure shows that the average value in one switching
period of the inductor voltage waveform is equal to zero so
that
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(v, (1), = Ti (v, =v,p-w,-v)a-py=0

where <VL (l)>T is the average value of the inductor voltage
vr(t) in one switching period, T is the switching time period,
and D is the duty ratio.

From equation (3), the input voltage ¥, can be given by

V,=V,1-D) 4)

In the high power factor converter operation, the input voltage
V,, the output voltage V, and the duty ratio D are varied with
time. So, the relation depending on time of equation (4) can be
written as

v (0 =v, (01 ~-d(1) ©)

where v,(?) is the input voltage, d(?) is the duty ratio and v,(?)
is the output voltage.

When the unity power factor condition occurs, the converter
looks like a resistor, which is called as the emulated resistor
R.. Then, the R, is determined by

R - v, (1) (6)
A

where i,(7) is the input current.
Substitute equation (6) to equation (5), therefore, the input
current i (?) can be yielded from

i, (1) =—=(1-d(1)) (7

V()
R,

e

where the output voltage is the small-ripple approximation so
that v,(?) =V,

Equation (7) is an original equation for realizing the circuit
implementation of control system shown in Fig. 2a. However,
for creating the original equation for control system in Fig. 2b,
equation (8) is applied. Here, the input current is equal to the
average value of the switch current so that

L[ 0de = ey

T, R, (8)
To realize the relation in equation (7) and (8) to implement

the proposed control circuits, the relation of the voltage form

is required. So, the sensing circuit resistor R, is defined and

added to equation (7) and (8). Then, the new relation for

induction current control type in Fig.2a can be yielded as

VO

Ry ()= R, 2-(1=d (1) ©)

where R; is the sensing circuit resistor.
And the relation for switch current control type can be yielded
as

R, mor, B v,

[ o= R - dw) "
or

R.(i, (1), =R, Z” (1-d(@)

(11

where <is (t)>T is the average value of the switch current i (2).
To obtain a duty d(?) to satisfy equations (9) and (11), the
voltage signal from current sensor is compared with the
periodic carrier waveform v.(?) which is realized by
substituting d(?) with #/T; in equation (9) or (11) so that,

Rii () =v.(1) (12)
or
R\_ig(t)_Vm{l_;} 0<i<T (13)

where V,, is the control signal from the error amplifier in the
voltage feedback loop A4,(s). Then, the negative slope ramp
carrier waveform v,(?) can be obtained by

t
vc(t)—V,,,{l—T}, 0<¢<T, (14)

s

v.t+T,)=v.(1)

By using equations (9) and (13), the emulated resistance R,
can be determined by

R, =R, v, (15)
VWI
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Fig. 4 Implementation of negative slope ramp generator (where CLK
is the fixed frequency clock signal, Sw; is the integrator switch.)

To implement the generator circuit of the negative slope
ramp carrier waveform, equation (14) is used. Firstly, the
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control signal V,, is integrated by using the well-known
inverting integral with reset clock circuit for creating
term so that,

1
vl(t)=—f[det;0<T<d7; (16)

Vm
Vi (t) :*Tt

where duty d(t) is equal to #/T.

And at the same time V,, is amplified by using the inverting
amplifier circuit so that

vy()==1xV, =V, a7
and both signals are compared by using the differential
amplifier.

v (0= 0=, (r)]{—%z—(—m} (18)

s

t
H=V [1-— |, 0<t<T
7.0 [ T} :

s

The circuit implementation of the negative slope ramp
waveform generator that realized from equation (14) is shown
in Fig.4.
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Fig. 5 Control circuit operation of proposed controller: (a) inductor
current sensing type and (b) switch current sensing type

Fig.5a shows the operation of control circuit in Fig.2a.
Here, the boost converter is sensed and compared to the
negative slop ramp waveform at the comparator. At the
beginning of a switching period, a short clock pulse sets the
flip-flop (FF), which turns on the power switch Q. The reset
of the FF is based on the comparison of the signal from the
inductor current sensing circuit R,i,(2) and the negative slope
ramp carrier waveform v.(?). At R,i,(t) = v.(1), the comparator
output goes high and resets the FF turning off the power
switch Q as shown in drive signal in the figure (lower trace).
The process is repeated in each switching period. For the
operation of control circuit in Fig.2b, the switch current is
sensed and integrated at integrator circuit. This signal is
compared with the negative slope ramp waveform at the
comparator. It almost has same procedure with the control
system operation in Fig.5a but has some different in signal
waveshape as shown in the figure (current signal has parabolic
waveshape).

To ensure the proposed control operating in CCM, the
determination of CCM and DCM conditions when load is
varied must be analyzed. In the analysis, we use the following
notations for normalized input voltage v,(2) and its peak value
is Vg,peak

ARG
2 (19)
Mg _ Vg;eak (20)

where m,(?) is the DC-DC conversion ratio and M, is the peak
value of the m,(?).

When the boost converter operates in the DCM, the input
current can be written as

120

i, (1)
L @1)

So, the boost converter will operate in the CCM when,

LAYNG RGN
R 21 |

e P

(22)

By using the relations in (7), (19), (20) and (22), the relation
of the DC-DC conversion ratio and duty ratio can be yielded
as

M—zwdz(t)+d(t)—l—0
2 K B (23)

where R is the DC load resistance R = V,/I,, and K = 2Lf/R is
the load parameter commonly used in DCM analysis and the
relation v/, /R, =V,/Rwasusedtoget R /R=M]/2

(where V,,,, is the root mean square value of the input voltage
vg(t)and f; is switching frequency).
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Fig. 6 Plots of duty ratio of the high power factor boost converter
with proposed control

To consider the boundary between the CCM and the DCM
operations, the relation as shown in (20) is defined.
Use the relation in (19), (20), and (22) substitute in (23), then

K>%M§(l—mg(t)2) (24)

From (24), we conclude that the boost pre-regulator is always
in the CCM if

M
2Lfv — K > _ &
R 2 (25)

and always operates in the DCM if

1
K<5M§(1—Mg)2 (26)

Fig. 7 Plots of load parameters of the proposed control

Relation in (5) is used to make the plots of the duty ratio d(?)
of the proposed controller for several values of the conversion
ratio Mg and these plots are shown in Fig.6.

Relations (24), (25) and (26) are used to make the plots of the
load parameters K(?) of the proposed control operated by the

duty ratio d(?) from relation in (23) at several conversion ratio
M, values as shown in Fig.7.

To design the output voltage regulating loop, the small
signal ac frequency modeling is necessary. The relation in
(11) is used to be considered and can be re-written as

Ri (0)=v,(O(1-d?)) @7

where v, (2) is the control signal that varies with time at the
second harmonic of ac line frequency 2.
then,

oo Ve (28)
Ri (1) =R, R

e

So, the relation of input current i,(#) can be yielded by

t
i, (1) = 2= Ve (1) (29)
RS vU (t)
where the output voltage v,(?) is varied with time at the second
harmonic of AC line frequency 2.
Then the output current of the boost converter is

2

. 2,V W1 17
() =—2""y () ——2 ) () +——2250, (1
(1) VR gums(0) VR (1) RV (1)

s s

(30)

Here, we define the notation of the small signal AC frequency
modeling of the high power factor boost converter with the
proposed control from equation (30) as,

3= gy (04 2,5, (1)~ 2D (31)

7,

i,(0)

iO(I)

i e

&) g,9, ()

Fig. 8 Small signal ac frequency modeling of the boost pre-regulator
with the proposed control method (where C, = the output capacitor
of the boost converter and R is the output resistor of the boost
converter)

By using the relation in equation (31), the small signal AC
frequency modeling circuit for designing the error amplifier of
the output voltage regulating loop can be shown in Fig.8.
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ITII. EXPERIMENTAL VERIFICATION RESULTS

The negative slop ramp carrier control using switch current
sensing was selected to verify the proposed control method for
controlling the high power factor boost converter. The circuit
experiments were applied by designing to meet the following
specifications:

The output power P, = 350 W, the output voltage V, = 440
Ve the input voltage Ve = 220 Vi, the line frequency f'=
50 Hz, the switching frequency f; = 40 kHz, Inductance (L) =
2.5 mH, and the load resistance R at full load is equal to 500
Q.

From the small signal AC frequency modeling in Fig.7, the
transfer function F(s) of the high power factor boost converter
with the proposed control method can be yielded as

5 32
F(s):‘j" :%R ls (32)
Vi (1+-2)
[0}

P

Here, the converter pole frequency is defined as @, =3/RC,
Therefore, the voltage regulating control loop gain 7(s) can be
determined from

T(s) = A,(s)F(s)H(s) (33)

We define the transfer function of the error amplifier of the
voltage control mode A4,(s) as

2

A==
i ]+i
o))

where @, is the amplifier frequency, @,; is the compensator
zero frequency No.l, and @,, is the compensator zero
frequency No.2. Then, equation (33) can be re-written as

{1 + a)i] (35)

zl H(S)

S

N
I+ 5 ) 1+5
@ o, @,

where H(s) is the output voltage sensor gain.

Equation (35) is used to implement the output voltage
regulator, which has the circuit parameters as shown in the
experimental circuit in Fig.9.
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Fig. 9 Experimental circuit of 350 W high power factor boost

converter with proposed control for switch current sensing type
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Fig. 10 Experimental waveforms at full load condition (topper) input
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Fig. 11 Spectrum of input current waveform at full load condition
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voltage [CH1:100 V/Div, 1 ms/Div], and (lower) input current
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Fig. 16 Experimental waveforms at full load condition (topper)
output voltage [CH1:200 V/Div, 5 ms/Div], and (lower) input voltage

Fig. 13 Spectrum of input current waveform at half load condition [CH2:200 V/Div, 5 ms/Div]
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Fig. 14 Experimental waveforms at 20% of load condition (topper)

input voltage [CH1:100 V/Div, 1 ms/Div], and (lower) input current

[CH2:2 A/Div, 1 ms/Div] Fig. 17 Experimental waveforms of control circuit operations
(topper) negative slope ramp carrier waveform [CH1: 15V/Div,
10ps/Div], (middle) integrating signal from switch current sensing
circuit [CH2:15V/Div, 10us/Div], and (lower) clock signal
[CH3:15V/Div, 10us/Div].
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By using the proposed control method controlling the
operation of the high power factor boost converter, the input
current waveform (shown in Fig.10 lower trace) was shaped
to be closely sinusoidal by following the input voltage
waveform that having %THD in current as 6% (shown in
Fig.10 topper trace). Fig.11 shows the spectrum of input
current waveform at full load condition, which shown in
Fig.10. Although half load condition or lower was yielded to
the high power factor boost converter, the input current
waveform was still closely sinusoidal as shown in Fig.12 and
14 (lower trace) and theirs spectrum were shown in Fig.13 and
15. In the figures, the total harmonic distortion (%THD) was
not exceeded 15%. Fig.16 shows while the input current was
shaped to be closely sinusoidal, the output voltage was
regulated to specified value (440V). The control circuit
operation waveforms were shown in Fig.17.

IV. CONCLUSION

The high power factor boost converter using proposed
control method in CCM operation was introduced and verified
by the experiment of 350W boost converter. The proposed
control method requires only the output voltage and inductor
current sensors. So, the error amplifier in the current control
mode, the input voltage sensor, and the multiplier used in the
conventional controller are not required. The duty ratio is
determined by comparing the integral of sensed switch current
with the negative slope ramp carrier waveform in each
switching period. By using the proposed control method, the
input current waveform of boost converter was shaped to be
closely sinusoidal by following the input voltage waveform.
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