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Make Laplace transformation for equation (9) with assuming Vin and Vout are constant for current loop
analysis,

() =V, =V a/r(ﬂ)* (10)

The equation (10) has been described in current loop block diagram in Figure 5. Although Vin is not
physically sensed by the input sinusoidal signal is presented in transfer functions only if
boost topology is appl

34 Open loop transfer function gain for current loop
The open loop gain of current regulation loop is:
KR Vo
V, K MM.L
Ge() =K g ()K ()= 2 = —H— e — an
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For AC line frequency which is much lower than fz, then Ge(s)>>1,
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For AC line frequency which is also much lower than e, then the steady state |, can be derived as
Ktleszm
KR, Vo

L
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4 Voltage Loop Compensation

The control loop block diagram for ICE1PCS01 based CCM PFC is shown in Figure 8 and Figure 9. There
are four blocks in the loop. IC PWM Modulator Go(s) has been discussed in above Section 3. the rest of them
are Error Amplifier Gy(s), nonlinear block Gox(s), boost converter output stage Gs(s) and Feedback Sensing
Gals)-

Figure8  Large signal modeling of voltage loop
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igure 9 Small signal modeling of voltage loop
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Boost converter output stage is described as influencing of variation on i, to bulk output voltage Vout. The
transfer function of power stage, Ga(s), is separated to two stages as:

AV,, AV, AL,
Al _Almn Ale:

Gi(s)= (15)

L _ms

where Vo is the DC output voltage, I, the DC output current and I,_ s the boost inductor current.
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Under the above assumption, the power stage can be modeled as illustrated in Figure 10: a controlled
current source (with a shunt resistor Re) that drives the output bulk capacitor Cou and the load resistance
Rout (= Vout / lout). The zero due to the ESR associated with C,,, is far beyond the crossover frequency thus
itis neglected.
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A few algebraic manipulations would show that the shunt resistor Re always equals the DC load resistance
Rout, thus it changes depending on the power delivered by the system. There are two kinds of load in the
application. Two cases will give a different result in case of resistive load or constant power load. For purely
resistive load, the AC load resistance equals Ro. In case of constant power load like additional isolated PWM
DC/DC converter, the AC load resistance is equal to -Ro (f the DC bus decreases, the current demanded of
the PFC increases. hence the negative sign is shown.). As a result, the parallel combination with Re tends to
infinity and the two resistances cancel. The current source drives only the output capacitor. The result is
summarized as below:

Figure 10 Power stage modeling

Resistive Load

(16)

Constant Power Load
5Cou

In this application note, the calculation is only carried out for constant power load situation
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where, Don is the switch duty cycle; « is the instantaneous phase angle of the mains voltage, Vinmms is the.

input RMS voltage value, I._ex is choke current sinewave peak value and Vou ave is the averaging bulk DC
output votage.

In case of constant power load, the transfer function of G(s) is:
AV, AV, AL, ¥, 1

G,(s)= = = ms (19)
o ALy Ay Al Ve e SCos o
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4.2 Small signal transfer function of AVou/A(M:M;) for voltage loop analysis

There is a inteal feedback from Vout to Gz(s). this inner loop has to be solved to obtain the transfer
function of AV,,/A(M1M2). Rewrite the equation (14) at input voltage RMS point:

_ KM M,
I ro 0)
e Klkmymu @
making a perturbation on /;_ms, (MsMz), Vo, then
ll ll
s = = A(MM ) - ——=" AV, @n
‘ MIMZ e out_AVE

replacing Al;_m by AVeu/G(s) according to voltage loop block diagram,

1, 1
AV _ T ANMM,) - =AY, (22)
Gy(s) MM, Vou_ave
then the transfer function of dVeu/dVeoms is
Vw AVE Vm AVE
AV, MM MM,
Gy(s)= - — (23)
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The Vcomp voltage is sent to nonlinear gain block. The output of nonlinear is two intemal variables, M1 and
M2. The two variables are used to define boost choke current amplitude Iy as in equation (14). The
characteristic of nonlinear gain block is shown in Table 1 and Figure 12. The small signal gain between
A(M1*M2) and AVcomp can be derived as well at different operating point.

Veomp [ M1 M2 M1*M2

0] 0048 1.330E-02 | 6.384E-04
15|  0.048 | 1.330E-02 | 6.384E-04
1.85 | 0.0517 | 1.920E-02 | 9.926E-04
2| 0.0551 | 3.860E-02 | 2.127E-03
25| 0.101 | 1.790E-01 | 1.808E-02
3| 0184 3.350E-01 | 6.164E-02
35| 0316 5.080E-01 | 1.605E-01
4| 0477 7.160E-01 | 3.415E-01
45| 0629 | 9.830E-01 | 6.183E-01
5] 0.752 [ 1.368E+00 | 1.029E+00
5.5] 0.846 | 1.879E+00 | 1.590E+00
56| 0.888 | 1.968E+00 | 1.748E+00
6] 0.906 | 1.982E+00 | 1.796E+00
65| 0.906 | 1.987E+00 | 1.800E+00
7] 0.906 [ 1.987E+00 [ 1.800E+00

Table 1 nonlinear block characteristic data
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Figure 12 The characteristics of nonlinear block
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21 Boost converter modeling

Figure 3 shows the inductor current waveform for boost converter operating in continuous conduction mode.

| * N
b L2

Figure3  inductor current waveform of boost converter operating in CCM mode

assuming Vin is boost converter input DC voltage, Vout is the boost converter output voltage, L is the boost
choke inductance, ton is the on time duration in one switching cycle, toff is the off time duration in one
‘switching cycle, doff is the off time duty cycle and Tsw is the time duration in one switching cycle.

During “on” interval,

di, Vi

1
dr L ®

During “off" interval,

diy, @
dt L

And then the boost inductor current variation after one switching cycle is:
i =V Vo—Vou Va=Voud.

diy =ty ¥y = %' Ton @)

The instant boost inductor current after n switching cycle is:

Vs Ve sty o .

« T, @
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PFC IC control block is inserted in boost converter as shown in Figure 4.

doff

Figure4  PFC current loop principle

IC senses boost inductor average current, and calculate the off duty cycle to be proportional to inductor
current, and then send such off duty cycle back to boost converter. The negative feedback loop can be seen
from Figure 4. A small disturb increasing on i, will result in a litle bit increasing on off duty cycle. The
increasing off duty cycle will lead to decreasing of i after processing by boost converter. In the stead state,

V=V dyy =V, K i, ®)

Where, K is the modulation gain defined by IC. It can be seen that boost inductor current shape follows AC
input voltage and it is how PFC function to be achieved.
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The detail block diagram of current loop for ICE1PCS01 is shown in the Figure 5. The boost converter stage
Kacost IS elaborated in S-plane.
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IC sense the boost inductor current via shunt resistor Rsense as shown in Figure 2. The sensing signal is
sent to Isense Pin. As the voltage in Isense Pin is negative signal together with switching ripple, IC need to
do signal averaging and convert the polarity to positive for following PWM modulation blocks. The output of
averaging block is Vicomp voltage at Icomp Pin. the block diagram of current averaging block is shown in

Figure 6.

To PWM comparator

ISENSE
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where, K is a ratio between R501 and R7 which is equal to 7, Cicomy i the capacitor at lcomp Pin, gorsz is
the trans-conductance of the error amplifier of OTA2 for current averaging, typical 1.1mS as shown in
Datasheet M1 is the variable controlled by voltage 1oop.
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‘The averaged Vicomp signal is sent to PWM comparator block and compared with internal triangular ramp
signal to derive duty cycle. The timing diagram of this block is shown in Figure 7.
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Figure 7 The block diagram and timing sequence of PWM comparator block

The operating principle is explained as following. Gate output is in “low” state in the beginning of the each
cycle. Gate output is tumed to *high” at the intersection of the triangular ramp signal and Vicomp signal. Gate
output is tumed to “low” by oscillator synchronous signal. Based on the operating principle, the transfer
function of Ke(s) is:

1

KtyMz

@®)

Where, Kz is a design constant which is equal to 9.183, M, is the variable controlled by voltage loop.




