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Abstract A predictive algorithm far digital controlled PFC
is introduced in this paper. Based on this algorithm, all of the
duty cycles required to achieve unity power factor in a half line
period can be calculated by the DSP in advance. The main
advantage of this digital control PFC method is that the high
switching frequency of the PFC can be achieved because it does
not directly depend on the processing speed of DSP. The small
signal model is set up for the purpose of designing the voltage
loop and analyzing the dynamic performance of DSP controlled
PFC system. Input oltage feed forward compensation makes
the output voltage insensitive to the input voltage variation and
guarantees the input current sinusoidal even if the input voltage
is distorted. Simulation results show that the predietive
algorithm for digital controlled PFC works well.

I. INTRODUCTION
Power Factor Correction (PFC) is necessary for AGto-DC
switched mode power supplies (SMPS). PFC could result in
many benefits for SMPS, including: improving the efficiency
and capacity of power system, reducing the harmonic of line
current, improving the line voltage quality and reducing the
utility bill of customers, etc. Several intemational standards,
such as IBC-1000-3-2 and IEEE-519, were published to limit
the harmonics of line current and improve the power factor of
power supplies. Therefore, PFC bas been designed as a
compulsory module in many AGto-DC converters. In the
implementation, many kinds of analog PFC control chips
manufactured from different companies are available in the
market [I]. Most of control algorithms implemented by these
PFC chips are average current mode control and/or peak
current mode control. The power factor in these kinds of A G
to-DC converter is usually over 0.99.
Many researchers are working on the digital controlled
PFC based on DSP or microprocessors. Digital control has
many advantages compared with analog control, such as
programmability, adaptability, less part count, less
susceptibility to environmental variations, more immunity to
input voltage distortion and easier system level management,
etc. In addition, the recent development in digital control
technique and the cost reduction make it more suitable to be
used in power electronics. Average current mode control is
implemented in digital controlled PFC implementation 12-31.
In average current mode control, as shown in Fig.1, DSP or
microprocessor is used to calculate the duty cycle in every
switching period to achieve PFC based on the feedback
current and the reference current. Therefore, if the switching
frequency is too high, tbe DSP does not have enough time to
complete all the calculation and processing tasks. The
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problem of limited switching frequency is one of the main
barriers of the digital implementation of PFC. It was explored
to solve the above problems with limited success in several
papers. A digital control method is presented [4], in which the
duty cycle is updated once in several switching cycles in
order to reduce the calculation time and increase the
switching frequency of the PFC converter. The problem is
that its harmonics are increased with the increased number of
switching cycles in which the duty cycles are not updated. In
addition, it is difficult to be implemented by the hardware
because there is no consideration about the inductance drift
due to the current and temperature variation. A PFC control
method based on DSP, which consists of two parallel loops,
is explored in 151. However, its CPU requirement is no less
than that based on the conventional average current control.
In brief, all of the existing PFC control strategies cannot take
full advantages of the digital control since they just
implement the analog control law in digital form. Because of
the sampling delay and necessary processing rime, the
switching frequency is limited even when the latest and
fastest DSPs are used.

Figure 1. Avenge current control of the Boost PFC

The existed implementations of the digital controlled PFC
have some limitations. First, the switching frequency is
limited due to the sampling, calculation and processing time.
Further more, even operating at a relatively low switching
frequency, the high performance DSP is still exclusively tied
by the PFC stage in switched mode power supply (SMPS).
Second, the higher the switching frequency, the faster the
DSP required. So the implementation of the digital control
method in the PFC application is limited due to the high cost.
Third, even if the fastest DSP is used in the digital controlled
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PFC system, the switching frequency cannot reach the same
level as that in the analog controlled PFC system. All ofthese
problems limit the implementation of digital controlled PFC.
Several approaches were explored to overcome the above
limitations of digital controlled PFC, as described in Table I.
The first approach is a digital controller combined with an
analog PFC control chip, e.g. UC3854 [6]. This approach is
just using a control IC as the inner loop to share the PFC task
with DSP. DSP is used to process all the other tasks except
PFC, including voltage control loop. High switching
frequency can be achieved. The disadvantage is that its
control structure is complicated. The second approach is a
FPGA combined with an analog to digital converter [7]. In
order to implement this approach, a simple PFC control
algorithm should be designed to make it suitable for FPGA.
However its cost is high. The third approach is to achieve
digital controlled PFC by using a low cost DSP based on a
new control algorithm, which can achieve high switching
frequency. It is the best approach with lowest cost and
simplest structure among these three approaches [SI. A new
PFC digital control method implemented by a DSP is
explored and analyzed in this paper.

Fig.2 Bwst converter topology

The discrete form for the inductor current at the beginning
of @+I)" switch cycle in term of the inductor current at the
beginning of k I h switching cycle can he derived from (1) and
(2) as
i, ( k + 1) = iL(k)+-

Y (k).T
L
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V,O-d(k)).T,
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Where d ( k ) and T, are the duty cycle and switching period.
~ , ( k is
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are the inductor currents at the beginning of k I h and
(k+ 1)'bswitching cycles, respectively.
When Boost converter is operating at unity power factor,
the inductor current should follow the reference current
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The predictive PFC control strategy optimized for DSP
implementation is introduced in section 2. The PFC control
strategy is based on the predictive algorithm to achieve power
factor correction. In this method, all of the duty cycles
required to achieve high power factor in a half line period are
calculated in advance. The major advantage of this method is
that, the switching frequency of the PFC does not directly
depend on the processing speed of DSP. In section 3, the
model of Boost PFC based on predictive control method is set
up and analyzed. The input voltage feed forward is
incorporated with the predictive algorithm to compensate the
duty cycles for the purpose of maintaining sinusoidal input
current and stabilizing the output voltage when there exist
variation and/or distortion in line voltage. It is analyzed in
section 4. In section 5 , the simulation results are presented.
The conclusion is given in section 6.

which is proportional to the rectified input voltage, as shown
in Fig.3. At the same time, the output voltage should follow
That is
the reference voltage v,.

v, = v,

(4)

i, (k +I) = im,(k + I )

(5)

i,(k) =L,(k)
(6)
Substituting (4) (5) (6) into (3), the duty cycle in k'
switching period, d ( k ) , can be calculated as
Vd

Where

j ,

(7)

v,-V,(k)

,(,)=[i,(k+I)-i,(k)l,L+
T,

Vd

is the rectified sinusoidal waveform and its

amplitude is determined by the outer voltage loop

11. PRINCIPLE OF PREDICTIVE CONTROL FOR PFC
The topology of Boost converter is shown in Fig.2. The
proposed predictive PFC algorithm for DSP control is derived
based on the assumptions: ( I ) Boost converter operates at
continuous conduction mode (2) the switching frequency is
much higher than the line frequency. With above assumptions,
when the switch S is on and off, the inductor voltage is
expressed as
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Fig.3 Inductor current waveform and reference c m n t in one T,

The predictive algorithm (7) can be used to generate the
duty cycles by DSP in the PFC implementation. In order to
achieve unity power factor, a more accurate model, as shown
in Fig.4, is used to predict the required duty cycles. The
inductor winding resistance, R, ,the on resistance o f switch,
Ron, the voltage drop across diode, v, , and the output
voltage ripple, v,,lWe, are considered in this model. The
duty cycles can be derived based on this accurate model as
Lid (k + W i l d(kil
,
v. -(vd + v.-- i- V , - R L k ( k i
d(k)=
~

( Y ~ + ~ . . ~ ) + v ~ - R ~ T,
. i ~ ((v,
k i+ V ~ - ~ ) + V ~ - R & ( ~ ~

(8)
Where, v,_tipfle
can be estimated as
Fig.5 DSP controlled Boost PFC based on predictive algorithm

(8) is the predictive algorithm used to implement unity power
factor. All of the duty cycles required to achieve unity power
factor in a half line period are calculated by DSP according (8)
in advance. One of the advantages o f this algorithm is that the
requirement for DSP to achieve PFC is reduced. So the high
switching frequency of digital controlled PFC can be
achieved based on the low cost digital controller.
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Figure 4. Accuratemodel of Boost converter

The digital controlled Boost PFC based on the predictive
algorithm is shown in Fig.5. The duty cycles are generated by
the predictive algorithm. The input voltage vi, is sensed as
the feed forward to the predictive algorithm (8). The input
feed forward compensation will be discussed in detail in

111. MODEL OF BOOST PFC BASED ON PREDICTIVE CONTROL

3.1 Control-to-output Transfer Function
It is necessary to setup a model so that the dynamic
performance of the DSP controlled PFC can be analyzed. At
the same time, the design of PID regulator can be guided
based on this model. The small signal model is derived based
on the conditions: (1) the AC-to-DC converter can he
modeled as a loss-free resistor, (2) the high-frequency
switching ripple can be neglected, (3) the control varies at
frequency sufficiently less than the AC line frequency, (4)
small signal conditions are met. Based on above assumption,
a small signal model of PFC based on Boost converter can be
described as the equivalent circuit, as shown in Fig.6 [9][10].
j , , j , are the coefficients which describe how the output of
PID regulator influences the input and output current o f ACto-DC converter. r, , r, are the equivalent ac resistances,
which describe the input and output characteristic of
converter. g , describes how the input voltage affects the of
output current.

section 4. The reference current, lm,, is obtained from the
multiplier. Its amplitude is determined by the output of the
PID controller in the voltage loop. Its phase and sinusoidal
waveform are determined by the zero cross detection and the
sine-wave-look-up-table. The output voltage,<, is controlled
by the closed loop with a PID regulator. In this digital control
system, the feedback signal is V,. The output of the DSP is

R

is the incremental resistor of the load.

YD.

is the output of PID regulator in Fig.5. Y is the output voltage
of PFC. All ofthese parameters are evaluated at the quiescent
operating point. This model is based on the average value in a
half line period and valid for the voltage regulation frequency
suficiently less than the line frequency. The control-tooutput transfer function is derived from Fig.6 as

the gate signal for the switch S.There is no current loop in
this control system. All the duty cycles required to achieve
unity power factor in a half line period can be generated in
advance with this predictive control strategy.

VL,
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Vi V , Vpid
and P a r e the output

'i =T'

voltage, output of PID regulator and average power of Boost
PFC at the quiescent operating point, respectively.

3.2 Small Signal Model of Closed Loop
The block diagram of the Boost PFC with closed voltage
loop is shown in Fig.7. The feedback of output voltage is an
average value in a half line period. Therefore, the sampling
period is ~ = 1 0 m ~In. Fig.7, one sampling period delay is
considered. The loop transfer function is derived as

IV. INPUT VOLTAGE FEED FORWARD COMPENSATION
A compensation module based on the input voltage feed
forward is introduced in the predictive algorithm (8) to
achieve better dynamic and steady state characteristics. Two
types of performance can be improved by input voltage feed
forward: (1) stabilizing the output voltage for a step change in
the line voltage (2) compensating the calculated duty cycles
to guarantee sinusoidal line current when there is distortion in
the line voltage.
In
predictive
algorithm
the
input
voltage,
Vh(k)
sin(o,,nc .,kj,is an ideal sinusoidal waveform which is

generated based on a lookup table, so that the duty cycle can
be calculated in advance. However, the line voltage could be
distorted or varied. In the case of input voltage feedforward,
Where k, , k, are the proportional coefficient and integral
the real time input voltage is sensed and used to modify the
Coefficient of PI regulator, respectively. The feedback duty cycle. When the input voltage variation is sensed, the
coefficient is 1/80.
duty cycles, which are generated by DSP in advance based on
(8), will be updated to be
3.3 Dynamic Performance Analysis
(12)
= 4 k )+ W k )
)& , + , , d
The dynamic performance of the digital predictive control
Where, d,,,a(k), is the duty cycle sent to gate of Boost
PFC system was analyzed based on the above model. The
MOSFET, and d(k) is the duty cycle calculated by (8).
parameters used in the analysis are:
= I O ~ W
(resistive
load), V, = 4ow , y.nw3 = 2 2 0 ~, sampling period T = lOms , M ( k ) is the compensated component
proportional coefficient k, = 80 and integral coefficient

M ( k ) =- AV&)

k, =I500 . The Bode plot of the loop transfer function

"m/

@ ( S )is shown in Fig.8, in which the bandwidth is about
12Hz and the phase margin is about 60 degree. The phase
margin and gain margin are sufficient enough for the PFC
system with closed loop.

"y+z-HF+qT
Sampling Holder

PI Regulator

BoaDt PFC

m

(13)

Where, ~ ~ ~ ~~ (, ( k ) )v,,(k),
=
is the input voltage variation.
v J k ) is the sensed value of input voltage. A v j n ( k ) is the

difference between vin(k)and Y . J k ) . (13) is derived from (7)
just for the purpose of simplification in expression. It should
be noted that vjm(k)will be stored in the look up table used as
the updated yn(k) in the next half line period. This input
voltage compensation can be implemented easily by a DSP
because only little calculation is required.
It is analyzed here in detail for the Boost PFC to be
controlled by predictive algorithm if there are harmonics in
the input voltage,v,n, expressed as

U

Feedback

Fig.7 Block diagram of Boost PFC system with closed voltage loop

The variation between the ideal input voltage, ym(k),and the
feed forward input voltage, v,,(k), is
Av,.(k)=IV,sin(o,,,,-t,)I- V, sin(w,,,;t,)+

zV,sin(i.w,,,, t r )
&,.I.-

(15)
Then the duty cycles can be calculated after input voltage
compensation according to (12) and (13). Now one more
question remained: where do the voltage harmonics drop?
Substituting (7) into (12), the duty cycles calculated after
h u t voltane feed forward comDensation are derived as

Wirad/SI

Fig 8 Bade magrams of digital controlled BwstPFC
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According to the average equivalent circuit model of Boost
topology as shown in Fig. 9, the voltage drop on the diode is
Vd ( k ) =
(k)' vo
(17)
In the stead state, V, = v,, the voltage across the diode is

-

derived by snhstituting(13), (15)and (16) into (17), as
vd (k) =Vm,

+ [iw(k + i ) - i m , ( k ) ] . L - V, sin(q,mr, I , ) +
T,

Z V , sin(i. q,"*
.I,
,-,.I..

(18)
It is shown from (18) that the harmonics drop across the
diode. The voltage across diode for distorted input voltage is
shown in Fig.16.

Vi"
d'iL!

i;

The output voltage in transient state, in which the load is
changed from 250w to lOOOw, is shown in Fig.13. When the
load is changed from 250w to lOOOw at time t
Is, the
output voltage drops to 39637. The decrease is less than 1%.
The output voltage recovers to its stable value in ahout
200mS.
The output voltage for a step change in the line voltage is
shown in Fig.14. When input voltage is changed from 220v
(RMS value) to 190v at time l=0.205s, the output voltage
almost does not change. The output voltage is magnified in
the middle of Fig. 14. Its average value in a half line period is
only decreased from 4 0 0 . 2 ~to 3 9 9 . 7 ~So
. the output voltage
is insensitive to the input voltage step change due to the input
voltage feed forward compensation.
Fig.15 and Fig.16 show what happens when the input
voltage is distorted. In order to make the result obvious, there
is only third harmonic in the line voltage. The magnitude of
the third harmonic is 15% of the fundamental component.
The input voltage and current waveform are shown in Fig. 15.
The input current can still remain sinusoidal when the input
voltage is highly distorted. The power factor under this
situation is 0.998.
The voltage across the diode is shown in Fig.16. By
comparing the Fig.15 and Fig.16, it is obviously that the
harmonics of voltage drop across the diode.

vm

Fig.9 Average equivalentcircuit model of Boost topology

The input voltage feed forward solves two problems. First,
it stabilizes the PFC system and improves its dynamic
performance when there is input voltage step change.
Therefore, the output voltage is insensitive to the input
voltage variation. Second, it can achieve high power factor
even when there is distortion in the line voltage. Therefore,
the input current can he still sinusoidal in this situation. The
input voltage feed forward compensation technique is
simulated in section 5.
V. SIMULATION RESULTS

Simulation is performed by using MATLAB to verify the
proposed digital PFC control algorithm.
The power factor at different loads for input voltages of
220v and 1lOv (RMS) are shown in Fig.10. It is shown that,
for both 220v and 11Ov input voltage, the power factor is
over 0.99 with range from 25% to full load. The power factor
at low load is a little bit less than that at high load due to the
approximation in the derivation of predictive algorithm (8).
The power factor at the loads of lOOOw and %Ow for
different input voltage is shown in Fig. 1I . The power factor
is always over 0.99 for the input voltage range from 90v to
260v (RMS). It can also be found that the power factor for
high input voltage and low current is a little bit less than that
for low input voltage and high current, hut still over 0.99. It is
verified that the proposed PFC control strategy works well
for wide input voltage and load current variation range.
The dynamic performance is also simulated. The output
voltage in transient state, in which the load is changed from
lOOOw (full load) to BOW, is shown in Fig.12. When the load
is changed at time t=ls, the output voltage overshoots to
404V. After about ZOOmS, the output voltage stabilize to be
the reference value. The overshoot is less than 1%.
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Fig.10 Power factor for different load currents

Fig.11 Power factor far different input voltages

tike,lX:i
Fig.16 Voltage waveform on Illode for distorkd line voltage

limeISI

Fig 12 Voltage waveform dunng load transient (Load lO0Ow to 25Ow)

VI. CONCLUSION
The digital control method for PFC is introduced in this

.

paper. The predictive algorithm to achieve unity power factor
is derived based on the Boost topology. The main advantage
of this digital control PFC method is that all of the duty
cycles required in a half line period can be calculated in
advance. The high switching frequency of the PFC can be
achieved because it does not directly depend on the
processing speed o f DSP.
A small signal model was setup to analyze the dynamic
performance o f . t h e PFC system. The parameters of PID
regulator can he designed based on this model. An input
voltage conpensation technique is proposed and incorporated
with the predictive algorithm. Benefited from the input
voltage feed forward, the stable output voltage and sinusoidal
input current were achieved when there is variatioddistortion
in line voltage. Simulation results show that the digital
controlled PFC works well in both steady and dynamic states:

.
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