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A digital prediction algorithm for a single-phase boost PFC*
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Abstract: A novel digital control algorithm for digital control power factor correction is presented, which is called
the prediction algorithm and has a feature of a higher PF (power factor) with lower total harmonic distortion, and
a faster dynamic response with the change of the input voltage or load current. For a certain system, based on
the current system state parameters, the prediction algorithm can estimate the track of the output voltage and the
inductor current at the next switching cycle and get a set of optimized control sequences to perfectly track the
trajectory of input voltage. The proposed prediction algorithm is verified at different conditions, and computer
simulation and experimental results under multi-situations confirm the effectiveness of the prediction algorithm.
Under the circumstances that the input voltage is in the range of 90-265 V and the load current in the range of
20%—100%, the PF value is larger than 0.998. The startup and the recovery times respectively are about 0.1 s and
0.02 s without overshoot. The experimental results also verify the validity of the proposed method.
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1. Introduction

The switching power supply is widely used in electrical
systems, industry, transport, and electrical appliances, which,
however, leads to the decrease of input power factor and the in-
crease of harmonic pollution on the power grid. For the reason
that switching power supply has become the primary source
of harmonic pollution, it is inevitable that power factor correc-
tion is applied. In the design process of power factor correc-
tion (PFC) converters, in addition to considering the system’s
stability, higher power factor (PF) with lower total harmonic
distortion (THD) is more important in the control loop design.

In analog implementations of PFC converters, numerous
control methods have been explored to improve system perfor-
mance. The early passive PFC (PPFC), which uses an LC fil-
ter, has been abandoned because of its larger size and poor PF
modulation. Now the active PFC (APFC) is widely adopted,
which works at high frequency for small inductance and ca-
pacitance, and the PF value can be as high as 0.999. Dual-
loop control technology is usually used to enhance the dy-
namic performance in a continuous current mode APFC, such
as average/peak current controll!=>1 hysteretic controll® 7],
etc. In addition, some non-linear control strategies are pro-
posed to simplify the control strategy, such as the sliding mode
variable structure control and deadbeat control. A novel con-
trol method—single-cycle control®~19—was proposed in the
early 1990s by Smedley, which eliminated the need for input
voltage sensing and the multiplier in current loop compensa-
tion in order to simplify the design complexity. The control
strategies above have been confirmed as being effective for
PFC systems and have been implemented in some typical prod-
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ucts, such as ML4812 and UC3854 using dual-loop control,
and IR1150 using single-cycle control.

However, the increased requirements in integration and
cost cause some limitations in analog implementation strate-
gies due to its poor anti-aging, anti-jamming, and relatively
weak adaptability. Especially, once the circuit parameters
changes, the control loop needs to be redesigned and com-
plex control methods are also difficult or costly to be imple-
mented. The employment of digital technology can overcome
these problems, as it is more suitable for accomplishing the re-
quired control loop complex data processing and flexible algo-
rithms required for enhancing performance. For example, the
first digital control PFC chip, CS1500, uses a piecewise digi-
tal algorithm to provide the higher efficiency at full load, espe-
cially under a light load. Sampling data show that the efficiency
of CS1500 is up to 93% at 10% load, which is far more superior
to the maximum value 88% at the same load condition in the
analog PFC. The number of external components is reduced
by 30% or more, simplifying system design. In addition, the
digital implementation with the help of EDA tools can greatly
shorten the design cycle, which analog design cannot be com-
parable with.

However, directly realizing the analog scheme using digi-
tal technology will cause many problems. For instance, the ba-
sic multiplier, needed in the implementation of dual loop con-
trol strategies, will inevitably introduce a delay affecting the
control effect, and at the core of the analog single-cycle PFC
is a high-speed integrator which is more complicated to be im-
plemented with a digital algorithm.

In this paper, a real-time predictive method based on a
boost circuit structure is put forward in a digital controller.
This method calculates the orbits of inductor current and out-
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Fig. 1. The structure of a digital controlled boost converter with the proposed control method.

put voltage before the beginning of the next switching period
based on the sampling input voltage, inductor current, output
voltage, and the duty ratio in the current period, which enables
the input current to track the input voltage better. The theory of
the real-time prediction method and the treatment process are
introduced in this paper. The simulation and experiment results
in dynamic and steady states are shown and analyzed.

2. The idea of prediction method

In general, a digital control loop consists of analog-digital
conversion (ADC), an algorithm controller, and a digital pulse
width modulator (DPWM). Figure 1 shows the basic structure
of a boost PFC converter with the prediction method of the
digital control algorithm as an example.

For a given system, duty ratio is the unique controlled vari-
able for system operation. Regardless of whether the power
system is in a steady-state or a dynamic-state, the relationship
of voltage and current abides by the same rules. According to
the different state of the MOSFET, boost converters have two
topologies. Because the inductor current cannot change instan-
taneously, the relationship is described by

Vin — Vo

. ., MOSFET is off,
dlL UL L

T_x_ m
L % MOSFET is on.

If all the circuit parameters are determined, including con-
stant switching frequency, inductor (L), and output capacitor
(C), it is not difficult to estimate the output voltage and the in-
ductor current of the next cycle according to Eq. (1). Detailed
formulas and steps are as follows:

Step 1: the acquisition of the initial values, which includes:
(1) some drivers’ parameters such as load resistance (R,), in-
ductance (L), and capacitance (C). (2) the duty ratio at current
cycle d[k] and the samples of input voltage vy, (¢), output volt-
age v,(t), inductance current iy (¢) at current cycle, which are
transformed into digital signals vy, [k], vo[k], iL[k].

Step 2: The estimation of v,[k + 1] and i [k + 1] at the
next cycle by using the following formulas.

in k in k] — o k
ik + 1] = ifk] + 2 g W0 gy
Vo k] lav[k] — vo[k]/R
0 1] = v, T
volk + 1] v[k]+Rcd + 7
x (1 —d)Ts,
2
where the average current /,,[k] can be calculated by
in k .
i k] + 22 L[ Vit + i + 1]
lalk] = . 3)

4

When we estimate i [k+1] and v,[k+1] of the next cycle,
the curve trend can be estimated before it takes place. For an
ideal steady-state PFC, the trend of iy, should track the sinu-
soidal waveforms of input voltage v;, and the output voltage
v, should be stable near the reference value. So in the process
of a duty cycle acquisition, we can examine whether the curves
of v,[k], iL[k] are in line with the expectations of the ideal sys-
tem by simulation and computation, and thus further indicate
the correctness and effectiveness of the duty cycle.

3. The specific implementation of the prediction
algorithm

An assessment for a power system usually consists of
two aspects, namely dynamic performance and steady perfor-
mancel!3~16]. The process of adjusting controlled parameters
close to the expectation during the startup of a system or the
response for the change of the load current/input voltage be-
longs to the dynamic state. Shorter response time and over-
shoot are expected in this process. When the output variable
is near the expectation, the system enters into the steady state.
The concerns of steady-state performance indexes vary from
one system to another. In a converter system, ripple voltages
are the most important indexes. While for a PFC system, the
PF value is the most important. Therefore, for a PFC system,
an optimal control should meet both fast transient response and
high PF value in different cases. Two different control algo-
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Fig. 2. Flow chart of the proposed prediction algorithm using a PFC.

rithms should be designed separately in the dynamic state and
the steady state.

For a boost PFC system, the dynamic algorithm aims at
making output voltage v,(¢) achieve the expected value as fast
as possible at different cases. The input voltage after the rec-
tifier bridge is a half-sinusoidal waveform, and v,(¢) varies
quickly near the input voltage’s peak point where the larger
duty ratio provided by the dynamic algorithm is needed to in-
crease inductor current and improve transient response.

The steady algorithm has two characteristics. One is to
keep output voltage v,(¢) around the expectation, the other
is to let inductor current iy (¢) track input voltage vi,(¢) syn-
chronously to obtain a better PF value. According to the phase
and amplitude of vi,(¢), the most accurate value of i [k+1] that
tracks v, [k+1] at the next cycle can be estimated easily by the

proposed prediction method, and the duty ratio d[k+1] should
be obtained. Note that the influence of delay time is ignored
herel!1-12],

The process of the control algorithm operates as follows:

Step 1: acquiring some initial values as shown in step 1 of
Section 2. All of these values are indispensable in the control
algorithm. Components’ parameters will affect the dynamic
or steady performance of system. It is prerequisite to evalu-
ate the performance of various algorithms in the determined
parameters. Updating the sampling at the beginning of every
switching cycle can avoid the accumulation of prediction er-
ror.

Step 2: because the changes of vi, () are cyclical, the cur-
rent phase of vy, (¢) can be ensured based on the previous sam-
ples. However, at the startup process of the input port access to
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Fig. 3. Waveforms of v, and ij, when vj, = 250 V (maximum value).

commercial power, at least half power cycle is needed to detect
phases.

Step 3: comparing the sample of v,[k] with the expected
reference value to determine the system’s current state, steady
state or dynamic state.

Step 4: if in the dynamic state, the proposed prediction al-
gorithm can be used in a rapid regulator. According to the val-
ues of i [k+1] and v,[k+1], on the premise that i [k+1] is not
overshot, the optimal duty ratio for dynamic response can be
achieved when v,[k+1] is closed to the expectation. In other
words, in cases where the inductor current does not exceed the
limit, make the output voltage of the next cycle closer to the
reference. If the duty cycle meets the above conditions, it will
speed up response time.

Step 5: if in the steady state, the first step is to calculate
the input current value that can perfectly track the input volt-
age curve. Then the duty cycle can be calculated by using the
proposed prediction algorithm. Ideal iy [k+1] can be calculated
according to the power frequency phase of input voltage, to
satisfy PFC. After that, different values of ii [k+1] under dif-
ferent duty ratios can be predicted by using the dichotomizing
search. The optimal duty cycle for the PFC is obtained when
the value of i  [k+1] is close to the ideal one. The PF value is
improved in real-time sinusoidal tracking, and optimized THD
and reduced phase difference between input voltage and input
current are realized.

The above control algorithm runs once per cycle to calcu-
late the optimal duty ratio of this cycle and then controls the
DPWM to adjust the converter system. The flow chart of the
above steps can be found in Fig. 2.
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Fig. 6. Waveforms of output voltage v,y with the load change.

4. Computer and experiments results

The effectiveness of proposed algorithm has been verified
by MATLAB-Simulink. The parameters of the boost PFC con-
verter are listed as follows: v;, = 90-265V, v, = 400V, L
=4.7mH, C = 100 uF, Poy, max = 300 W. The switching
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Fig. 8. Waveforms of v, and i, in the startup process.

frequency and sampling frequency are both 100 kHz.

Figure 3 shows the waves of the input voltage vi,(¢), in-
put current i;,(¢), and output voltage v,(¢) from top to bottom
when the maximum input voltage is 250 V at the rated load. The
simulation results show that i, (¢) tracks vy, (¢) in real-time, and
that the proposed prediction algorithm has a good power factor
correction effect.

Figure 4 exhibits the comparison between the modulated
input current and the input voltage. Figure 5 exhibits the input
current spectrum. From the two figures, we can see that the
phase is in conformance with input voltage and input current,
and almost has no cross-over distortion, so there are fewer high
harmonics, and PF is up to 0.998.

Figure 6 gives the situation of the output voltage follow-
ing the load current change with single-cycle control and the
proposed control method. When the load changes from light to
high, with the prediction algorithm controller the output volt-
age remains stable except that the ripple becomes larger, while
with the single-cycle controller the undershoot of the output
voltage is about 12%.

Table 1 summarizes the simulation results of a boost PFC
with the proposed prediction algorithm in various kinds. It is
observed from above simulation and Table 1 that proposed pre-
diction algorithm can achieve excellent performance in any
conditions. Whatever the index is, over/undershoot, startup
time or recovery time, all of them produce more superior results
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Table 1. Parameters of a boost PFC with the proposed prediction algorithm.

Steady parameter

Dynamic parameter (50% i, — 100% i)

Vip (V) (maximum value)

AV, (V) PF THD (%) Start up (s) Recover (s) Overshoot Deviation (V)
150 7 ~0.998 5.90 0.11 0.025 ~0 5
250 8 ~0.998 5.04 0.15 0.02 ~0 7
300 10 ~0.998 5.92 0.076 0.018 ~0 7
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Fig. 9. Output voltage response with the load change from 0.8 A to 0.4 A.

than other control methods. However, it is noteworthy that us-
ing the prediction algorithm to estimate the track of the output
voltage and the inductor current at the next switching cycle is
based on the current system state parameters, so this algorithm
depends on the system parameters and the calculation increases
significantly with the increase of calculation accuracy. When
synthesized with an FPGA, the number of standard cells of the
proposed controller is five times larger than that of the single-
cycle controller.

A test system with the same condition as the simulation
is built to verify the prediction algorithm with the help of an
FPGA. Figure 7 is a comparison between the input current and
the input voltage, and the reading of the voltmeter shows the
PF value is 0.96 due to some cross-over distortion. Figure 8
shows the test waveforms. Please note that a difference probe
is used to test the output voltage with 500x attenuation. The
accuracy of the sampling resistor and sampling circuit speed
may affect the compensation, resulting in crossover distortion.

Figures 8 and 9 illustrate the startup process and the out-
put voltage response following the load current change with
two control algorithms, respectively. The startup time with the

proposed algorithm is about 10 power frequency cycles, about
30 power frequency cycles faster than single-cycle control
method. And the setting time with the load current change is ap-
proximately 80 ms (about 4 power frequency cycles), and the
overshoot is about 6% under the proposed algorithm control,
better than the single-cycle controller. According to Fig. 9(a),
the efficiency is about 96% in heavy load and then becomes
90% when the load becomes a half of the original.

Several papers whose design specifications are identical or
similar to this article are picked out and comparisons of their
static and dynamic performances are listed in Table 2. The effi-
ciency, setting time, and the overshoot voltage in the proposed
PFC are competitive, but power factor is a little bit worse.
Moreover, note that the calculation of the proposed algorithm
will be greatly increased with the improvement in prediction
accuracy, and at the same time hardware resources will be oc-
cupied more significantly and the efficiency will be reduced.

5. Conclusion

The development trends of PFC are requiring advanced
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Table 2. PFC parameters in different papers.

Parameter This work Ref. [18] Ref. [19] Ref. [20] Ref. [21]

Operating conditions Vin = 220V, Vin = 220V Vin = 110V, Vin = 220V, Vin = 100V,
Poyt =300 W Pout =300 W Pyt =225W Poyt =300 W Poyt =300 W
Vour =400V Vour =400V Vour =48V Vour =380V Vour =392V
fsw = 100 kHz fsw = 100 kHz Jfsw = 100 kHz fsw = 100kHz  fsw = 50 kHz

Power factor 0.96 0.995 0.98 0.999 /

Efficiency (%) 95.87 / 96 / 95.1

Settling time (ms) 80 20 150 200 100

Overshoot/Undershoot (%) 6 4 4.6 53 5

Load change (%) 50 — 100 100 — 50 30 — 100 100 — 67 20 — 70

control strategies, reducing product costs, EMI, THD, and de-
vice switching stress, and improving system efficiency. This
paper presents a new digital algorithm, named the prediction
algorithm, which, operating in CCM, can effectively improve
the system dynamics and static performance. The amount of
algorithm calculation is relatively great but the simulation re-
sults show that by using this algorithm, the power factor and
efficiency are higher. The experimental results include some
unsatisfactory PF values, which may be due to inappropriate
implementation. So the next research will be to further improve
these performances.
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