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Abstract—To improve the input current total harmonic dis-
tortion (THD), the look-up table (LUT) method is used in the
360-800 Hz critical conduction mode (CRM) boost power factor
correction (PFC) converter. When the ac line frequency changes
drastically and suddenly, the zero-crossing detection method needs
the half ac line period to follow the sudden frequency jump, causing
a mismatching between the LUT and the ac line frequency. This
mismatching in the time domain leads to a large current spike in
the input current and even destruction in the PFC converter under
some severe conditions. In this letter, a dynamic ac line frequency
response method is proposed to eliminate this mismatching. The
proposed method only needs to sample the input voltage, leading
to a good performance in following the sudden frequency jump in a
wide input voltage range. The effectiveness of the proposed method
is verified with a 160 W GaN-based CRM boost PFC converter.

Index Terms—Dynamic ac line frequency response, look-up table
(LUT), variable on-time (VOT).

I. INTRODUCTION

UE toits simple control and low switching loss, the critical
D conduction mode (CRM) boost power factor correction
(PFC) converter is widely used in low-to-mid power applica-
tions [1]-[5]. By realizing the valley switching (VS) and the
zero-voltage switching (ZVS), the switching loss is minimized
[6]-[8]. However, the VS and the ZVS lead to a negative induc-
tor current, which causes the input current distortion near the
zero-crossing input voltage [9]-[11].

To improve the input current total harmonic distortion, vari-
able on-time (VOT) control methods are developed, which can
be divided into two categories. One is the real-time calcula-
tion method [10], [11], and the other one is the look-up table
(LUT) method [12]-[14]. The real-time calculation method can
adaptively adjust the on-time with different input voltage and
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output load, but the accuracy is limited by the microprogrammed
control unit (MCU) [10]. The LUT method can obtain the on-
time by prestoring several LUTs, which means that the on-time
can be calculated by a more accurate and complicated model
[13], [14]. However, the LUT method is hard to realize the
adaptability with different input voltage and output load. The
situation becomes worse in the 360-800 Hz CRM boost PFC
converter, which exists a wide ac line frequency working range.

The 360-800 Hz CRM boost PFC converter is used in the
in-seat power supply, in which the output power changes from
tens of to hundreds of watts [15]. According to the DO-160G,
the 360—-800 Hz CRM boost PFC converter is designated as
category A(wide frequency, WF), which exists normal and ab-
normal frequency variations. The frequency variations can be
up to 400 Hz/s due to the quick engine speed changes more
particularly during engine runaway or failure mode scenarios.

In this letter, the impact of the sudden frequency jump on the
LUT-based VOT control is analyzed. To minimize the current
spike caused by the sudden frequency jump, a dynamic ac line
frequency response method is proposed. By sampling the input
voltage, the proposed method can follow the sudden frequency
jump immediately in a wide input voltage range. A 160-W
GaN-based CRM boost PFC converter is built to verify the
effectiveness of the proposed method. The experimental results
show that the proposed method can follow the sudden frequency
jump fleetly, even under the worst situation that the ac line
frequency jumps from 800 to 360 Hz.

II. IMPACT OF THE SUDDEN FREQUENCY JUMP

To discuss the impact of the sudden frequency jump, the
implementation of the LUT-based VOT control is illustrated in
this section first. Then, the mismatching between the ac line
frequency f; and the LUT, and its impact on the PFC converter
are analyzed.

A. Implementation of the LUT-Based VOT Control

To illustrate the implementation of the LUT-based VOT con-
trol, Fig. 1 shows the system diagram. In which, v;, is the input
voltage, L; is the boost inductor, Cj,, and C, are the input and
output filter capacitor, respectively, Qy, is the power switch, Dy,
is the freewheeling diode, and R, is the output resistor.
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Fig. 1. System diagram of the LUT-based VOT control.
Fig. 2. ZCD circuit built by the operational amplifier.
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Fig. 3. Mapping relationship between the square-wave signal and viy,.

As shown in Fig. 1, the whole system consists of four parts,
the main circuit, the driver circuit, the zero-crossing detection
(ZCD) circuit, and the MCU. The ZCD circuit obtains f; and the
zero-crossing point, which determines the choice of Ty, _1,uT.-
Due to the limitation of the storage space in MCU, the LUT is
established under the light load condition. Then, to cover all the
power range, a proportional-integral (PI) controller is added to
keep the output voltage V,, equal to the reference voltage Vi¢.
Thus, the ON-time T,,, can be obtained by the sum of T,,,_1uT
and T,,,_p1 from the LUT and the PI controller.

Normally, the ZCD circuit is built by the operational amplifier
as shown in Fig. 2, which consists of two stages. Stage I provides
a noninverting attenuation with positive offset for v;,, ensuring
that vy, is in the input voltage range of the operational amplifier.
Stage 11 is a hysteresis comparator, transferring the ac signal into
the square-wave signal vy, for the MCU.

By detecting the square-wave signal, the MCU can obtain f;
and the zero-crossing point. To illustrate the principle, Fig. 3
shows the mapping relationship between vy, and v;,,, where Vg
is the forward voltage of D; and D,. By detecting the rising and
falling edge of vy, the zero-crossing point can be obtained.
Moreover, f; can be obtained by detecting the time interval
between the rising and falling edge.

Since f; changes from 360 to 800 Hz, the LUT-based VOT
control should also adapt to different f; conditions. Taking the
LUT established by f;;, LUT g1, as the reference value, Ton_ruT
required for f;o can be expressed as follows:
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Fig.4. Expected vy at four typical points. (a) 360—800 Hz. (b) 800—360 Hz.

where INT(x) is the integer-valued function, f; is the sampling
frequency, m is the total number of the array element in LUT 41,
and n is the trigger times of the sampling interrupt.

Normally, n is reset to be 1 once the zero-crossing point is
detected by the MCU. Thus, both f; and n determine Ty,_1,uT
as given in (1), realizing the LUT-based VOT control.

B. Impact of the Sudden Frequency Jump

As discussed earlier, Ty, _r,uT is determined by the detected
f1, the detected zero-crossing point, and the prestored LUT. From
Fig. 3, it can be noted that the detected f; requires the half ac line
period, 0.57}, to follow the variation of the actual f;, causing a
mismatching between the LUT and f;. The worst situation occurs
when f; jumps from 360 to 800 Hz, or, conversely, from 800 to
360 Hz.

Since f; can change at any point during the half ac line period,
four typical points are used to analyze the impact, including w?
=0, 0.257, 0.57, and 0.757. The expected vy, at four typical
points is shown in Fig. 4.

1) fiJumps From 360 to 800 Hz: As shown in Fig. 4(a), with
the jump point increasing, the deviation between v;, with f; =
360 Hz and that with f; = 800 Hz decreases, which means that the
impact caused by the sudden frequency jump is reduced. Using
the calculation model in [14], Fig. 5(a) shows the distribution of
the required and the given T, _r,yT in the time domain. Then,
the expected input current i;, can be illustrated in Fig. 5(b).

From Fig. 5(a), it can be noted that the sudden frequency
jump causes a mismatching between the LUT and f;, causing
the nonsinusoidal i;,, in Fig. 5(b).

When f; jumps at wt = 0, there exists a crossover point
between the given T,,,_r,uT and the required one. Thus, before
the crossover point, the given T, 1,y is larger than the required
one, resulting in a current spike in #;,,. After the crossover point,
the given T,,,_r,yT is smaller than the required one, causing a
zero-current platform in i),.
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Fig. 5. Expected waveforms under the condition that f; jumps from 360 to

800 Hz. (a) Distribution of 7oy, _1,uT. (b) Expected ijy,.

20
given 7, ror
14 : : i
i H i @wt=0
_® ; i H required 75, zor
g i i I @wr=0
3 3 , ------ @wt=0.257
A H : : i = @wt=0.57
t_crossover point i @w=0.75n
o L
0 0.625
1 (ms)
(a)
12
/=800 Hz
9 @awt=0
required 7, 17
< 6| e @wr=0
E ------ @wt=0.257
3l e @wt=0.57
@wt=0.757
0 >
0 0.625
t (ms)
(b)

Fig. 6. Expected waveforms under the condition that f; jumps from 800 to
360 Hz. (a) Distribution of Ty, _1,uT. (b) Expected ijy,.

Different from the situation that wt = 0, the given T,,,_r,uT
of the other three situations is always no larger than the required
one. Thus, there exists a zero current platform in i;,, while no
current spike.

2) fi Jumps From 800 to 360 Hz: Similar to the analysis
mentioned above, Fig. 6(a) shows the distribution of the required
and the given T,,,_r,ur in the time domain. Then, the expected
iin can be illustrated in Fig. 6(b).

From Fig. 6(a), it can be noted that there exists a crossover
point between the given T,,_pur and the required one. After
the crossover point, the largest T,,,_ruT is given at a large vi,,
causing a current spike, which is large enough to destroy the PFC
converter. Thus, a method is required to minimize the current
spike for practical application.
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Fig. 7. Calculation results of f; in (2T, 20Ts).

III. DYNAMIC AC LINE FREQUENCY RESPONSE METHOD

To minimize the current spike caused by the mismatching
when f; changes drastically and suddenly, a method is required
to follow the sudden frequency jump fleetly.

A. Dynamic AC Line Frequency Response Method
To simplify the analysis, define v;;, as follows:
vin (t) = V2V sin (27 fit) )
where Vj, is the root mean square (rms) of vy,.

According to the equivalent infinitesimal, sin(27f;f) and 27fjt
converge to zero at the same point t = 0, which means that
sin (27 fit)

27 flt

That is, near the zero-crossing point, v;,, can be rewritten as
(4). In which, vj, can be obtained by the sampling circuit, # can
be obtained by the MCU, while V;,, and f; are unknown under
the abnormal operating conditions. According to the DO-160G,
Vin can change from 97 to 134 VAC, which makes it hard to
calculate f; by (4) directly

vin (t) = 2v27Viu fit. )
To eliminate the impact of Vi, the derivative of v;,, is analyzed
in the discrete-time domain, which can be expressed as follows:
Boin(nTe) — 9\ 2 Viy fi cos (2 finTy)
() T) v (n-1)T) O
B 2T,
where T’ is the sampling time and equal to 1/fs.
Substituting (4) into (5), f; can be expressed as follows:

to (vin ((n+1) Ts) —vin ((n—1) T§))
fi arccos < 0 TN )

—1. 3)

1m
t—0

- 2mnT,

(6)
where #( is a time near the zero-crossing point, which is chosen
to be 27 in this letter.

Let f; be 250 kHz, then T is 4 us. Using (6), Fig. 7 shows the
calculation results of f;in (275, 207 ;). From the figure, it can be
noted that relative error Jf; is smaller than 6% at t = 2T, and Jf;
is smaller than 0.5% at r = 107, implying the accuracy of the
proposed dynamic ac line frequency response method.

B. Implementation of the Proposed Method

As analyzed earlier, the proposed dynamic ac line frequency
response method can follow f; fleetly near the zero-crossing point
regardless of V;,. However, f; can change at any point during
the half ac line period, as discussed in Section II. Thus, the
implementation of the proposed method needs to be improved
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Fig. 9. System diagram of the proposed method.

to avoid the destruction of the PFC converter caused by the
sudden frequency jump in (207, 0.577).
Near the zero-crossing point, substituting (6) into (4), Vi, can
be expressed as follows:
Vi = nin (27%) . o
2/2 arccos ('Uiu((n—&-l)TS)—vm((n—l)Ts))

vin (27

Using (7), Fig. 8 shows the calculation results of V;,, in (27,
20T). From the figure, it can be noted that §V, is smaller than
7% at t = 2T, and 6V, is smaller than 0.5% at t = 107T,. Thus,
the proposed method can also obtain Vj, fleetly near the zero-
crossing point.

That is, near the zero-crossing point, the initial f; and V;;, can
be obtained immediately, making it easy to predict the value of
vin at any point during the half ac line period. Once f; changes,
the sampled vy, will deviate from the predicted one as shown in
Fig. 4. After detecting the variation of f}, T,,,_puT is gradually
reduced to zero by the MCU, changing the control mode from
the VOT mode into the COT mode. Thus, the current spike in
Figs. 5(b) and 6(b) can be avoided.

Based on the proposed method, Fig. 9 shows the system dia-
gram for the MCU implementation. The ADC module samples
vin in real-time. Near the zero-crossing point, the initial f; and
Vin of the current period are obtained to check the variation
of f;. If f; is unchanged during (2075, 0.57;), the control mode
keeps the VOT mode. Then, T,,_r,uT is obtained by (1) and
Ton_p1 is obtained by the PI controller. The required 7, can be
calculated by the sum of T,,_r,ut and Ty, _pr1. If f; is changed
during (207, 0.57;), the control mode is changed into the COT
mode, avoiding the current spike. Then, the required 7, can be
calculated by T,,_p1. In the next half ac line period, repeat the
abovementioned operation.

IV. EXPERIMENTAL RESULTS

The experimental work is conducted with a 160-W CRM
boost PFC converter. The circuit parameters are given in Table I.
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TABLE I

CIRCUIT PARAMETERS OF THE EXPERIMENTAL PROTOTYPE
Input voltage 115 VAC C, 56 pF
Output voltage 270 VDC Ly 101 uH
Max output power 160 W Cin 100 nF

Power switch O TPH3206PS Cou 180 «F/ 450 VDC
Boost diode Dy C3D02060A | MCU TMS320F28335
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Fig. 10. Dynamic response with 20% load (360—800 Hz) near the zero-
crossing point: (a) without the proposed method; (b) with the proposed method.
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Fig. 11. Dynamic response with 20% load (800—360 Hz) near the zero-
crossing point: (a) without the proposed method; (b) with the proposed method.

Under the condition that f; jumps from 360 to 800 Hz near the
zero-crossing point, Fig. 10 shows the dynamic response without
and with the proposed dynamic ac line frequency response
method. From Fig. 10(a), it can be noted that there exists a current
spikein ij,, whichis in coincidence with the expected waveforms
in Fig. 5(b). By using the proposed method, Fig. 10(b) shows
that the MCU can follow the sudden frequency jump fleetly,
eliminating the current spike.

Similarly, the dynamic experiments are conducted under the
condition that f; jumps from 800 to 360 Hz near the zero- crossing
point, which is shown in Fig. 11. Same as the analysis in
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Fig. 12.  Dynamic response under the frequency variation with 20% load near
the peak voltage point: (a) 360—800 Hz; (b) 800—360 Hz.
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Fig. 13. Dynamic response under the voltage variation with full load.
(a) 97—134 Vac. (b) 134—97 Vac.

Section II, the mismatching between the LUT and f; makes the
largest Ton_1,uT appear at a large vy, causing a current spike,
which is large enough to destroy the PFC converter. By using
the proposed method, Fig. 11(b) shows that the MCU can follow
the sudden frequency jump fleetly, avoiding the destruction of
the PFC converter.

Since f; can change at any point during the ac line period, the
dynamic experiments are also conducted near the peak voltage
point, which is shown in Fig. 12. As shown in the figure, once
the variation of f; is detected, the control mode is changed into
the COT mode, leading to a zero current platform near the zero-
crossing point. In the next half ac line period, the control mode
recovers to the VOT mode, eliminating the zero current platform,
which is in coincidence with the implementation in Section III.

To verify the effectiveness of the proposed method with
different V;,, the dynamic experiments are also conducted under
the condition that V;,, jumps between 97 and 134 Vac. As shown
in Fig. 13, there exists no current spike in #;,,, which means that
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the variation of V;,, has no impact on the detection of f;. That is,
the proposed method can handle the situation with different V;,,.

V. CONCLUSION

This letter presents a dynamic ac line frequency response
method for 360-800 Hz CRM boost PFC converters. The impact
of the sudden ac line frequency jump on the LUT-based VOT
control is analyzed. To minimize the current spike caused by
the mismatching when f; changes drastically and suddenly, a
dynamic ac line frequency response method is proposed. By
sampling the input voltage, the proposed method can follow the
sudden frequency jump immediately in a wide input voltage
range. The experimental results show that the proposed method
can follow the sudden frequency jump fleetly, even under the
worst situation that the ac line frequency jumps from 800 to
360 Hz.
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