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Design of a Highly Accuracy PSR CC/CV AC-DC
Converter Based on a Cable Compensation Scheme
Without an External Capacitor

Changyuan Chang

Abstract—With the development of portable electronic products,
the requirement for chargers is also getting higher. In this paper,
a high-accuracy constant output current/constant output voltage
(CC/CV) ac—dc flyback converter is proposed and a novel cable
compensation method without external capacitor is put forward.
The converter adopts primary-side regulation (PSR) scheme, de-
tecting the output voltage through the auxiliary winding, and ad-
justing switching frequency to achieve output voltage constant in
CV mode. Compared to conventional cable compensation mod-
ule, the proposed circuit applies a method of pre-filtering, aver-
aging, and re-filtering, to obtain the compensation voltage. This
method eliminates the need of external capacitor, reducing cost
and increasing reliability of the converter. In CC mode, the switch-
ing period is adjusted to be fixed multiple of the demagnetization
time, thereby realizing the constant current output. The control
chip was implemented in NEC 1 pum HVCMOS process, and a
5-V/1-A prototype has been built to verify its feasibility. Experi-
mental results show that the deviations of output voltage and cur-
rent are within 0.9 % and +3% under different inputs and loads,
while maximum conversion efficiency can reach a level of 78.2%.

Index Terms—AC-DC converter, cable compensation with-
out an external capacitor, high-precision constant output cur-
rent/constant output voltage (CC/CV), primary-side regulation
(PSR).

I. INTRODUCTION

UE to the increasingly severe global energy and environ-
mental problems, lithium-ion battery has attracted much
more interests as a renewable energy source. However, lithium-
ion battery has very high requirements for chargers. For charging
efficiency and speed, the converter charges the battery by con-
stant output current (CC) first. Once the terminal voltage of the
battery reaches the termination voltage, the converter switches
to constant output voltage (CV) mode [1], [2].
Flyback converter is very commonly used as battery charger
for portable electronic equipment, because of its simple struc-
ture and low cost [3]-[6]. Current trends in flyback converter
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focus on primary-side regulation (PSR) scheme [7]-[14]. This
topology has the advantages of simplicity and cost effective-
ness, and it has no need of optical coupler, thus reducing the
volume and cost. Sensing output voltage and current from the
auxiliary winding, PSR scheme can achieve CC and CV easily
[15]-[18]. However, many portable electronic products such as
cell phone are not directly linked with the converter, but through
a long charging cable. The resistance of the cable leads to the
loss of output voltage, reducing the output accuracy. To speed
up charging, today’s mobile phone chargers generally adopt a
charging current of more than 2 A, which means a large volt-
age drop will be generated, so the loss must be compensated
[19]-[22].

In recent years, many kinds of compensation scheme have
been put forward [23]-[27]. An adaptive reference voltage is
used to adjust output voltage in [24], but it uses a series sense
resistor to sense the output current, which loses the advantage
of the PSR structure. Huang and Wang [25] and Chang et al.
[26] inject compensation current into the sense resistor on the
auxiliary winding, increasing feedback voltage proportional to
output current. The downside is that an external compensation
capacitor is needed to maintain compensation loop stability. Xu
et al. [27] used a digital control algorithm and replaced the
external compensation capacitor with a digital RC filter, but
auxiliary chips like ADC are still needed.

Based on the previous research, a flyback ac—dc CC/CV con-
verter is designed in this paper, and a novel cable compensation
method is presented to achieve higher accuracy. This method
eliminates the external capacitor, therefore deceases the cost of
the system and simplifies peripheral structure. What’s more im-
portant is that external capacitor takes a risk of failure, having
very deleterious influence on system stability. For example, the
impedance of adjacent solder joints on the PCB board would
decrease as time goes on, especially in wet environment like
coastal area. This would cause a large resistor connected in
parallel with the compensation capacitor. For better compensa-
tion, the filtering resister connected with the capacitor is quite
large about hundreds kilo-ohms, so the equivalent resistance
of PCB would be close to this filtering resister, changing the
pole of cable compensation module, eventually reducing the
system stability. Therefore, it is very important to avoid this ex-
ternal capacitor in practical applications. This paper first intro-
duces the system structure and CC/CV principle in Section II.

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 1. System diagram of the proposed PSR ac—dc converter.

Then cable compensation method and demagnetization time
detection circuit will be given in Section III. The simulation
and experimental results based on a prototype will be given in
Section IV. At last, Section V will make a conclusion.

II. DESIGN OF PSR AC-DC CONTROL CHIP
A. System Review

The proposed PSR AC-DC converter and the control chip are
depicted in Fig. 1. The primary side of the converter consists of
a rectifier bridge BD, an EMI filter, an RCD clamp circuit, and
a current sensing resistor R.s. The secondary side consists of a
freewheeling diode Dy, an output capacitor Cy, and a load bat-
tery Ry, which is linked by a charger cable whose resistance is
Rcable- An auxiliary winding connects with a pull-up resistor R,
apull-down resistor Ry, a power supply diode D, ,x and a capac-
itor Cyqq4. These three windings are combined by transformer 7,
where Np, Ng, N4 are turns of the primary, secondary, and aux-
iliary side, respectively. The chip mainly includes a power tran-
sistor Q, sample&hold module(S/H in Fig. 1), demagnetization
detection (Demag Det), Bandgap&reference, cable compensa-
tion (Cable Comp), an error amplifier (EA), oscillator (OSC), a
PEM controller, a constant current controller (CC), a constant
voltage controller (CV), a leading edge blanking (LEB), and a
driver. It should be noted that there is no external compensation
capacitor.

The proposed converter works in discontinues conduction
mode (DCM), and the key waveforms are shown in Fig. 2.
When Q turns ON, the current of the primary side Ip increases
linearly, storing the electromagnetic energy in the transformer.
Once Ip reaches to the set threshold value Ipp, Q turns OFF.
Then the energy passes to the output, and the transformer begins
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Fig. 2. Typical operating waveforms of the flyback converter.

to demagnetize, while the secondary current I also decreases
from peak value Igp. Tp is the demagnetization time. Vgp is
the feedback signal of the auxiliary winding, from which can
output voltage and current be sensed. Because of the leakage
inductance and parasitic capacitance of the transistor, oscillation
will occur when state switched.

B. Principle of CV and CC Control

One of the great features of DCM is that no energy is stored on
the primary inductor before the start of each duty cycle. When
Q turns ON, Ip rises with a slope of Vi, /L, where L, is the
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primary inductance. At the end of the ON-time, Ip reaches to its
peak value Ip p. At this point, the energy stored by transformer is

1
Ein:Q'Lp'IPP2~ (1)
Then input power of the system Pj, can be expressed as
L, Ipp®
Pin =L 2
o 2)

where T is the switching period. Considering the conversion
efficiency, the output power can be expressed as

2
V:Jut
Ry

Pout - =1n- }Din (3)
where R, is the load resistance and 7 is the conversion effi-

ciency. Therefore, the output voltage V¢ can be obtained from
formulas (2) and (3) as

‘R, - L
Vour = Ipp | T 2= )

In (4), Ipp can be expressed as the division of Vpp and Rs.
Here, Vpp is generated by the reference module and is a fixed
value. That is

Vpp
Ipp = R (5)

According to (4), Vo, can stay constant by adjusting T
according to different R . This method is called as PFM mod-
ulation and is adopted by the proposed system.

During demagnetization, if the oscillation is not considered,
the relation between V,,,; and Vpp is given by

Na _ By
Ns Ri+ Ry

where V; is the voltage drop across the secondary diode. At the
end of the demagnetization time, the secondary current drops to
zero. At this time control chip samples Vyp as Vrp_g, which can
accurately reflect the value of the output voltage, as Fig. 2 shows.
Then EA compares Vrp_g with a built-in reference voltage Vs
and outputs V. to the OSC module, controlling the switching
frequency to make V,, constant. Eventually, V., would be
satisfied as

NS-R1+R2 Ng Ri+ R

Vot = —2 Vipg = — -
TN, 7 FB_S N, 7

VFB - (Vout + Vf) (6)

Vet (1)

This is how the chip achieves CV output. Besides V¢, lout
can also be sensed from V. In one switching cycle, the energy
transferred from primary side to secondary is

1 1
5'771’LP'11%P:§'LS‘IS2P (3)

where 7, is the conversion efficiency of the transformer. The
relation of L, and Lg is

Lp  (Np\’
() o
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Then I,,; can be calculated as
1 TD 1 N, P TD
T == 2 Iep == - =L .22 1o (10)
T o Ty 2 VNG T

Since Ipp is determined by the Vpp and Ry as (5) shows,
CC can be realized if the proportion of Tp and 75 is fixed. In
the CC module, a Tp multiplier is designed to adjust 7 fixed
proportional to Tp. Although 7; could change a little bit in dif-
ferent working conditions, it would not influence much because
of the root relationship. Fig. 3 is the diagram of implementation
method of CC and CV.

From (10), it also can be seen that /,,; can be sensed if the
proportion of Tp and T is known. I,,; is the main parameter
for cable compensation and is important in the CV mode. It can
be calculated from demagnetization time signal Vgemag, Which
is obtained by comparing Vrp with Vyp_g, as shown in Fig. 2.

III. CABLE COMPENSATION METHOD WITHOUT AN EXTERNAL
CAPACITOR

A. Design of Cable Compensation Circuit

In the application of a portable electronic device, a flyback
converter is not directly connected to the load but through a
charging cable. The voltage drop across the cable makes the
load voltage VpaT lower than V,,,, which can be expressed as
(11) and is shown in Fig. 4

VBAT = V:)ut - Iout . Rcablc~ (11)

In the practical applications, Vpa1 is hoped to be constant
rather than V. It can be seen from Fig. 4 that Vg1 would
be inaccurate if not compensated. Therefore, a cable compen-
sation module is designed in the control chip. As Fig. 1 shows,
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Vreﬂ)

Fig. 5. Schematic of cable compensation circuit.
the output of bandgap Vo is not directly input to EA but ad-
justed by the compensation voltage V... The schematic cable
compensation circuit is shown in Fig. 5.

Injecting or extracting current to the resistance series by
an operation amplifier, compensation signal V.. makes volt-
age drop through Ry equal to the value of V.. According to
Kirchhoff equations, output V..t can be calculated as

R . R ) Rs + Ry
Rs + Ry R¢ + Ry Ry
That means V. is not fixed but proportional to both Vg

and V., which is able to be used as a reference voltage in (7).
Substituting (7) and (12) into (11), VgaT can be regained as

V;'ef = eref() + . chpc- (12)

Vi —NS.R“FR?( L
BAT N R, Rs + Ry ref0
Rﬁ Rg + Rg
+R6 + R7 . RS) ’ VvCpC) - IOUt ) R(:able-

13)

As Vi, is generated by the system, Va1 would be constant
if the second and third terms in (13) cancel each other out.
According to (5) and (10), I,y is determined by T /Ts. Thus,
Vepe should be proportional to T /Ts. Considering the power
supply of chip to be V,¢,; thus, V. is given by

Tp

‘/;pc = V;eg : T75 (14)

Then the relationship between Rg and Ry that needs to
satisfy is

R Rs + Ry 1
) — . ‘R
R6 +R7 Rg 92 \/H cable
Np-Ny Vpp Ry (15)
N52 Rcs Rl + RZ -

All the parameters except the four resistors in (15) are already
known. Although 7, is not absolutely fixed, it would not shift
much. Therefore, the four resistors can be designed with some
randomness, according to the IC production process used. Ry
is defined by the bias current and the size of V... Rg could be
much smaller than R7 to make V.. similar to V,. at light-load
condition. Also it’s better to design R and R; the same order of
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magnitude as Ry, to reduce error caused by process mismatch.
Then Rg can be calculated if other three have been designed.

B. Design of Demagnetization Time Detection Circuit

As mentioned earlier, V.. proportional to T /T is required
to realize cable compensation, and it can be generated from
Vdemag - Because Viemag €quals to V,, during demagnetization
time and decreases to 0 in other times, its average value Viemag avg
in one cycle is

1
‘/demag,avg = ?
s

Tp

Ty (16)

to+Ts

/ Vdemag (t)dt = Vreg .
Lo

where #; can be any moment. What is interesting is the right-

hand side of (16) is same as that of (14), which means it is the

exact signal V..

In order to get Vigemag ave, a filter is needed. A common method
is using an RC filter [25], [26], which would generate a pole in
the control loop function. For the sake of stability, this pole needs
to be much lower than the minimum switching frequency of the
power system. Therefore, a large capacitor is required, which
is too large to integrate in the chip and needs to be external.
Because this external capacitor would increase the cost and
reduce the reliability of the converter, a novel demagnetization
time detection method without an external capacitor is proposed,
whose scheme is shown in Fig. 6.

There are mainly three parts in the demagnetization time
detection circuit. They are pre-filtering, peak—valley averaging,
and switched capacitor re-filtering. Key waveforms are shown
in Fig. 7.

The pre-filter circuit is an RC low-pass filter, smoothing
square-wave signal Ve g toramp signal V..., . Here, the max-
imum and minimum values of V4, are assumed as Viamp max
and Viamp_min, respectively. In order to reduce the inaccuracy of
averaging step, the difference between Viymp max and Viamp_min
should be much smaller than Vey,,,. Under this condition, the
voltage change on the capacitor Cg can be neglected, and this
voltage can be replaced by the ramp average voltage Viamp_ave-
Then Viamp_max in the end of demagnetization can be expressed as

ereg - ‘/;amp,avg
—fee  Trampave
Ry3 - Cs

It can be derived from (17) that the time constant of the
filter should be much larger than the product of V.., and Tp,
making sure the difference between Viampmax and Viampmin 18
small enough. Also R;3 should be large enough to ensure the
working current is not too large.

After demagnetization, Vyamp, ramps down from Viamp max to
Viamp_min, that is

= ‘/rampjnin + (17

‘/rampjnax

Vi
‘/ramp,min - ‘/ramp,max - ﬁ (TS - TD) . (18)
Combining (17) with (18), we can get
T
‘/rampﬁvg = T7D . V;'eg- (19)
S

That means Viamp_ave 1S the same value of Viemag ave- Viamp_ave
is obtained by the peak—valley averaging circuit. At the falling
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Fig. 7. Key waveforms of the demagnetization time detection circuit.

edge of Viemag, SWitch Sy turns ON; meanwhile, the circuit sam-
ples Viamp.max and stores it on capacitor C;. Similarly, the circuit
samples Viamp_min and stores it on capacitor Cg at the rising edge
of Viemag- Here, C7 and Cy are designed to be equal. At the
end of valley sampling, switch S3 turns ON, and the charges will
be evenly distributed on C; and Cg. Therefore, Viamp min and
Viamp.max are also averaged, both changed t0 Viymp_ave and are
sampled to Cg as Viamp_avg_s-

For the sake of stability, Viamp_aves i not able to be used as
Vepe, as it could change rapidly and drastically when the load
current changes. Therefore, it needs to be further filtered. This
is realized by the switched capacitor (SC) filter.

The SC filter is made up of two capacitors and two switches.
Here, the initial voltages on Cyy and Cy; are both assumed as 0,
and Viamp_avg.s 18 regarded as a constant voltage source. Vi cpe
is a clock signal whose inversion is V(i pc5. They are used to
control S5 and Sg, respectively. When S5 turns ON, Viamp_aves
charges Cig 10 Viamp_aves- Then S5 turns OFF and Sg turns ON.
The charge on Cy is transferred to Cp;. In the next working
period, Sy turns ON again, C;o being charged, and the voltage is
recharged to Viamp_aves. After S5 turns OFF and Sg turns ON, part
of the charge of Cjj is transferred to Cy; again. Thus, S5 and Sg
alternately turns ON and off, making V.. rise continuously.

_______ - e —

Averaging | SC re-filtering :

er
gin Ve Ve

& sampling "Ilt'_wm : clk_cpe clk_cpe_b |
S I\Vramp_avg_.\' |SS A S(y(c [ Vg’"
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|

|

|

Buffer I Co J‘ Cn l
I

In the nth cycle, the expression of the voltage V() is

Cho
cpe = 5 . ~ | Vramp.avg.s — Vepe -1
Vepe(n) Cro + Cu [Viamp._ave Vepe(n )
+ Vipe(n —1) (n>1). (20)

As the initial value of Vi,c(n) is 0, so Vpc(n) can be
written as

O n
oo = 1= () | mmes 020
(21)
Here, Cy is much smaller than C;;, which means
. Cn Cho
lim e —_— | = ——. 22
AT P (010-1-011) Cn (22)
Therefore, (21) can be finally converted into
C
chc(n) = [1 — eXp <_n' 010>:| * Viamp_avg_s (n>1).
11
(23)

Assuming the frequency of Vi cpe is f, then (23) can be
rewritten in continuous time form as

t

—
7-Cho . Cll

Vepe(t) = |1 —exp (24)

: ‘/ramp,avg,s .

Equation (24) is the time-domain expression of the output
voltage of the SC filter circuit. It can be seen that the output
characteristic of SC filter is similar to that of an RC filter. The
time constant can be designed by setting the frequency of the
switch. Here, f is designed according to the frequency of
the OSC module, and Cyy and Cj; are the typical values of
the manufacturing process.

As mentioned before, the main pole needs to be much lower
than the minimum switching frequency of the power system.
This main pole is the lowest pole of the compensation circuit,
which is generated by an SC filter. In this study, the lowest
switching frequency is 700 Hz, and the main pole is about
70 Hz, which meets the stability requirement quite well.

The parameter of each device in demagnetization time detec-
tion circuit is listed in Table I. The circuit can be fully integrated
and does not need an external capacitor.
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Fig. 8. Transient simulation of demagnetization detection module.

TABLE 1
DEVICE PARAMETERS OF DEMAGNETIZATION TIME DETECTION CIRCUIT

Symbol Value

RI3 4 MQ

C6 50 pF
(n>1)C7,¢8,C9 2.3 pF
Cl0 90 fF

Cil 13 pF
Vel cpe 10 kHz

IV. SIMULATION AND EXPERIMENTAL RESULTS

Based on the NEC 1 pum HVCMOS process, the control IC
was designed by Cadence Virtuoso. In this section, simulation
results of demagnetization detection are first given and then ex-
perimental results of the prototype are presented and analyzed.

A. Simulation of Key Modules

Transient simulation result of the demagnetization time de-
tection module is shown in Fig. 8. The demagnetization time
signal Viemag s a 10 kHz square wave of 20% duty ratio. The
pre-filtered V., is very similar to a branch of periodic ramps,
and its peak-to-peak value is less than 300 mV, much smaller
than 3.3 V. After averaged and SC re-filtered, a stable compen-
sation signal V. is obtained. The average value of Viemag 1S
660 mV, almost equal to V., of 667 mV.

Fig. 9 shows the statistics of V. at different frequencies and
demagnetization duty cycles. Here, 0-50% of the demagnetiza-
tion duty cycles are simulated. It can be seen that V.. is very
close to the theoretical value.

20
]
15 o
el ./.
—~ /.
210 /l’
& ;// ol
>05 / —eo—10KHz
' - —=—100KHz
.// ----- Theoretical
0.0 -/
0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
Tdemag / Ts
Fig. 9. Statistics of V.. at different frequencies and demagnetization

duty cycles.

The dc simulation result of the cable compensation mod-
ule is shown in Fig. 10. It can be seen that as V.. increases,
the reference voltage V.. also increases linearly, and the cable
compensation module meets the design requirement quite well.

B. Experimental Results of the System

The layout of the control chip has been designed and is shown
in Fig. 11. Key modules are labeled. The power transistor is an
independent device and packaged together with the chip, so it
is not shown in the layout. Besides, a 5-V/1-A prototype is also
fabricated. The PCB photograph is shown in Fig. 12, and its size
is 4.8 cm x 2.7 cm. The key components and parameters of the
circuit are listed in Table II.

The key working waveforms in CV mode of the circuit are
shown in Fig. 13. Here, the input voltage Vi, is 220 Vac/50 Hz,
and the load current /,,,; from top to bottom is O (no load), 0.3 A,
0.7 A, and 1 A (full load), respectively. The three curves from
up to down are V¢, Vrp, and V4, where V. is the voltage drop
cross the primary current sampling resistor R y. The switching
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Fig. 10.  Simulation result of cable compensation module.
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Layout of the control IC.

Fig. 11.

frequency and the primary peak voltage Vpp are indicated as
well. As the picture shows, by adjusting working frequency,
Vout increases when I,,; becomes heavier, thus ensuring the
load voltage Vpat to be constant. Under no-load operation, the
system’s operating frequency is very low, saving the standby
power. The operating frequency covers from 765 Hz to 64 kHz
in CV mode under no-load to full-load operation.

The proposed converter is designed for an adopter, whose
link cable is equivalent to a 400 m{2 resister. In order to verify
the effect of cable compensation, a cable is connected to the
output, and then the V,,,; and Vp o1 are measured under different
loads. The results are shown in Fig. 14. It can be seen that V,
increases with I,y while Va1 remains substantially constant.
Fig. 15 shows the curves of Vgt versus I, at 90 Vac/60 Hz
and 265 Vac/50 Hz, respectively. It shows that the proposed

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 10, OCTOBER 2019
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tem 2 L

Fig. 12. PCB prototype.
TABLE II
KEY COMPONENTS AND PARAMETERS
Components Symbol Value or Specification
Bridge rectifier BD 1N4007
Primary-side inductance L, 1.7 mH
Transformer core T EE13
Transformer turn’s ratio Np/Ns/Na 135/9/11
Pull-up resistor R, 10 KQ
Poll-down resister R> 7.1 KQ
Auxiliary-side Freewheel diode Daux FR107
Primary current sense resistor Res 144 Q
Output capacitor Co 1000 uF
Secondary-side Freewheel diode Dyec PFS5L40
POWER BIJT Q 13003

circuit has a good accuracy on the output voltage in CV mode,
where the deviation is limited to £0.9%. In CC mode, the output
current keeps constant at about 1 A and the deviation is less
than +3%.

In order to verify the dynamic performance and stability of the
system, V¢ is measured when I,y or Vi, jumps, whose results
are shown in Figs. 16 and 17. In the first experiment, /,,,; jumps
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between 0 and 1 A periodically. It can be seen that V,,; will
return to stability after a short time. The max undershootis 2.6 V,
while overshoot is not obvious and can be neglected. The max
response time is 19 ms. In the second experiment, Vi, jumps
between 240 and 200 Vac. V,,; also can stay stable, almost
unaffected. These two experiments prove that the proposed cable

compensation scheme without an external capacitor can achieve
system stability.

The efficiency is tested at 90 Vac/60 Hz and 265 Vac/50 Hz
input, as shown in Fig. 18. It can be seen that the conversion
efficiency under heavy load is higher than the light load, and the
highest conversion efficiency can reach 78.2%. The comparison
results with the existing method are shown in Table III.
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TABLE III
COMPARISONS BETWEEN THE PROPOSED METHOD AND THE PRIOR ARTS

Parameter This work [22] [26] [27]
Controller implementation Analog Analog Analog Digital
CV accuracy +0.9% +2.5% +1.5% +0.6%
CC accuracy +3% +5% +3% -

Efficiency (Condition:

%o~ 0, _ 0/ TR0, 0/ __R(),
output of SV/1A) 73.3%~78.2% 76.5%~78%  76%~80%

V. CONCLUSION

A highly accuracy PSR flyback ac—dc converter is proposed
in this paper. The PSR schematic adopts a method to detect
the output voltage through the auxiliary winding and adjust the
switching frequency to achieve constant output voltage in CV
mode. In order to improve CV accuracy, a novel cable com-
pensation scheme is designed, which applies a method of pre-
filtering, averaging, and re-filtering to obtain the compensation
voltage. This method eliminates the need of an external capaci-
tor, reducing cost and increasing reliability of the converter. In
the CC mode, the switching period is adjusted to be fixed multi-
ple of the demagnetization time, thereby realizing the constant
current output. Experimental results show that the deviations of
output voltage and current are within +0.9% and +3% under
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different inputs and loads, while maximum conversion
efficiency can reach to 78.2%.
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