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(57) ABSTRACT

A method controls a power switch and senses a primary
current through a transformer primary winding coupled to
the power switch and deactivates the switch responsive to
the sensed primary current reaching a current sensed refer-
ence. A demagnetization mode is initiated responsive to
deactivating the power switch. During this mode a first
capacitance is charged with a first charging current to
generate the current sensed reference. The first charging
current is based on a bias signal. A second capacitance is
charged with a second charging current to generate the bias

Int. CL signal. The second charging current is based on a compen-
HO5B 33/08 (2006.01) sation signal. A third charging current generates a compari-
HO2M 3/335 (2006.01) son signal, the third charging current based on the current
HO2M 1/36 (2007.01) sensed reference. The compensation signal is based on a
HO2M 1/42 (2007.01) difference between the comparison signal and an internal
HO2M 1/08 (2006.01) reference and the power switch activated based on a sec-
HO2M 1/00 (2006.01) ondary current in a secondary transformer winding.
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CONTROL METHOD AND DEVICE
EMPLOYING PRIMARY SIDE REGULATION
IN A QUASI-RESONANT AC/DC FLYBACK
CONVERTER WITHOUT ANALOG DIVIDER
AND LINE-SENSING

BACKGROUND

Technical Field

[0001] The present disclosure relates generally to convert-
ers and, more particularly, to control devices and methods
for quasi-resonant AC/DC flyback converters.

Description of the Related Art

[0002] Converters, and particularly offline drivers of light
emitting diode (LED) based lamps for bulb replacement, are
often desired to have a power factor greater than 0.9, low
total harmonic distortion (THD) and safety isolation. At the
same time, for cost reasons, it is desirable to regulate the
output DC current generated by such a converter as required
for proper LED driving without utilizing a closed feedback
loop between a primary side and a secondary side of the
converter. In this way, a current sensing element, a voltage
reference and an error amplifier on the secondary side, as
well as an opto-isolator or optocoupler to transfer the
generated error signal from the secondary side to a control
circuit on the primary side, are no longer required. This is
referred to as opto-less regulation. In addition to opto-less
regulation, recently considerable emphasis has been given to
the total harmonic distortion (THD) of the ac input current
caused by such a converter, and in some geographical areas
achieving THD <10% is becoming a market requirement.
[0003] High-power-factor (high-PF) flyback converters
are able to meet power factor and isolation specifications
with a simple and inexpensive power stage. In a high-PF
flyback converter, like in any high-PF converter topology,
there is no energy reservoir capacitor after an input rectifier
bridge that receives an AC mains input voltage. Thus, the
voltage output from the rectifier bridge, which is the input
voltage to the power stage of the converter, is a rectified
sinusoid. To achieve a high-PF and low-THD, the input
current to the rectifier bridge must be sinusoidal-like and
must track the AC mains input voltage supplied to the
rectifier bridge, thus originating a time-dependent input-to-
output power flow. As a result, the output current from the
rectifier bridge contains a large AC component at twice the
frequency of the AC mains input voltage.

[0004] A quasi-resonant (QR) flyback converter has a
power switch turn-on that is synchronized to the instant a
transformer of the converter demagnetizes (i.c. the second-
ary current has become zero), normally after an appropriate
delay. This allows the turn-on to occur in the valley of the
drain voltage ringing that follows the demagnetization,
which is often termed “valley-switching.” Typically, peak
current mode control is used, so the turn-off of the power
switch is determined by a current sense signal reaching the
value programmed into a control loop that regulates the
output voltage or current from the converter.

[0005] In markets such as the LED lighting market, the
current trend is to provide compact and low cost solutions
for converters for driving LEDs, while at the same time
maintaining high performance in terms of LED current
regulation, power factor PF, distortion THD and efficiency.
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For example, converters may be contained in products that
need to meet specific performance criteria such as those set
forth in Energy STAR specifications. In the LED lighting
market, these converters are typically QR flyback converters
that include analog divider circuitry that is usually a non-
negligible portion in terms of silicon area of an integrated
circuit containing the converter circuitry. This increases the
cost and complexity of such a QR flyback converter. In
addition, such a QR flyback converter typically includes
line-sensing circuitry to sense the instantaneous rectified AC
mains input voltage supplied to the converter. The power
loss in such line-sensing circuitry may be, for example, 10
mW-15 mW. Some of the latest market requirements, such
as EU COC Ver.5 and US DOE February 2014, specify total
power consumption for the entire converter to be lower than
75 mW-100 mW in a no-load condition. As a result, the
power loss in the line-sensing circuitry may no longer be
considered insignificant or negligible. There is a need for
improved QR flyback converter circuits and methods to
satisfy current market requirements.

BRIEF SUMMARY

[0006] One embodiment of the present disclosure is a
quasi-resonant (QR) flyback converter having a sinusoidal
input current in order to achieve low total harmonic distor-
tion THD and high power factor (Hi-PF) and implanting
control using only quantities available on the primary side of
the converter.

[0007] According to one embodiment of the present dis-
closure, a primary-side controlled high power factor, low
total harmonic distortion, quasi resonant flyback converter
converts an AC mains power line input to a DC output for
powering a load, such as a string of LEDs. The AC mains
power line input is supplied to a transformer that is con-
trolled by a power switch.

[0008] In one embodiment, a device for controlling a
power transistor of a power stage includes a shaper circuit
including a first current generator configured to output a first
current responsive to a bias voltage signal and to generate a
reference voltage signal based on the first current. A bias
circuit includes a second current generator configured to
output a second current responsive to a compensation volt-
age signal and to generate the bias voltage based on the
second current. An error detection circuit includes a third
current generator configured to output a third current respon-
sive to the reference voltage signal and to generate the
compensation voltage signal based on the third current. A
driver circuit has a first input configured to receive the
reference voltage signal and having an output configured to
drive the power transistor.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0009] FIG. 1 is a schematic of a primary-controlled
Hi-PF QR Flyback converter implementing a prior art
primary-side control method.

[0010] FIGS. 2A and 2B are timing diagrams illustrating
key waveforms in the flyback converter of FIG. 1 during
operation of the converter.

[0011] FIG. 3 is a schematic of a primary-controlled Hi-PF
QR flyback converter according to one embodiment of the
present disclosure.
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[0012] FIGS. 4A and 4B are timing diagrams illustrating
key waveforms in the flyback converter of FIG. 3 during
operation of the converter.

[0013] FIG. 5 is a timing diagram showing simulation
results for the flyback converter of FIG. 3 for an input
voltage Vac=115Vac.

[0014] FIG. 6 is a timing diagram showing simulation
results for the flyback converter of FIG. 3 for an input
voltage Vac=230Vac.

[0015] FIGS. 7A and 7B are graphs showing simulation
results comparing the total harmonic distortion (THD) of the
flyback converters of FIGS. 1 and 3 in FIG. 7A and
comparing the power factor PF of the two converters FIG.
7B.

[0016] FIG. 8 is a graph showing simulation results com-
paring regulation of the average output current provided by
the flyback converters of FIGS. 1 and 3.

DETAILED DESCRIPTION

[0017] FIG. 1 is a schematic of a conventional hi-PF QR
flyback converter 100 that will now be described to provide
a better understanding of such a converter before discussing
hi-PF QR flyback converters according to embodiments of
the present disclosure. On the primary side, the QR flyback
converter 100 includes a controller 102, a bridge rectifier
104 having inputs 106 coupled to an AC mains power line
that supplies an AC mains input voltage V, (0), an input
capacitor C,, a voltage divider R ,-R, coupled to the bridge
rectifier 104, a primary winding [, and an auxiliary winding
L, of a transformer 108, a power switch M coupled to the
transformer 108 and controlled by controller 102, a sensing
resistor R, coupled in series with the power switch M to
provide a sensed voltage to the controller indicating a
current flowing through the power, a zero-crossing detection
resistor R, coupled to the auxiliary winding L., and a
clamp circuit 109 connected across the primary winding L,
to clamp a leakage inductance of the primary winding.
[0018] On the secondary side of the converter 100, sec-
ondary winding L, of the transformer 108 has one end
connected to a secondary ground GND2 and the other end
connected to the anode of a diode D having the cathode
connected to the positive plate of a capacitor C,,,, that has its
negative plate connected to the secondary ground. The
converter 100 provides an output voltage V_,, that supplies
power to a load 110, which in FIG. 1 is a set of series-
connected LEDs, although other loads could be supplied
with electrical power by the converter 100.

[0019] The controller 102 has a reference voltage estima-
tion circuit 116 that is configured to produce a reference
voltage Vcsgz-(0) and includes a bias circuit 118 and a
shaper circuit 120. The controller 102 also includes a driver
circuit 121 having a PWM comparator 122, a set-reset (SR)
flip-flop 124, an OR gate 126, and driver 127 configured to
drive the power switch M. The PWM comparator 122
includes an inverting input that receives the reference volt-
age Vzr-(0), a non-inverting input that receives a sense
voltage V. from the sense resistor R, and an output that
provide a reset signal to a reset input R of the flip-flop 124.
The flip-flop 124 also includes a set input S coupled to an
output of the OR gate 126, and an output that is coupled to
an input of the driver 127. The OR gate 126 also has first and
second inputs coupled to respective outputs of a starter block
128 and a zero current detection (ZCD) block 130. The OR
gate 126 provides a set signal to the set input S of the SR flip
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flop when the ZCD block 130 detects that a falling edge of
an auxiliary voltage V.. as applied through a resistor R,
goes below a threshold, or when the starter block 128
produces a start signal to initiate a switching cycle. The
transformer 108 includes an auxiliary coil as shown in FIG.
1 which generates the auxiliary voltage V.. The starter
block 128 outputs a signal at power-on when no signal is
available on the input of the ZCD block 130 and prevents the
converter 100 from getting “stuck” in the event the signal on
the input of the ZCD block 130 is lost for any reason. The
ZCD block 130 also generates a freewheeling signal FW that
is high during demagnetization of the transformer 108, as
shown in FIG. 2A, and is used by the reference voltage
estimation circuit 116 to generate a B(0) signal, as will be
described in more detail below.

[0020] FIGS. 2A and 2B are timing diagrams illustrating
key waveforms in the flyback converter 100 of FIG. 1 during
operation, with the waveforms in FIG. 2A being on a
switching period time scale and the waveforms in FIG. 2B
being on an AC mains power line cycle time scale. The
freewheeling signal FW is high during demagnetization (i.e.,
energy stored in the primary winding L, is transferred to the
secondary winding L) of the transformer 108 and is low
otherwise. Thus, as seen in FIG. 2A, the FW signal is low
during a delay time T, during which a secondary current
1,(t,0) through the secondary winding Ls has gone to zero.
This delay time T, in the quasi-resonant (QR) flyback
converter 100 is the delay between the instant the trans-
former 108 demagnetizes (i.e. a secondary current 1 (t,0)
equals zero) and the turning ON of the power switch M. The
FW signal stays low during the magnetic energy storage
phase when the power switch M is turned ON and a primary
current L,(t,0) flows through the primary winding L, to
thereby store magnetic energy in the primary winding.

[0021] The shaper circuit 120 has a first current generator
140, a resistor R,; coupled to an output of the first current
generator 140, a switch 132 that switchably couples the
resistor R,; to ground, and a capacitor C,, coupled between
the output of the current generator 140 and ground. The first
current generator 140 has an input coupled to a supply
voltage terminal Vcc and a control terminal coupled to the
voltage divider R -R, via a pin MULT. The first current
generator 140 produces a current [, (0) based on a value
of the voltage generated by the voltage divider R ,-R, and
present on the MULT pin. The switch 132 is controlled by
the output Q of the flip-flop 124 and thereby connects the
capacitor C,, in parallel with the switched resistor R,; when
the power switch M is ON.

[0022] The bias circuit 118 includes a second current
generator 142 having an input coupled to the supply terminal
Vee, a control terminal coupled to the output of the first
current generator 140, and an output at which the second
current generator produces a current I.(0). A second
switched resistor R, is switchably coupled to the output of
the second current generator 142 by a switch 134 configured
to connect the resistor R, to the second current generator 142
under the control of the signal FW provided by the ZCD
block 130. The signal FW is high when the current is flowing
in the secondary winding L.

[0023] Another switch 144 is coupled to the output of the
second current generator 142 and is configured to connect
the output of the second current generator 142 to ground
when the ZCD block 130 drives a signal FW, which is the
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complement or inverted version of the signal FW, high,
indicating no current is flowing in the secondary winding L,
as seen in FIG. 2A.

[0024] The reference voltage estimation circuit 116 also
includes a divider block 146 having a first input that receives
a signal A(0) from the shaper circuit 120, a second input that
receives the signal B(0) from the bias circuit 118, and an
output at which the divider provides the reference voltage
Vesgz(0). The signal A(D) is generated by the first current
generator 140 acting on the switched resistor Rtl and
capacitor Ctl. The current Ich1(0) produced by the current
generator 140 is proportional to a rectified input voltage
Vin(0) produced at the voltage divider Ra-Rb and supplied
to the current generator 140 through the MULT pin. The
divider ratio Rb/(Ra+Rb) of the voltage divider Ra-Rb will
be denoted as Kp herein. The resistor Rtl is connected in
parallel to the capacitor Ctl by the switch 132 when the
signal Q of the SR flip flop 124 is high, i.e. during the
on-time of the power switch M, and is disconnected when
the signal Q is low, i.e. during the off-time of the power
switch M. The voltage developed across the capacitor C,; is
A(0) and is fed to the first input of the divider block 146. The
current generator 140, capacitor C,,, resistor R,; and switch
132 collectively form the shaper circuit 120, which is termed
a “shaper” circuit because the circuit changes the shape of
the current programming signal.

[0025] In the flyback converter 100 of FIG. 1, a capacitor
C, is coupled to a pin CT of the controller 102 and is
assumed to be large enough so that the AC component (at
twice the AC mains input line frequency f;) of the B(0)
signal is negligible, at least to a first approximation, with
respect to the DC component B0 of the B(0) signal. As a
result, the divider block 146 provides the reference voltage
Vesgz-(0) that is the division of the A(0) signal generated by
the shaper circuit 120 by the B(0) signal generated by the
bias circuit 118.

[0026] The inverting input of the PWM comparator 122
receives the reference voltage Vcsg-(0) the non-inverting
input receives the voltage Ves(t,0), which is the voltage
sensed across the sense resistor Rs that is a voltage propor-
tional to the instantaneous current Ip(t,0) flowing through
the primary winding Lp and the power switch M when the
power switch is turned ON. Assuming the power switch M
is initially turned ON, the current through the primary
winding Lp will be ramping up and so will the voltage across
the resistor Rs. When the voltage Vcs(t,0) across the sense
resistor Rs equals the reference voltage Vcsgz(0), the
PWM comparator 122 drives its output to reset the PWM
latch or SR flip-flop 124, causing the SR flip-flop to drive its
output Q low to thereby turn OFF the power switch M.
Therefore, the reference voltage Vesyz(0) provided by the
divider block 146 determines the peak value of the primary
current Ip(t,0) that, as a result, will be enveloped as the A(B)
signal.

[0027] After the power switch M is switched OFF, the
energy stored in the primary winding Lp is transferred by
magnetic coupling to the secondary winding s and then
transferred to the output capacitor Cout and the load 110
until the secondary winding Ls is completely demagnetized.
At this point, the diode D opens (i.e., turns OFF) and the
drain node of the power switch M, which while the second-
ary winding Ls and the diode D were conducting was fixed
at a voltage Vin(0)+VR, is in a floating or high impedance
state. The voltage VR is the reflected voltage, which is the
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output voltage Vout across the secondary winding Ls times
the primary-to-secondary turns ratio n=Np/Ns of the trans-
former 108. The reflected voltage VR would tend to even-
tually reach the instantaneous input voltage Vin(8) through
a damped ringing due to a parasitic capacitance that starts
resonating with the primary winding Lp. The quick fall of
the drain voltage of the power switch M that follows
demagnetization of the transformer 108 is coupled through
the auxiliary winding Laux and the resistor R, to the pin
ZCD of the controller 102. The ZCD block 130 is coupled
to the ZCD pin and generates a pulse every time the ZCD
block detects a negative-going edge falling below a thresh-
old, and this pulse is applied through the OR gate 126 to set
the PWM latch 124 and thereby turn ON the power switch
M, starting a new switching cycle of the flyback converter
100. The OR gate 126 allows the output of the “STARTER”
block to also initiate a switching cycle by applying a signal
through the OR gate to set the PWM latch 124. As previ-
ously described, this serves at power-on when no signal is
available on the ZCD pin input and prevents the converter
100 from getting stuck in case the signal on the ZCD input
is lost for any reason.

[0028] As shown in FIG. 2A the OFF-time of the power
switch M is the sum of the time T.;(0) during which the
primary winding Lp is discharged and a time T, during
which the secondary winding Ls current has gone to zero. As
a result, the switching period T(0) of the flyback converter
100 is therefore given by:

TO)=Ton(O)+Trw(0)+Tx

where 0 can be considered € (0, m).

[0029] A fundamental assumption for the following analy-
sis is that T(0)<<(R,;x C,;)<<1 /f;. In this way, on the one
hand the switching frequency ripple across capacitor C,; is
negligible while on the other hand the current I_,,,(0) can be
considered constant within each switching cycle. This being
assumed, it is possible to find the A(0) signal or voltage
developed across capacitor C,; by charge balance according
to:

(Eqn. 1)

A0 Eqn. 2
Lo OT(®) = RLI)TON(@ (Fan. 2)

[0030] The current I_,,(0) is provided by the current

generator 140 and it can be expressed as:
10,1(0)=8,n 1 K;(Vpg sin 6) (Eqn. 3)

where g, is the current-to-voltage gain of the current
generator 140 that generates the current 1_,,(0).

[0031] Solving for A(0) voltage and considering Eqn. 3:
_ 76 . T (Eqn. 4)

A(0) = Rl (e)m = Ri1 gm1 K (Vpg sind) Ton®
[0032] The current I ..(0) provided by the current genera-

tor 140 that is used to generate the B(B) signal can be

expressed as:
1cp(0)=Gd(9) (Eqn. 5)

where G,, is the current-to-voltage gain of the current
generator 142 that generates the current [ .(0).
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[0033] Now considering the capacitor C, by charge bal-
ance, it is possible to find the voltage B(0) developed across
the capacitor C, as follows:

B Eqn. 6
Ien O)Trw ) = R(—T)T(e) (Ean- ©)

[0034] Solving the previous expression for B(0) and con-
sidering Eqns. (4) and (5):

Trw(9)
Ton(9)

. (Eqn. 7)
B(0) = Gug Ry gim1 Riy K (Vg singd)

[0035] The capacitor Cis assumed to be large enough so
that the AC component (at twice the AC mains input line
frequency f;) of the voltage B(0) is negligible with respect
to its DC component B, which is defined as:

1 . Trw(0)
By = B(0) = ;GMRTgmerle (Vpgsind)
o

Ton (0)

Eqn. 8
a0 (Eqn. 8)

[0036] Considering the voltage-second balance for the
Flyback converter’s transformer, the primary on time T,
(0) and secondary on time T;,{0) can be expressed by the
following relationship:

Vin(®) Ton®@)=n(Vourt Ve) Trn(0) (Eqn. 9)

where V. is the forward drop on the diode D.

[0037] Solving Eqn. 9 and considering that Kv=V ,/VR,
where Vy=n (V,,+Vy), the ratio between T, (0) and
Toa(0) times results in the following:

Trw(®) . (Eqn. 10)
Ton @ ~ K,sinf
[0038] Combining Eqns. (8) and (10) the DC component

of the signal B(0) results as follows:

By = Gy Rrgm R K, Ve Ky (Eqn. 11)
B 2
[0039] Combining Eqns. (11) and (4) the expression for

the voltage reference Vesg-(0) results as follows:

v P R L L ST
csrer(6) = DB T B, TP Gu Rk, Ton®)

(Eqn. 12)

where K, is the voltage divider gain and it is dimensionally
a voltage.
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[0040] Considering that the peak primary current 1,,,(6)
can be expressed as:

Vesger(0)
Rs

Eqn. 13
Lip(0) = (Eqn. 13)

then the peak secondary current L, (6) can be calculated by
combing Eqns. (13) and (12) and considering that the
secondary current is n=Np/Ns times the primary current:

TO) 1

2 (Eqn. 14)
—sinf——— —
Gy RrK, Ton(0) Rs

Iois(0) = nlp,(0) = nKp

[0041] Since the cycle-by-cycle secondary current I (t,0)
is the series of triangles shown for this waveform in FIG.
2A, the average value of the secondary current 1,(t,0) in a
switching cycle is:

Trw(®)  nKp
T®) ~ GuRrK,

Trw(0) 1
Ton(0) Rs

(Eqn. 15)

1
L©) = 5 1pis(0)

[0042] The dc output current lout is the average of Io(0)
over a line half-cycle:

Trw(0)
Ton(9)

(Eqn. 16)

I —1(0)—1jw LET
ou =1\ = | GuRIKRs

[0043]
output current |

Finally, combining Eqns. (16) and (10), the average
from the converter 100 is given as:

out

ol nKp (Eqn. 17)
7~ 2Gy RrRs
[0044] Equation (17) states that the DC output current I ,,,

from the converter 100 depends only on external, user-
selectable parameters (n, Rs) and on internally fixed param-
eters (G,, Ry K,) and does not depend on the output
voltage Vout, or on the root mean square (RMS) input
voltage V,,,(0) or on the switching frequency {;,;(0)=1/T(0).
[0045] The input current I,,(0) to the converter 100 is
found by averaging the primary current 1,,(t,0), which is the
series of triangles for the 1,(t,0) current in FIG. 2A over a
switching cycle of the converter. From Eqns. (12) and (13),
the input current [, (0) is given by:

Tov 1 Kp (Eqn. 18)

e
TO)  Rs GuRrKy

1
n(®) = 5 1pip(6)

[0046] Equation (18) shows that the input current I,,(0) is
a pure sinusoid in all operating conditions so the converter
100 has ideally a unity power factor and zero harmonic
distortion of the input current (i.e., PF=1 and THD=0).

[0047] From the above description of the hi-PF QR fly-
back converter 100, it is seen that this converter is hi-PF and
low THD converter and utilizes a control algorithm that is



US 2018/0184493 Al

able to regulate the DC output current and voltage using
primary-side control (i.e., using only operational quantities
available on the primary side of the converter. This is
opto-less control, as previously discussed. Thus, while this
control scheme advantageously provides QR operation
mode with opto-less primary-side control and a hi-PF and
low THD, the control scheme utilizes the line-sensing cir-
cuitry formed by the voltage divider including resistors Ra
and Rb, which has a relatively significant power consump-
tion, and also utilizes the analog divider block 146, which
occupies a relatively large portion or area of an integrated
circuit in which the controller 102 is formed. The flyback
converter 100 of FIG. 1 is described in detail in U.S. patent
application Ser. No. 14/572,627, which is incorporated
herein by reference in its entirety to the extent the disclosure
of this application is not inconsistent with the disclosure of
the present application.

[0048] As a result of these drawbacks of the flyback
converter 100 as described above with reference to FIGS. 1
and 2, the present disclosure is directed to primary-side
control techniques for a QR flyback converter that do not
require such line-sensing circuitry and analog divider cir-
cuitry while still providing hi-PF and low THD operation, as
will now be described in more detail.

[0049] Referring to Eqn. (16) above, the DC output cur-
rent I, if a QR flyback converter can be expressed, by
combining Eqns. (16), (15), (13) and (14), as follows:

Trw(6)

L = L0 = — f" Vesggr () do (Ean. 19)
our = lo = 2%Rs A CSREF e

[0050] Equation (19) shows that the DC output current I _,,
can be regulated using only quantities available on the
primary side of the flyback converter and without an analog
divider block 146 (FIG. 1) if the quantity on the right-hand
side of Eqn. (19) is constant, which means independent of
the output voltage V_,,, the RMS input voltage V,,(0) and
from the switching frequency f,,(0)=1/T(0)). The second
consideration is based on the transformer voltage-second
balance as set forth in Eqn. (9) that can be expressed as:

Trw®) V(0 (Eqn. 20)

Ton(©0) ~ n(Vour + V)

which shows that the shape of the input voltage V,,(0)
needed to achieve high-PF and low-THD can be estimated
without using line-sensing circuitry by generating a voltage
proportional to the ratio between the free-wheeling time
Tz1{(0) and the ON-time T ,,(0) of the power switch M, as
will now be described in detail with reference to FIGS. 3-8.
[0051] FIG. 3 is a schematic of a primary-controlled
Hi-PF QR flyback converter 300 including a controller 302
for controlling the converter without line-sensing circuitry
or an analog divider circuit according to one embodiment of
the present disclosure. FIGS. 4A and 4B are timing diagrams
illustrating key waveforms generated in the flyback con-
verter 300 during operation and will be discussed in more
detail below. In FIG. 4A the designated waveforms or
signals are on a switching period time scale along the
horizontal axis while in FIG. 4B the waveforms are on an
AC mains line cycle time scale on the horizontal axis.
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[0052] In the flyback converter 300 of FIG. 3, components
304-310 correspond to the components 104-110 previously
described with reference to the converter 100 of FIG. 1.
Thus, for the sake of brevity, the detailed operation of these
components 304-310 will not again be discussed in detail
with reference to the converter 300 of FIG. 3. Other com-
ponents of the converter 300 are also the same as those in the
converter 100 of FIG. 1, such as zero current detection
resistor R, input capacitor C,,, power switch M and
sense resistor Rg, for example. The detailed individual
operation of all such components will also not again be
provided with reference to FIG. 3. Finally, the same is even
true of some components of the controller 302, which
executes a different control method to control the operation
of the converter 300 than does the controller 102 of FIG. 1.
For example, the controller 302 includes a driver circuit 312
including components 314-324 having the same structure
and functionality as corresponding components in the driver
circuit 121 of FIG. 1. The individual operation of these
components 314-324 has thus effectively been described
with reference to the driver circuit 121 of FIG. 1 and will not
again be described in detail with reference to the driver
circuit 312 of FIG. 3. In FIG. 3, all the components external
to the controller 302 may be considered the power stage of
the flyback converter 300.

[0053] While the driver circuit 312 of the controller 302
has the same structure and operation as the driver circuit 121
of the controller 102 of FIG. 1, the controller 302 further
includes a reference voltage estimation circuit 326 having a
different structure and different operation than the voltage
reference circuit 116 in the controller 102 of FIG. 1, as will
now be described in more detail. In operation, the reference
voltage estimation circuit 326 generates a first reference
voltage Vs () that is supplied to the inverting input of
the PWM comparator 314 of the driver circuit 312. The
reference voltage estimation circuit 326 includes a shaper
circuit 328 having the same structure as the shaper circuit
120 of FIG. 1. More specifically, the shaper circuit 328
includes a first current generator 330 that supplies a first
current 1_,,(0) to a node 332 on which the first reference
voltage Vesyz-(0) is generated. This first current I, (0) has
a value that is based on a voltage V 4(0) generated by a bias
circuit that will be described in more detail below. A resistor
R,, is coupled in series with a switch SW1 between the node
332 and ground, with the switch being controlled by the
output signal Q provided by the PWM latch 316. A capacitor
C,, is also coupled between the node 332 and ground and is
charged by the current I, (0) from the first current generator
330 to generate the reference voltage Vcsgz-(0) on the node
332. When the output signal Q is activated or turned ON to
thereby turn ON the power switch M, the Q signal also
closes the switch SW1 to thereby discharge the capacitor C,,
through the resistor R,; and reduce the reference voltage

VesgeA0).

[0054] The reference voltage estimation circuit 326 fur-
ther includes a bias circuit 334 that generates the voltage
V 5(0) that is supplied to the current generator 330 to set the
value of the first current I_,,(0). The bias circuit 334
includes a second current generator 336 that generates a
second current a current I, ,(0) that is supplied through one
of'a pair of complementary switches SW3 to a node 338. The
second current 1_,,(0) has a value that is based on a
compensation signal V ~,,(0) generated by other circuitry
in the controller 302 that will be described in more detail
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below. A resistor R,, is coupled in series with a switch SW4
between the node 338 and ground, with the switch SW4
being controlled by the output signal Q from the PWM latch
316.

[0055] A capacitor C,, is also coupled between the node
338 and ground and is charged by the current 1_,,(60) from
the second current generator 336 when the FW signal
generated by the ZCD block 322 closes the one of the
complementary switches SW3 connected between the sec-
ond current generator 336 and the node 338. In this situation,
the current 1_,,(0) from the second current generator 336
charges the capacitor C,, to generate the voltage V 4(0) on
the node 338. When the output signal Q is activated or
turned ON to thereby turn ON the power switch M, the Q
signal also closes the switch SW4 to thereby discharge the
capacitor C,, through the resistor R,, and reduce the voltage
V4(0). The other one of the complementary switches SW3
is coupled between the second current generator 336 and
ground and is controlled by the FW signal, namely the
inverted version or complement of the FW signal generated
by the ZCD block 322). The FW signal goes high when no
current is flowing in the secondary winding L. which is seen
through the FW signal illustrated in FIG. 4A.

[0056] Finally, the controller 302 includes other circuitry
that generates the compensation signal V ,,,-(0) as previ-
ously mentioned. This other circuitry includes a third current
generator 340 having a control terminal coupled to the node
332 to receive the reference voltage Vcsgz(0). The third
current generator 340 generates a third current I_,;(0) hav-
ing a value based on the value of the reference voltage
Vesgze(0). The third current I, ;(0) is supplied through one
of a pair of complementary switches SW2 to charge a node
342, with this switch being controlled by the FW signal from
the ZCD block 322. A resistor R, is coupled between the
node 342 and ground and generates a comparison voltage
V.0) on the node 342 responsive to the third current
1.,,5(0) when the corresponding one of the complementary
switches SW2 is closed, which occurs when the FW signal
is high indicating current is flowing in the secondary wind-
ing L. The other one of the complementary switches SW2
is coupled between the third current generator 340 and
ground and, when the signal FW is active high, which occurs
when FW is low when no current is flowing through the
secondary winding L, this switch sinks the current 1_,;(0)
from the third current generator to ground.

[0057] A transconductance error amplifier 344 has an
inverting input coupled to the node 342 which, in turn, is
also coupled to a CT pin of the controller 302. A capacitor
C,; is coupled to the CT pin and thus to the node 342 and is
assumed to be large enough so that an AC component at
twice the AC mains line frequency f; of the comparison
voltage V -{0) on the node 342 is negligible with respect to
a DC component this voltage, as will be described in more
detail below. A non-inverting input of the transconductance
error amplifier 344 receives an internal reference voltage
Vzer and generates an output current based on the differ-
ential voltage across the inverting and non-inverting inputs
of the amplifier. Thus, the transconductance error amplifier
344 generates an output current having a value based on the
difference between the voltage on the node 342 and the
reference voltage V... The output current from the
transconductance amplifier 344 charges a compensation
capacitor C.,,,p to thereby generate the compensation sig-
nal V ,,-(0) on the output the transconductance amplifier.
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The compensation capacitor C ., is coupled to a COMP
pin of the controller 302, with the COMP pin being coupled
to the output of the transconductance amplifier 344 as seen
in FIG. 3.

[0058] In the embodiment of FIG. 3, the controller 302 is
formed in an integrated circuit having the pins CT, COMP,
GND, GD, and ZCD coupled to the circuitry of the control-
ler as shown, some of which have been discussed in the
above description. Within the controller 302, the transcon-
ductance error amplifier 344, current generator 340,
switches SW2 and resistor R, may collectively be consid-
ered an error detection circuit 346. The capacitors C,; and
Cconps although external to the integrated circuit in the
embodiment of FIG. 3, may also be considered to be part of
the error detection circuit 346. The same is true for the sense
resistor Rs, which may be considered part of the driver
circuit 312 that was previously described above.

[0059] The theory of operation of the controller 302 in
controlling the overall operation of the flyback converter
300 will now be described in more detail with reference to
FIGS. 3, 4A and 4B. Considering the voltage V .,;,-(0)
generated on the output of the transconductance error ampli-
fier 344, the capacitor C ., 1s assumed to be large enough
so that the AC component at twice the line frequency f; of
the voltage V,,,(0) is negligible with respect to the DC
component V.o, at least to a first approximation. The
DC component V 5,7, of the voltage V oo,,5(0) is defined
as:

Veorpo=8mc VaerVer(0)] (Eqn. 21)

where g, is the current-to-voltage gain of the transconduc-
tance error-amplifier 344, the voltage V. is the internal
voltage reference, and the comparison voltage V ~(0) is the
voltage developed across the capacitor C,;.

[0060] The capacitor C,, is charged through the current
1.,2(0) from the second current generator 336 when the
signal FW is high, i.e. during transformer’s demagnetiza-
tion, and the capacitor C,, is discharged through the resistor
R, resistor when the signal Q is high, i.e. during the on-time
of the power switch M. A fundamental assumption for the
present analysis is that T(0)<<R,,xC,,<<1/f;. In this way, on
the one hand the switching frequency ripple across the
capacitor C,, is negligible and on the other hand the current
1.,2(0) can be considered constant within each switching
cycle. Using these assumptions, it is possible to find the
voltage V (0) developed across the capacitor C,, by charge
balance as follows:

Ve(9) (Eqn. 22)

L2 (D) Trw (0) = R Ton(9)

The current 1,,(6) provided by the current generator 336
can be expressed as:

12(0)=8 2V conro (Eqn. 23)

where g, is the current-to-voltage gain of the current
generator 336. Solving Eqn. (22) for the voltage V 4(0), and
considering the Eqns. (10) and (23), it can be shown that the
voltage V4(0) is given by the following:

Va(0)=gmsRaV conpoKy sin 0

[0061] The resistor R,; is connected in parallel to the
capacitor C,; when the signal Q is high, i.e. during the

(Eqn. 24)
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on-time of the power switch M, and is disconnected when
the signal Q is low, i.e. during the off-time of the power
switch M. The voltage developed across the capacitor C,; is
the current sensed reference voltage Vcsg(0) and is sup-
plied to the inverting input of the PWM comparator 314. The
current generator 330 that generates current I_,,(0), capaci-
tor C,,, resistor R,; plus the switch SW1 is referred to as the
shaper circuit 328 as mentioned above since the circuit
changes the shape of the current programming signal.

[0062] The current I_,,(0) provided by the current gen-
erator 330 can be expressed as:

1.41(0)78m1 V(0) (Eqn. 25)

where g,,, is the current-to-voltage gain of the current
generator 330 that generates the current I_,,(0) and the
voltage V ;(0) is the voltage developed across the capacitor
2"

[0063] The same previous assumption is also considered
to apply to the shaper circuit 328, namely T(0)
<<R,,xC,,;<<I/f; In this way, on the one hand the switching
frequency ripple across the capacitor C,; is negligible while
on the other hand the current I,,(6) can be considered
constant within each switching cycle. Using these assump-
tions, it is possible to find the voltage Vesy(0) developed
across the capacitor C,; by charge balance as follows:

Ves, (Eqn. 26)
Lo (OT(0) = —5 Ton (0). 4
1.

[0064] Solving for the voltage Vesyz(0) in Eqn. (26) and
considering Eqns. (24) and (25), it can shown that:

Gl (Eqn. 27)
Ton(0)

Ves,rer (0) = gmy Ry gm, R Veoupo Ky sin(0)

[0065] The input current [,,{0) of the flyback converter
300 can be found by averaging the primary current L(t,0)
through the primary winding L, and switch M, where this
primary current has a peak value expressed by

Ves rer(6)

Lo () = Rs

and, taking into consideration Eqn. (27), the input current
may be expressed as:

Ton Ky (Eqn. 28)

0 - Vcompogn Ry gmy Ry m——sin(6)

1
Iin@®) = 3 T () R

[0066] The Eqn. (28) shows that the controller 302 of FIG.
3 implements a control method that achieves a sinusoidal
input current 1,,(0), which as previously discussed means
that the converter 300 ideally has a power factor PF=1 and
distortion THD=0 in the constant-current primary-controlled
Hi-PF QR flyback converter 300 without using the line-
sensing circuitry (e.g., the voltage divider formed by the
resistors Ra, Rb in FIG. 1).
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[0067] In the controller 302, the current generator 340 that
generates the current 1,,(0) that is used to generate the
comparison voltage V (0) signal, and this current can be
expressed as:

113(0)=GprV s, rzr(0) (Eqn. 29)

where G,, is the current-to-voltage gain of the current
generator 340. Now considering the capacitor C,; by charge
balance, it is possible to find the comparison voltage V .(0)
developed across the capacitor C,; as follows:

Ver(0)

Eqn. 30
Lo O)Trw (6) = = =T(0) (Fan- 30)

[0068] Solving Eqn. (30) for the comparison voltage V .-
(0) and then considering Eqn. (27), it can be shown that:

Trw(0)
Ton(0)

(Eqn. 31)

Ver(0) = Gy Rizgmy Ry gmy R Ky Veouposin(0)

[0069] Similar to the prior approach of FIG. 1, the capaci-
tor C,; is assumed to be large enough so that the AC
component at twice the AC mains input line frequency f; of
the comparison voltage V. (0) is negligible with respect to
its DC component V., at least to a first approximation.
The DC component V ., is then given by:

Vero = Ver(@) = (Eqn. 32)

Trw(6) 40
Ton(9)

1 .
;GMRrsgmlergmanVCOMPovaSln(e)
o

[0070] Now considering the voltage-second balance for
the transformer 308 of the flyback converter as expressed in
Eqn. (10), the DC component V ., can be shown to be given

by:

1 s Ry (Eqn. 33)
Vero = ;GM Ri3gmy Ry gmy RpVeompoKy | sinddf =
0

Gy Risgm Ry gm,Rep
e 12 =22 KT Veomro

Assuming the low-frequency “loop gain”>>1, then the DC

component V., is equal to the internal reference V..
Ver=Veer (Eqn. 34)

Combining Eqn. (34) with Eqns. (33) and (27), the current
reference voltage is shown to be:

2 Veer . T(O)
——sinf
GuRis Ky Ton(9)

(Eqn. 35)

Ves rer(0) =

If the same mathematical operations are performed for Eqn.
(14), the peak secondary current I, (0) of the flyback
converter 300 can be calculated starting from Eqn. (35) as
follows:
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e L Ve TO) 1 (Eqn. 36)
O N R Ky Ton®) R
[0071] Since the cycle-by-cycle secondary current I (t,0)

is the series of triangles shown in FIG. 4A for this signal, the
average value of this secondary current in a switching cycle
is given by:

L) = nVRer Trw(0) 1 (Eqn. 37)
¢ GuRsKy Ton(0) Rs
[0072] The DC output current I, of the flyback converter

300 is the average of the current I (8) over a main line
half-cycle and is given by:

(Eqn. 38)

Trw(0) 40
Ton(9)

1 nVerer
Ly =1,0) = - ————sinf
our = 1,(0) o j: GuRaky R

[0073] Finally, combining Eqns. (38) and (10) the average
output current of the flyback converter is shown to be:

. Veer 1 (Eqn. 39)
"~ GuRs 2Rs
[0074] The Eqn. (39) shows the control method imple-

mented by the controller 302 of FIG. 3, the DC output
current [, depends only on external, user-selectable param-
eters, namely the turns ratio n of the transformer 308 and the
sense resistor R, and on internally fixed parameters (G,,,
R,5;, Vzzr) and does not depend on the output voltage V
or on the RMS of the input voltage V,,(0), or on the
switching frequency f;(0)=1/T(8). As a result, the control
method implemented by controller 302, in addition to pro-
viding ideally unity power factor PF=1 and zero harmonic
distortion (THD=0) of the input current I,,(0), also controls
the flyback converter 300 to provide a regulated output
current [, using only quantities available on the primary
side of the converter, and without using an analog divider
and line-sensing circuitry as were utilized in the converter
100 of FIG. 1.

[0075] The control method implemented by the controller
302 of FIG. 3 has been tested and validated with PSIM
simulations, where PSIM is an electronic circuit simulation
software package that is specifically designed specifically
for use in simulating power electronics circuits. The timing
diagrams resulting from some of these simulations are
shown in FIGS. 5 and 6. FIG. 5 shows a simulation where
the input voltage V,(0) is 115 VAC while FIG. 6 shows a
simulation where the input voltage is 230 VAC. As seen in
these simulations, there is a very low level of distortion of
the input current (around 2.8% at V,,=115 Vac, around 3.2%
at V,,=230 Vac) due to an input EMI filter and the non-
idealities considered both in the power circuit and the
control circuit of the converter 300. FIGS. 7A and 7B are
graphs showing simulation results for the converter 300 in
comparison to the converter 100, with FIG. 7A showing a
comparison of the THD levels of the two converters and
FIG. 7B showing a comparison of the power factor PF of the
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two converters. FIG. 8 is a graph showing simulation results
comparing regulation of the average output current I, of
the flyback converters 300 and 100 and illustrates that the
converter 300 provides regulation that is just as good as the
converter 100 but without requiring the line-sensing and
analog divider circuitry to do so, as discussed above.
[0076] The various embodiments described above can be
combined to provide further embodiments. These and other
changes can be made to the embodiments in light of the
above-detailed description. In general, in the following
claims, the terms used should not be construed to limit the
claims to the specific embodiments disclosed in the speci-
fication and the claims, but should be construed to include
all possible embodiments along with the full scope of
equivalents to which such claims are entitled. Accordingly,
the claims are not limited to the embodiments described in
the present disclosure.

1. A method of controlling a power switch, comprising:

generating a current sensed signal based on a primary
current through a primary winding of a transformer
coupled to the power switch;
deactivating the power switch based on the current sensed
signal reaching a current sensed reference;

transferring energy stored in the primary winding of the
transformer to a secondary winding of the transformer
during a demagnetization mode of operation that starts
in response to deactivating the power switch;

charging a first capacitance with a first charging current
during the demagnetization mode to generate the cur-
rent sensed reference, the first charging current having
a value based on a bias signal;

charging a second capacitance with a second charging
current during the demagnetization mode to generate
the bias signal, the second charging current having a
value based on a compensation signal;

generating a third charging current during the demagne-

tization mode to generate a comparison signal, the third
charging current having a value based on the current
sensed reference;

generating the compensation signal based on a difference

between the comparison signal and an internal refer-
ence; and

activating the power switch in response to a secondary

current in the secondary winding of the transformer
becoming equal to zero.

2. The method of claim 1, wherein activating the power
switch in response to a secondary current in the secondary
winding of the transformer becoming equal to zero com-
prises activating the power switch a delay time after the
secondary current becomes equal to zero.

3. The method of claim 1, wherein generating the com-
pensation signal comprises generating an output current
based on the difference between the comparison signal and
the internal reference and charging a compensation capaci-
tance with the output current to generate a voltage on the
compensation capacitance that corresponds to the compen-
sation signal.

4. The method of claim 1 further comprising discharging
the first and second capacitances in response to activating
the power switch.

5. The method of claim 1, wherein generating the third
charging current during the demagnetization mode to gen-
erate the comparison signal comprises supplying the third
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charging current to a resistive circuit to generate a voltage on
the resistive circuit that corresponds to the comparison
signal.

6. The method of claim 5 further comprising discharging
a compensation capacitance coupled to the resistive circuit
in response to the secondary current in the secondary
winding of the transformer becoming equal to zero.

7. The method of claim 1, wherein each of the current
sensed signal, current sensed reference, bias signal, com-
pensation signal, and comparison signal is a voltage signal.

8. The method of claim 1 further comprising generating
an output voltage based on the secondary current in the
secondary winding during the demagnetization mode of
operation.

9. The method of claim 1 further comprising detecting the
secondary current in the second winding through an auxil-
iary winding that is magnetically coupled to the secondary
winding.

10. The method of claim 1, wherein deactivating and
activating the power switch comprise:

generating a drive signal;

deactivating the drive signal based comparing the current

sensed signal to the current sensed reference; and
activating the drive signal in response to detecting the
secondary current is approximately equal to zero.

11. The method of claim 1, wherein generating the current
sensed signal comprises generating a voltage across a sense
resistor in response to the primary current through the
primary winding.

12. A method, comprising:

generating a current sensed signal based on a primary

current through a primary winding of a transformer
coupled to the power switch;
deactivating the power switch based on the current sensed
signal reaching a current sensed reference;

transferring energy stored in the primary winding of the
transformer to a secondary winding of the transformer
during a demagnetization mode of operation that starts
in response to deactivating the power switch;

charging a first capacitance with a first charging current
during the demagnetization mode to generate the cur-
rent sensed reference, the first charging current having
a value based on a bias signal;

charging a second capacitance with a second charging
current during the demagnetization mode to generate
the bias signal, the second charging current having a
value based on a compensation signal;

generating a third charging current during the demagne-

tization mode to generate a comparison signal, the third
charging current having a value based on the current
sensed reference;

generating the compensation signal based on a difference

between the comparison signal and an internal refer-
ence;

activating the power switch in response to a secondary

current in the secondary winding of the transformer
becoming equal to zero;
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charging an output capacitance in response to the second-
ary current in the secondary winding during the demag-
netization mode; and

providing power from the secondary current and the

output capacitance to drive a load.

13. The method of claim 12, wherein the load comprises
a set of series-connected light-emitting diodes.

14. The method of claim 12 further comprising generating
a pulse width modulated drive signal to control activation
and deactivation of the power switch, the drive signal being
based on based a comparison of the current sensed signal to
the current sensed reference and on a value of the secondary
current in the secondary winding.

15. The method of claim 12, wherein generating the pulse
width modulated drive signal comprises setting an RS latch
to activate the drive signal to turn on the power switch in
response to the value of the secondary current in the sec-
ondary winding becoming approximately zero and resetting
the RS latch to deactivate the drive signal to turn off the
power switch based on the comparison of the current sensed
signal and the current sensed reference.

16. The method of claim 12 further comprising rectifying
an alternating input voltage and providing the rectified
alternating voltage to the primary winding of the trans-
former.

17. The method of claim 16, wherein the alternating input
voltage is an AC mains input voltage having a value of one
of 115Vac and 230Vac.

18. A method of controlling a power switch, comprising:

sensing a primary current through a primary winding of a

transformer coupled to the power switch;
deactivating the power switch in response to the sensed
primary current reaching a current sensed reference;
initiating a demagnetization mode of operation in
response to deactivating the power switch;
during the demagnetization mode of operation, charging a
first capacitance with a first charging current to gener-
ate the current sensed reference, the first charging
current having a value based on a bias signal;

charging a second capacitance with a second charging
current to generate the bias signal, the second charging
current having a value based on a compensation signal;

generating a third charging current to generate a compari-
son signal, the third charging current having a value
based on the current sensed reference;

generating the compensation signal based on a difference

between the comparison signal and an internal refer-
ence; and

activating the power switch in response to a secondary

current in the secondary winding of the transformer
becoming approximately equal to zero.

19. The method of claim 18, wherein during the demag-
netization mode of operation energy stored in the primary
winding of the transformer is transferred to the secondary
winding of the transformer.

20. The method of claim 18, wherein activating and
deactivating the power switch includes setting and resetting
an RS latch, respectively.
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