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Pulse Train Control Technique for Flyback Converter

Mark Telefus, Anatoly Shteynberg, Member, IEEE, Mehdi Ferdowsi, Student Member, IEEE, and
Ali Emadi, Senior Member, IEEE

Abstract—Pulse Train™ control technique is introduced and ap-
plied to Flyback converter operating in discontinuous conduction
mode (DCM). In contrast to the conventional pulse width modula-
tion (PWM) control scheme, the principal idea of Pulse Train is to
achieve output voltage regulation using high and low power pulses.
The proposed technique is applicable to any converter operating in
DCM. However, this work mainly focuses on Flyback topology. In
this paper, the main mathematical concept of the new control algo-
rithm is introduced and simulations as well as experimental results
are presented.

Index Terms—Critical conduction mode, dc—-dc power con-
verters, discontinuous conduction mode, flyback converter,
near-zero-voltage switching, switch mode power supplies.

1. INTRODUCTION

UE TO HIGH efficiency and high power density as well

as reduced costs, switched mode power supplies (SMPS)
are now becoming more popular compared to the linear power
supplies [1]. Since the number of semiconductor and magnetic
components of Flyback converter is less than the other SMPS
and, furthermore, it provides input/output isolation; therefore,
this topology perfectly suits off-line low-cost power supply ap-
plications.

Flyback converter has been employed operating in both con-
tinuous conduction mode (CCM) and discontinuous conduction
mode (DCM) as well as critical conduction mode, i.e., at the
boundary between CCM and DCM [2], [3]. Critical conduction
mode enjoys benefits such as zero current turn-on of the switch
and zero current turn-off of the freewheeling diode. These soft
switching transitions reduce the switching losses as well as the
electromagnetic interference (EMI) noise [4]. Critical conduc-
tion mode has less current stress compared to DCM. Further-
more, the transfer function of the Flyback converter operating
in critical conduction mode is first-ordered; thus, the feedback
compensation is simplified compared to CCM. However, de-
spite the advantageous benefits of critical conduction mode, its
major drawback is the variations of the switching frequency of
the converter as the output load changes.

This paper introduces Pulse Train™ control technique, which
regulates the output voltage based on presence and absence of
power and sense pulses and makes the Flyback converter op-
erate in partial DCM and partial critical conduction mode. Not
only does this control scheme offer a faster dynamic response
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compared with pulse width modulation (PWM) method, but also
improves the efficiency by lowering the switch turn-on loss at
the end of each power pulse based on choosing the right turn-on
time instant. The required information for this action is provided
from the measured signals of the converter during the sense
pulses. This method is experimentally developed in iW2201,
which is an 8-pin integrated circuit (IC). Pulse Train is simple,
cost effective, and robust against the variations of the parame-
ters of the converter. A method that shows some similarity to
Pulse Train technique was recently introduced in [5] with in-
ferior characteristics. To achieve fixed frequency operation, [5]
proposes skip cycle modulation (SCM), which is basically an
on/off control mode to regulate the output voltage. SCM method
is based on constant width constant frequency pulse signals.

In this paper, Section II introduces the basic concepts of the
new control algorithm. Section III investigates the stability of
the proposed control scheme. In Section IV, a comprehensive
analysis of the output voltage ripple is presented. Section V dis-
cusses the application of the near-zero-voltage switching tech-
nique for the purpose of efficiency improvement. Experimental
results of applying Pulse Train technique on a Flyback converter
are presented in Section VI. Smart skip mode and soft start are
discussed in Sections VII and VIII, respectively. Finally, Sec-
tion IX draws conclusions and presents an overall evaluation of
this new control technique.

II. PULSE TRAIN CONTROL SCHEME

Pulse Train control algorithm regulates the output voltage
based on the presence and absence of power pulses, rather than
employing PWM [6], [7]. Fig. 1 depicts the block diagram of the
Pulse Train regulation scheme. If the output voltage is higher
than the desired level, low-power sense pulses are generated se-
quentially until the desired voltage level is reached. On the other
hand, if the output voltage is lower than the desired level, in-
stead of sense pulses, high-power power pulses are generated.
The time duration of the power and sense pulses are the same;
but, due to the longer on time of the switch during a power pulse,
compared to a sense pulse, more power will be delivered to the
load. The ratio between the on-time duration of the switch in
a power pulse and the on-time duration of the switch in a sense
pulse (k) is chosen by making a compromise between the output
voltage ripple and the power regulation range from full power
to low power.

Fig. 2 depicts current waveform of magnetizing inductance
of the transformer L, after Pulse Train is being applied. At
the beginning of each switching cycle, based on the difference
of the output voltage with the desired voltage level, it will be
determined whether a power or a sense pulse needs to be gen-
erated. Operating in constant peak current mode control, in a
power pulse, the switch remains on and the primary current is

0885-8993/04$20.00 © 2004 IEEE
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Block diagram of pulse train control scheme.
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Fig. 1.

allowed to increase until it reaches a designated constant peak
level (Iiax)- At this point, the switch turns off and the next
cycle starts when the secondary current reaches zero. A sense
pulse has the same period as the preceding power pulse; but the
switch turns off when its current reaches I1nax/k. Since the pri-
mary current ramps linearly with the switch on time, the switch
on-time duration of a sense pulse is 1/k times as the switch
on-time duration of a power pulse. Hence, a sense pulse transfers
just 1/k? time as much energy as a power pulse. The controller
measures the time duration of the power pulses and makes the
subsequent sense pulses to have the same time duration; hence
the switching frequency of the converter is fairly constant when
the load changes.

Fig. 3 shows the simulation results of applying this control
method on a Flyback converter with parameters defined in
Table I. For this specific value of the output power demand,
the control scheme generates two power pulses and one sense
pulse in each regulation cycle.

Pulse Train enjoys on-line waveform analysis and hence, fast
dynamic response. Fig. 4 compares the speed of response of
Pulse Train with a typical PWM control to a step load change
of 30% to 65% of full load. Arrows in this figure mark the time
instant at which the step change has applied. As we can observe,
Pulse Train has a much faster speed of response in contrast with
PWM.

III. STABILITY ANALYSIS

Considering a general switching period, as shown in Fig. 5,
and based on the energy conservation rule, one can write

AElin = AE’Lm + AEVC + AEILoad (1)

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 19, NO. 3, MAY 2004

where A F, is the amount of energy that has been drawn from
the input power source during the considered switching period.
AFEp,, is the difference of the energy stored in the magnetizing
inductance of the transformer and is equal to zero because Ly,
de-energizes at the end of each switching period. AF¢ is the
change of the energy stored in the output capacitor during the
same switching period and can be described as

AEc = E¢ (ny1yr — Ecnr. 2

And finally, A Fp.q is the amount of energy delivered to load
R during the same period. Output capacitor C' provides the load
current; hence, we can write

1 ((n+1)T
Ab—/‘Load = E - / VC2 - dt. (3)
JnT

In (3), using the trapezoidal rule instead of integration, we can
approximate AFEy.q as

o L (2 2
AELoad = 3R (Vc,(n+1)T + Vc,nT> - )

Moreover, the energy stored in a capacitor at each instant is
equal to the squared value of the voltage that appears across the
capacitor divided by twice the value of the capacitor; hence, (4)
can be rewritten as

T
AFEroad & RO (Ec,(ny1yr + Ecnr) - 5
Substituting (2) and (5) into (1) and solving for the energy stored
in the output capacitor at the end of the desired switching period,
one obtains

1
EC,(n+1)T =M - EC,TLT + 4TAEin (6)
1+ ¢
where

1- L
M= —1LC <1, (7

T

1+ ¢

Equation (6) shows the recursive relation of the energy stored
in the output capacitor. We need to note that M is always less
than one; therefore, the converter is stable under any pattern of
power and sense pulses in the closed loop system. Using the
input current, A E;,, can be described as

Tin,nT+ton
AFEw =Fr, nr+t., — Frpnr = L - / Tip - dt.
0

(®)
where as for a power pulse, we have
AFE;, = 050,12, )
and for a sense pulse, we have
05012, .
AE,, = —27m max (10)

k2
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TABLE 1
DEFINITION OF VARIABLES
Variable Definition Value
Lax Peak current of the magnetizing inductance 3A
Ly Magnetizing inductance 225 uH
C Output filter Capacitance 100 uF
R Load resistance -
Vin Input voltage 150V
Vier Output voltage reference 19V
ton on time of the switch in a power pulse -
tofr off time of the switch in a power pulse -
T Switching period -
k ratio of the on time of the switch in a power pulse 4
to the on time of the switch in a sense pulse
n transformer turns ratio 6

where k is already defined in Table 1. Therefore, in the closed
loop control, the controller makes the decision of generating a
power or a sense pulse, such that

Vvout < erof = AE’in

=0.5L,I%,. Power Pulse
‘/aut > ‘/ref = Ala’in
=0.5L, 12, k* Sense Pulse. (11)

Simulation results of the pulse train control of a typical flyback converter; (top) magnetizing inductor current (A) and (bottom) output voltage ripple (V)

An example of the time-evolution of the sequence of power and
sense pulses, in a closed loop system, based on (6) is depicted
in Fig. 6.

In this figure, the energy level corresponding to V¢ is de-
picted as K¢, and is equal to:

E} =0.50V2,. (12)

As can be seen in Fig. 6, the closed loop system has two equi-
librium points and the operation is oscillating between the two
points. Both of the equilibrium points are stable. However, the
operation between these two equilibrium points is oscillatory
and yet stable. Because of this behavior, there are offsets from
the reference signals. The output voltage ripple is a function of
the circuit parameters.

IV. OUTPUT VOLTAGE RIPPLE

Stability analysis does not determine the output voltage
ripple. Hence, the circuit differential equations need to be
solved to predict the output voltage ripple. Considering the
Flyback converter, in a power cycle, during the on time interval
of the switch, the changes of the output voltage can be written
as

Aw l_,_v;ef __‘/;‘ef Lm]—
C(on) = RO o™ Vi RO max
In the same cycle, assuming that the magnetizing current de-
creases linearly and the output voltage variation is small, the

changes of the output voltage during the off time of the switch
can be written as

_ R
Avo(orp) = Ale (tost/RC) _ 1) — T refloff

m

13)

(14)
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Fig. 4. Simulation results of the output voltage variation after a step load change of 30% to 65% of full-load: (a) pulse train and (b) PWM.
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Fig. 6. Sequential evolution of power and sense pulses.

where A = Viet — nRInax — (n?R2C/Lym)Vier and tog =
(LmImax/n‘/ref)-

The total changes of the output voltage after applying a power
pulse is the summation of the above two extracted values and
can be estimated as

tR%C
n—> - nRImax)

Avg p = <Vref <1 I

X e LmIrﬂa.x
X _—
P\ T ROV,

n2R2C Loy Tnax
- erc 1 - — —_ . 15
‘ ( Im | RC Vi ) (15)

0.5

0.4

0.3

0.2

0.1

Fig. 7. Awvc, p (solid line) and —Awve s (dashed line) as functions of load
resistance in flyback converter.

Continuing the same procedure for a sense cycle, we can easily
get that the total changes of the output voltage after applying a

sense pulse is equal to
n’R2C nRILax
A 2 Vet [ 1 — — max
o= (e (1 -777) )
LmIma,x

X <exp <_7nkRCme> - 1)

nRImax _ LmImax (‘/ref + E) ) (16)

k RC Vin nk
Awvc,p (solid line) and —Avc, s (dashed line) as functions of
the load resistance are sketched in Fig. 7. As we can observe,
the control scheme tries to regulate the output voltage by gen-
erating the right number of sense and power pulses in each reg-
ulation cycle. As the output power increases, Avc, p decreases;
but, —Awc, s increases. This fact implies that at a higher output
power level, the control strategy prefers to have more power
pulses rather than sense pulses in each regulation cycle and vice
versa in light loads. The value of the output load resistance at
which the two graphs cross each other is the value of load, which
requires one power pulse associated with one sense pulse in each
regulation cycle. The patterns of power and sense pulses in a
regulation cycle for a specific value of the load resistance can
be extracted using Fig. 7. Table II shows some examples of this
case.
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TABLE 1I
SENSE AND POWER PULSE PATTERN PREDICTION IN ONE REGULATION CYCLE

R Avep -Aves Predicted Pattern

20 0.433 0.066 1*P - 7*S - 1*P - 6*S

15 0.400 0.099 1*P - 4*S

10 0.333 0.165 1*P - 2*S

7 0.249 0.249 1*P - 1*S

5 0.134 0.363 3*P - 1*S - 2*%P - 1*S

According to Table II, for instance, when R = 10, we have
Ave,p = 2* — Avc,s which predicts for this value of load, in
each regulation cycle, the controller generates two sense pulses
associated with each power pulse. Therefore, first we calculate
Avc,p and —Awvc,s ((15) and (16)) associated with each value
of R, then we find two integers as this equation holds

a7)
where « and ( represent the number of power and sense pulses

in each regulation period. During the power cycle, we can ex-
press the average value of the diode current as

axAvep=PB*x—-Avcs

nlmax

2
where d = (nVo /Vin + nVo) is the duty ratio. The on time of a
sense pulse is 1/kth of the on time of a power pulse and, hence,
for a sense pulse, we can write

ipp= (1-d)T (18)

TLII"HH.X
= 52 (1-d)T.
In the steady state operation, if there are o power pulses as-
sociated with ( sense pulses in each regulation cycle, then the

average value of the diode current is

—— _ipn,p
LD,S - k2

19)

—_ axipp+PB*ips
b (o +B)T
By noting that ip = V, /R and, by solving for the load resis-
tance, one obtains

(20)

(a+8)Vo

B\ Imax __nVin
(0‘+ k_) 5 ViV
Equation (21) shows how different parameters like input

voltage, output voltage, output load resistance, I,,x, and k
affect the pattern of power and sense pulses.

R:

21

V. NEAR—ZERO-VOLTAGE SWITCHING

Sense pulses are being used to extract additional circuit in-
formation including transformer reset time and the instant at
which the voltage across the switch is at its minimum level.
This information is used to reduce the switch turn-on loss at
the end of power pulses and, hence, improving the efficiency.
Using an auxiliary winding, voltage across the isolating trans-
former is being monitored cycle by cycle. If required, the aux-
iliary winding can also provide power for the control circuitry.

Fig. 8 shows the voltage across the auxiliary winding in a
sense pulse cycle. Pulse Train achieves low switch turn on loss

Secondary
Diode
Current

Auxiliary

V. =Q=cqdeccccccccccncecncnnns
Voltage auwx

Switch
Status

L ON |

Fig. 8. Auxiliary voltage and zero voltage switching.

by using the resonance (ringing) that occurs after the current on
the secondary side of the transformer reaches zero indicating
the transition from power transfer to open-circuit conditions
(Fig. 8). At the end of power pulses, the switch is turned on when
the voltage across it is at its minimum level reducing turn-on
losses. In addition, this switching point is always reached just
after the transformer has reset allowing the circuit to operate
very close to the critical conduction mode, where the switch is
turned on immediately after reset optimizing circuit efficiency
and reducing the size of the transformer.

As shown in Fig. 8, post-conduction resonance is a damped
oscillation that falls very close to zero on its first cycle. Near-
zero-voltage switching can simply be achieved by measuring
the resonant period of the post conduction resonance on a sense
cycle and turning the transistor on while its voltage is at the
minimum level on the subsequent power cycles. On each power
pulse, Pulse Train waits for the auxiliary voltage to drop below
zero. This indicates that the converter is in the post-conduction
resonance. After this event, the controller waits an additional
AT that will take the voltage across the switch to its minimum
level, then turns on the switch for the next cycle. In a sense pulse,
the time between the zero-crossing on the auxiliary winding and
the minimum primary voltage is estimated as being one-half the
time between the negative-going zero crossing and the positive-
going zero crossing, as shown in Fig. 8, AT = (to — t1)/2.
Given the geometry of the resonant signal, this estimate has high
accuracy because this information is already measured during
the last sense pulse.

By achieving near-zero-voltage switching, we also achieve
critical conduction mode because we have turned the transistor
back on immediately after the transformer’s magnetic field has
reset. This eliminates dead time between cycles and fully uti-
lizes the output transformer. As a result, the transformer oper-
ates at lower flux levels than conventional converters resulting
in lower core losses and, thus, higher efficiency.

Because the waveform is being monitored cycle-by-cycle,
critical conduction mode is maintained across all variations in
line and load conditions. In addition, this method of extracting
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Fig. 9. Experimental results of (a) switch voltage (130 V/div), (b) primary
current of transformer (2.5 A/div), and (c) secondary current of transformer
(15 A/div).

maximum performance from the inductor is insensitive to com-
ponent variations since the circuit behavior is measured, not as-
sumed.

VI. EXPERIMENTAL RESULTS

A 90-W prototype de—dc Flyback power supply with Vj, =
150 V and V, = 19 V was built and experimented using the
developed IC (iW2201), which is a Pulse Train controller. The
off time voltage across the switch in Flyback converter is equal
to: Vgs = Vin + n*V,. Given the input and output voltages
and choosing a 400 V switch to reduce the cost, n (transformer
turns ratio) was chosen to be 6. This number will also make
the current of magnetizing inductance L, be nearly symmetric,
hence, causing less current stress for the circuit components.
The minimum value of the load resistance at full load is equal to
Ruyin = VOQ/PO7max = 40 using (21) for § = 0 (full load con-
dition) I, can be calculated as Iinax = 2.78 A. Inaxy = 3 A
was chosen; this value also meets the switch current ratings. For
a = 1 and 8 = 1, the output power will approximately reduce
to 50% of full load (compared to power pulses, sense pulses do
not transfer that much power to the load). Solution of (21) for
k, using this condition, suggests a ratio of 4 for this parameter.
Magnetizing inductance L., was chosen to be 245 /H to make
the switching frequency equal to 90 kHz. Fig. 9 depicts the ex-
perimental results of the voltage across the switch and primary
and secondary current of the transformer. In this figure, two
power pulses followed by a sense pulse are shown. As can be
observed in this figure, by choosing the right instant of turning
on the switch, the voltage across the switch is reduced by 70%.

Fig. 10 depicts the experimental results of the output voltage
ripple for a 30% to 65% step load change. The horizontal arrow
shows the output voltage dc level, which is 19 V, whereas the
vertical arrow specifies the instant at which the step change is
applied.

VII. SMART-SKIP MODE

As we already mentioned, the peak inductor current in a
power pulse is k times the peak inductor current in a sense

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 19, NO. 3, MAY 2004
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Fig. 10. Output voltage ripple for a step load change of 30% to 65% of full
load.
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Fig. 11. (a) Experimental results of smart-skip and (b) the depth of smart-skip
mode increasing with light load.

pulse; therefore, a sense pulse delivers 1/k2 as much power
as a power pulse. A continuous stream of sense pulses thus
delivers 100/k?% of the full load. If the load is lighter than this
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level, the controller enters Smart-Skip Mode, when the circuit
alternates between the sense pulses and no pulses at all. This
mode is similar to pulse skipping techniques.

The controller decides to enter the smart-skip mode when the
sense pulses reveal that the output voltage is remaining above
the desired level, though no power pulses have been sent re-
cently [Fig. 11(a)]. The depth of the smart-skip mode (the ratio
of skipped cycles to sense pulses) is increased or decreased ac-
cording to the measured voltage and current in the skip-mode.
The depth of the smart-skip mode needs to be reduced as the
load resistance decreases [Fig. 11(b)].

VIII. SOFT START

Fig. 12 depicts the experimental signal waveforms at start-up.
The first power pulse shows a clean current ramp; but, the drain
voltage reflects the fact that the transformer does not reset by
the time the second pulse arrives and, thus, operating in contin-
uous conduction mode. This is also shown in the current on the
second pulse, which starts at a nonzero value. However, the con-
troller’s peak current limiting causes the second power pulse to
be much shorter than the first one. By the third cycle, the initial
current has already fallen significantly due to the second cycle’s
shorter on time of the switch. This trend will continue until, in
a few cycles, the initial current is zero and the converter is op-
erating in discontinuous conduction mode.

IX. CONCLUSION

Flyback power converter has found its way into many applica-
tions. To address the challenge of designing a simple controller
for this type of converters, this paper introduces the new Pulse
Train control technique. This control method has several advan-
tages over conventional techniques, such as simplicity, accuracy,
and fast transient response. Simulation as well as experimental
results completely match with the theoretical concept.
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