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An Active Clamp Flyback Converter With High
Precision Primary-Side Regulation Strategy

Cheng-Yu Tang

Abstract—The active clamp flyback (ACF) converter has been
widely adopted because of the feature of isolation, soft-switching,
and high conversion efficiency. On the other hand, due to the char-
acteristic of the circuit cost reduction and the fast control response,
the primary-side regulation (PSR) has become a popular control
method for isolated power converters. However, high precision
PSR strategies for ACF converters are not exposed. Therefore, the
aim of this article is to propose a high precision PSR strategy for
the ACF converter. Relations between the primary-side current
and the secondary-side current are analyzed and derived. Both of
the continuous conduction mode operation and the discontinuous
conduction mode operation will be considered. The output voltage
control mode or the output current control mode can be selected
via the proposed strategy. In addition, a secondary-side losses com-
pensation (SSLC) strategy is developed to deal with the non-ideal
circuit characteristics as well as to enhance the control accuracy.
Operational principles and thorough mathematical derivations will
also be revealed. Finally, both simulation and experimental results
obtained from a 100 W prototype circuit demonstrate the perfor-
mance and feasibility of the proposed PSR and SSLC strategy.
Validations show that the control accuracy of the output voltage
and the output current are 98.54% and 98.42%, respectively.

Index Terms—Active clamp flyback converter (AFC), high
precision control, primary-side regulation (PSR).

I. INTRODUCTION

OWADAYS, power electronics have become necessary
N technologies for electrical energy conversion, renewable
energy systems and advanced consumer electronics. For en-
ergy saving and carbon reduction, high conversion efficiency
is an essential criteria for power converters [1]-[3]. Due to
the simple circuit structure and the feature of isolation, the
flyback converter has become one of the most commonly used
topologies for low power applications [4]-[7]. Besides, in order
to reduce the power loss as well as to increase the efficiency,
the active clamp topology have been adopted for the flyback
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converter [8]-[10]. With the soft-switching characteristics, the
efficiency of the active clamp flyback (ACF) converter can be
improved.

Traditionally, the secondary-side-regulation (SSR) is adopted
for the flyback converter. The output voltage or current signal on
the secondary-side should be sensed, whereas the controller on
the primary-side generates the pulsewidth modulation signal.
In order to isolate the signal between the primary-side and
the secondary-side of the transformer, an optocoupler should
be included. However, the circuit cost will be increased while
the transient response might be decreased with the optocoupler.
In order to reduce the circuit cost and standby power losses,
primary-side control methods for flyback converter were pre-
sented in [11]-[18]. With the PSR, only electric signals of the
primary-side will be measured and estimated. Therefore, the out-
put voltage or current can be controlled without the optocoupler.
In addition, the precise primary-side current measurement is also
important for the PSR control [19], [20]. Wu et al. [19] proposed
a slope detection of the primary-side current to estimate the
actual primary-side peak current. Compare to the conventional
linear slope compensation methods, the proposed one can correct
the peak current measuring error caused by the propagation
delay time. In [20], a kind of average inductor current measure
and control strategy for multimode was introduced. The average
inductor current measurement strategy is based on the Miller
stage to recognize the state of the MOSFET, which eliminates
the error caused by the MOSFET. The average current of primary
inductor is obtained and there is no need to estimate the rising
slope and the peak value of the inductor current. Moreover,
the utilization of the auxiliary winding could be considered
to realize the PSR. Xu et al. [21] revealed that there will be
sampling errors of the sampled output voltage from auxiliary
winding in PSR flyback converter. To improve the constant
voltage accuracy, a novel digital controlled sampling strategy
is proposed. This scheme uses a digital ramp sampling method
to sample output voltage. If the battery is connected to the
output of the ACF, both of the output voltage and current control
should be considered to achieve the CC-CV charging control, as
mentioned in ref [22]. In [22], a novel ring detection and demag-
netization portion control technique is proposed, with which the
ending time of demagnetization can be accurately determined
and the portion of demagnetization in switching periods remain
precisely the same, which enable the accuracy of constant cur-
rent output. In the PD fast charging and LED driving applica-
tions, both of the output voltage and current control are also
necessary.
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Although these methods are effective, they can only be
adopted for the conventional flyback converter or the quasi-
resonant flyback (QRF) converter. However, our work focuses
on the ACF converter. The circuit topology, circuit features,
operational principles and theoretical waveforms between QRF
and the ACF are different. That is to say, the proposed PSR
methods in these literatures cannot by adopted for the ACF.
Therefore, the authors developed a PSR strategy, which is uti-
lized for the ACF. In addition, there is no need to sense the
voltage signal from the auxiliary winding in our work. Besides,
with the proposed circuit and proposed control strategy, complex
compensating circuits are not required in the control loop. The
control algorithm and compensators can be realized in the main
controller. Besides, there is no need to add the optocoupler,
which is a necessary component with SSR. Therefore, compare
to conventional circuit and control, the circuit cost and size can
be reduced with the proposed circuit and strategy.

On the other hand, non-ideal characteristics exist in the
secondary-side of the circuit. When the secondary-side diode is
conducted, a part of losses will be generated by the unavoidable
diode forward voltage (V). The diode conduction loss not
only reduces the circuit efficiency, but also decreases the output
voltage and current. Unfortunately, conventional PSR methods
only utilize the electric information of the primary-side. Effect
of the secondary-side losses might not be taken into account. As
a result, the output voltage and current error will be increased
while the control accuracy will be decreased.

Therefore, main aims of this article can be summarized as
follows.

1) A PSR strategy for the ACF converter is proposed.

2) Both of the continuous conduction mode (CCM) and the
discontinuous conduction mode (DCM) operation will be
considered and analyzed.

3) A secondary-side loss compensation (SSLC) is developed
to enhance the control accuracy.

Detailed circuit operations, theoretical analysis and math-
ematical derivations of the proposed PSR and SSLC will be
presented. Finally, simulation and experimental results obtained
from a 100W prototype circuit verify the performance of the
proposed control strategy.

II. CIrRcUIT CONFIGURATION AND PROPOSED
CONTROL STRATEGIES

A. Circuit Configurations of the ACF Converter

Fig. 1 shows the circuit diagram of the ACF with the proposed
PSR strategy. According to Fig. 1, the main power stage is
composed of the main switch Q, the auxiliary switch Qp, the
active clamp capacitor Ccjamp, the magnetizing inductance L,
the resonant inductance L,, the output diode D,, the output
capacitor C,, and the load resistance Ry. Besides, the digital
signal processor (DSP) TMS320F28379D is utilized as the
circuit controller. In order to simplify the analysis, all ele-
ments are considered as ideal except the parasitic capacitors, C;
and Cy.

It is worth mentioning that with the proposed strategy, the
resonant inductor current iy, will be utilized to achieve the
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Fig. 1.  Circuit diagram of the ACF with the proposed PSR strategy.

proposed PSR strategy. Therefore, a resistor Ry, is connected in
series with the resonant inductor, as shown in Fig. 1. The purpose
of R;,. is to sense the resonant inductor current iy, and convert
it to the voltage signal. Besides, the primary-side transformer
voltage V), should be sensed. Detailed analysis of the proposed
PSR concept will be presented in the next section.

B. Proposed Primary-Side Regulation Strategy

In this section, the proposed PSR strategy will be described
in detailed. First, theoretical waveforms of the ACF converter
operated in CCM and DCM are shown in Fig. 2(a) and (b), re-
spectively. It can be confirmed that the main difference between
the CCM and DCM is the of the magnetizing inductor current.
However, the proposed PSR strategy can be adopted for both
CCM and DCM operation.

In the following, the CCM operation is first considered. The-
oretical waveforms of the ACF converter operated in CCM are
shown in Fig. 2(a). From Fig. 2(a), C; is charged to Vi, +nV, at
t2, whereas Cp will be discharged to OV. Therefore, the auxiliary
switch, Qp, is able to achieve the zero voltage switching (ZVS)
turn-ON. On the other hand, at t4, C» is charged to Vi, +nV,,
whereas C; will be discharged to OV. Therefore, the main
switch, Q;, can achieve the ZVS turn-ON. From Fig. 2(a), it
can be seen that /, is equal to the effective value of the average
secondary-side current i4(f). Therefore, I, can be calculated by
the area of i4(¢), as

1 (%
Io:i/O i (t) dt ()
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where T is the switching period. In addition, the relation be-
tween the primary-side current, i,, and i,(f) can be written as

is (t) = x iy )

where n is the transformer turns ratio. From Fig. 1, it can be
confirmed that i,,(¢) will be equal to the difference between ir,,()
and the magnetizing inductor current iz, () as

ip (t) =1Ly (t) —iLm (t) . (3)

After the rearrangement of (2) and (3), i5(¢) can be expressed
as

is (t) =nxip=nlir, (t) —irm (t)]. )
With the combination of (1) and (4), I, can be derived as:

I, = Ti X %{(sz + Tas + Taa) x nfiry (ts5) —ipm (t5)]}

&)
where T4 is the deadtime between Q; and Q», as the interval
between ¢; and 3 shown in Fig. 2(a). T4 is the on-time of V9,
as the interval between 73 and t5. T4, is the interval between 17
and . It is worth mentioning that in to (3)—(5), the value of i,
can be obtained via the Ry,
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Theoretical waveforms of the ACF converter. (a) CCM operation. (b) DCM operation.

In (5), due to the fact that i, cannot directly be obtained,
irm at t; should be estimated and calculated by

Nipm % (Taa+T43)
(2Tus + Tus + Tua)

where i1, max 1S the maximum magnetizing inductor current,
and it will approximately be equal to the maximum resonant
inductor current, iy, max, at 2, as shown in (7). Besides, Aip,,
is the magnetizing inductor current variation, which can be
obtained as

(6)

Z'Lrn (fS) = Z.Lm,,max -

iLm,max ~ Z.Lr,max' (7)
D x Ty

where D is the duty cycle of Q ;, which can be calculated from the
ACF voltage transfer function shown in (9). Besides, V/, is the
primary-side voltage of the transformer, which can be obtained
by (10)

1 D
Vo*%nxﬁxl_D (9)
Vin X L,
__wm - m 1
Vo= AL (10

where V;, and V,, are the input and output voltage, respectively.
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Fig. 3. Control block diagram of the proposed PSR.

On the other hand, the proposed PSR strategy can also be
adopted for the DCM operation. Theoretical waveforms of the
ACEF converter operated in DCM are shown in Fig. 2(b). Under
the DCM operation, ir,,, will be discontinuous. The conducting
period of the output diode will be different in CCM and DCM.
Therefore, with the consideration of the DCM operation, Eq. (5)
should be modified as

1 1
= % 3 {(TdS + Tys) X n [iLr (t5) —iLm (tS)]} :
‘ an

After comparing (5) and (11), it can be confirmed that the
only difference between the CCM and the DCM is the diode
conducting period. The basic concept and derivation processes

of the proposed PSR will be the same under both CCM and DCM
operation.

I, =

C. Secondary-Side Losses Compensation

The proposed PRC strategy can effectively be adopted for
the ACF converter. However, with PSR methods, only the
primary-side current is considered and controlled. Unfortu-
nately, nonideal characteristics of the secondary-side parameters
might decrease the PSR control accuracy. Therefore, in order
to increase the accuracy as well as to decrease the error, an
SSLC is developed in this article. With the proposed SSLC,
power loss of the secondary-side diode will be considered and
analyzed. Consequently, the output voltage and current accuracy
can be increased via the SSLC. Fig. 3 is constructed to further
illustrate the control block diagram of the proposed PSR and the
implementation of the SSLC.

In the following, losses of the diode will be analyzed. First,
the average current on the diode can be expressed as

2x 1,
\/3 X Td,on

where /, is the output current obtained from (5) or (11). Tg,on
is the diode conducting period.

Because that Ty oy is equal to Tge + Tgs + T4y, Equation
(12) can be modified as:

12)

1s,rms =

2x1,
V3 x (T +Tuis +Tu)

13)

1s,rms —

The diode power loss, Ppiode,loss, can be calculated by

PDiodc,loss = Z.s,rms X VF (14)

where V is the diode forward voltage. With the combination of
(13) and (14), Ppiode,loss can be written as

2x1,
V3% (Tap + Tz + Tua)

From (14), it can be confirmed that Ppigde,loss Will be in-
creased if the output current is increased. Consequently, the
output voltage will be reduced. As a result, the control accuracy
will be decreased. In order to deal with this issue, the SSLC
strategy is developed. With the SSLC, a compensating voltage
Veom 18 derived from the power loss of the diode and the output
current as

PDiodc,loss = X VF~ (15)

P Diode,loss

I, '

After combining (9) and (16), a compensating duty cycle
D.om can be obtained, as shown

Vcom = (16)

1
Vin +1

Veom Xn

Dcom = (17)

Eventually, the output voltage and current can be compen-
sated, whereas the control accuracy will be improved via the
consideration of V.o, and Deop, .

It is worth mentioning that the ZVS function is independent
with the developed SSLC. The ZVS condition can be determined
by the leakage inductance, the parasitic capacitances and the
deadtime period. The secondary-side losses will not affect the
performance of ZVS.

III. SIMULATION AND EXPERIMENTAL RESULTS

In order to verify the proposed PSR strategy, both of the
simulation and experiment results will be demonstrated in this
section. Specifications of the prototype circuit are given in
Table 1. The rated power is 100 W. Considering that the input
voltage of the ACF converter will be fixed via the frond-end
PFC, the input voltage is set as 400 V. The output voltage is set
as 48 V. The magnetizing and leakage inductance are 2.6 mH
and 33 uH, respectively. The switching frequency is determined
as 100 kHz. The MOSFET, FQPFON9OCT, is chosen as the main
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The circuit diagram of the ACF converter with the proposed
PSR strategy on MATLAB/Simulink is shown in Fig. 4. Simula-
tion waveforms of the gate-to-source voltage V4,; the drain-to-
source voltage V44, the primary-side voltage of the transformer
V, the time interval, Tz, T 43, and T4, are shown in Fig. 5 It can
be seen that V4, reduces to OV before Vg, is turned ON. In other
words, the ZVS feature can be achieved. Besides, simulation
waveforms of i1, and i are shown in Fig. 5(d). With the proposed
PSR strategy iz, will be sensed and controlled. Eventually, 7,
can be calculated as 1.925A from the simulation results, which
is close to the theoretical I, value, 1.917A. On the other hand,
simulation waveforms of the proposed ACF converter under the
DCM operation are shown in Fig. 6. It can be confirmed that the
simulation results match the theoretical waveforms.

The prototype circuit figure of the proposed ACF converter is

_—— = — = = — =
Fig. 4. The circuit diagram of the ACF converter with the proposed PSR strategy on MATLAB/Simulink.
TABLEI A. Simulation Results
SPECIFICATIONS OF THE PROTOTYPE ACF CONVERTER
Parameters Value or type
Rated power (Po) 100W
Input voltage (Vin) 400V
Input current (1in) 0.25A
Output voltage (Vo) 48V
Output current (/o) 6.083A
Magnetizing inductance (L) 2.76mH
Leakage inductance (L) 33uH
Turns ratio (Np/Ns) 4.08
Switching frequency (fs) 100kHz
Output capacitance (Co 470uF/100V . . .
utput cap () H B. Experimental Verification
Main switches of Q7 and Q> FQPFIN9OCT
System controller DSP TMS320F28379D

circuit switches. The DSP, TMS320F28379D is selected as the
main system controller. It should be mentioned that the Cgd of
FQPFON9O0CT is only 14 pF. Besides, the switching frequency is
set as 100 kHz in this work. Therefore, the turn OFF losses is not
significant. On the other hand, because of the ZVS feature of the
ACEF converter, the turn ON losses could be neglected. Besides,
the Adc conversion rate of TMS320F28379D is 3.5 MSPS. With
the proposed method, the peak current of the resonant inductor
should be measured. But, higher MCU operating frequency will
decrease the number of sampling points. Unfortunately, few
sampling points might reduce the control accuracy. In the future,
the proposed PSR strategy could be realized and implemented
in the ASIC, whereas the switching frequency can be decreased
with the ASIC.

shown in Fig. 7. It can be seen that the prototype circuit consists
of the ACP main power stage and the DSP control stage. In the
experimental setup, the dc source, EA PSI-9750-12, is connected
to the input port of the ACF. The dc load, Chroma 63202A,
is connected to the output port. With the implemented circuit
and proposed control strategy, complex compensating circuits
are not required in the control loop. The control algorithm and
compensators can be realized in the main controller. Besides,
there is no need to add the optocoupler, which is a necessary
component with SSR. Therefore, compare to conventional cir-
cuit and control, the circuit cost and size can be reduced with
the proposed circuit and strategy. In addition, the proposed
PSR strategy could be implemented in the ASIC in the future.
Therefore, the controller cost can be decreased.

Fig. 8 shows experimental results of the proposed PSRACF
under the CCM mode and the full load operation. Waveforms
of Vgs1, Vgso, Taz, and Ty3 are shown in Fig. 8(a) and (b).
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Waveforms of Vg,;, Vp, and Ty, are shown in Fig. 8(c). It is
worth mentioning that 742, T43, and T4, can be calculated as
280ns, 6.015 us and 40 ns, respectively. It should be noticed that
traditionally, there would be noises in the output of the sampling
signal, which might be caused by the leakage inductance or
circuit nonideal characteristics. In our work, the primary-side
voltage V), is only utilized to detect the zero-crossing point,
whereas there is no need to use the sensed value of V, in the pro-
posed PSR calculation process. On the other hand, with proper
PCB layout and the utilization of the sandwich (interleaved)
winding of the transformer, the noise can effectively be reduced.
In Fig. 8(c), it can be confirmed that the zero-crossing point is
not affected by any noises. Waveforms of iy, and i, are shown
in Fig. 8(d). The maximum and minimum resonant inductor
current can be measured as 1.63 and -1.26A, respectively. With
the combination of these experimental values and (5), [, can be
calculated as 2.05A. Compare to the theoretical /, value under
the full load, the error is only 1.6%. From Fig. 8, it can be
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conformed that the experimental results match the theoretical
and simulation waveforms.

IV. ACCURACY VERIFICATION

In this section, the accuracy improvement of the proposed
SSLC will first be verified.

As the previous discussion in Section II-C, the SSLC concept
is proposed to improve the control accuracy. Fig. 9 shows the
experimental results of the SSLC strategy under the full load
operation. First, waveforms of V., V, and I, without the
SSLC are shown in Fig. 9(a). In this case, the duty cycle is
30.5%, whereas V, and I, are measured as 43.1 V and 1.84
A, respectively. On the other hand, waveforms with the SSLC
are shown in Fig. 9(b). In this scenario, the duty cycle will be
33.5%, whereas V, and I, are regulated as 47.3 V and 2.05
A, respectively. It should be noticed that under the full load
operation, the theoretical V, and I, value should be 48 V and
2.083 A.
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Fig. 7.  Prototype circuit figure of the proposed ACF.
TABLE II
COMPARISON OF THE OUTPUT VOLTAGE ERROR
Output power 20% 40% 60% 80% 100%
(%‘;g;gm’glstigé) 472V | 456V | 445V | 435V | 425V
(g&li?t‘;t é’gl&g)e 479V | 478V | 475V | 474V | 473V
(v\vlﬁﬁﬁf Segfrc) 1.67% | 5% | 7.29% | 9.38% | 11.5%
X;ﬁiggsefg; 0.02% | 0.04% | 1% | 13% | 1.5%

In order to further verify the performance of the SSLC, the
accuracy and error comparisons will be presented with both
output voltage and output current mode control. Table II and
Fig. 10(a) illustrate the comparison results of the SSLC under
the output voltage control in different load conditions. It can
be seen that without the SSLC, the output voltage error will be
increased from 1.67% to 11.5%. Therefore, the output voltage
accuracy will be decreased from 98.33% to 88.54%. However,
with the SSLC, the maximum error will be only 1.5%, whereas
the voltage control accuracy can be over 98.5%.

On the other hand, Table III and Fig. 10(b) show the com-
parison results of the SSLC under the output current control
in different load conditions. The results show that without the
SSLC, the output current error will be increased from 3.85%
to 11.7%. Consequently, the output current accuracy will be
decreased from 96.15% to 88.3%. However, with the SSLC, the
maximum error will be 1.6% while the current control accuracy
will be over 98.4%.
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Fig. 8.  Experimental waveforms of the proposed ACF converter. (a) Vys1,
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From the above discussions, if the load is increased, the error
will be increased and the accuracy will be decreased without the
SSLC. However, with the developed SSLC strategy, the error can
effectively be eliminated, whereas the accuracy will be improved
in both voltage and current control.
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Fig.9. Experimental comparison waveforms under the full load operation. (a)
Without SSLC. (b) With SSLC.

TABLE III
COMPARISON OF THE OUTPUT CURRENT ERROR

Outputpower | 20% | 40% | 60% | 80% | 100%
(\?zﬁﬁzfncgrsrirg) 04A | 0.79A | 1.16A | 1524 | 1.84A
Output current
(With SSLCy | O41A | 083A | 124A | 165A | 205A
(\gl‘gjﬁ: grsrfrc) 3.85% | 54% | 7.2% | 8.82% | 11.7%
(Cv‘;iﬁnstgfg; 0.07% | 0.06% | 0.08% | 1% 1.6%

V. CONCLUSION

In this article, a high-precision PSR strategy is proposed
for the ACF converter. The theoretical analysis, operational
principles and mathematical derivations of the proposed PSR
are first revealed. The proposed method can be adopted for both
CCM and DCM operation. In addition, both the output voltage
and the output current control mode can be selected. A 100 W
ACEF prototype circuit is built, whereas the feasibility is verified
via both simulation and experimental results.

Moreover, in order to decrease the control error as well as
to improve the accuracy, a SSLC strategy is developed. The
proposed PSR and SSLC concept can be realized via the DSP

Fig.
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The output voltage comparison diagram
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10.  Accuracy comparisons of the SSLC. (a) With the output voltage

control. (b) With the output current control.

without adding extra circuit and components. Experimental re-
sults indicate that with the proposed SSLC, the control accuracy
will be over 98.54% and 98.42% under the output voltage control
mode and the output current control mode, respectively.
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