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Large-Signal Transient Analysis of Forward
Converter With Active-Clamp Reset
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Abstract—The forward converter with the active-clamp reset
offers many advantages over the forward converters with other
transformer-reset methods. However, during the line and load
transients, the maximum magnetizing current of the transformer
and the peak voltage of the primary switch are strongly affected
by the active-clamp circuit dynamics. As a result, the design of a
forward converter with the active-clamp reset cannot be optimized
based only on its dc characteristics. Due to the nonlinearity of the
circuit, it is very difficult to derive the closed-form equations for
the transient response of the active-clamp circuit. In this paper,
an average-state-trajectory approach is proposed to analyze the
transient behavior so that the trends of the maximum magnetizing
current of the transformer and the peak voltage of the primary
switch can be easily predicted under worst-case conditions and
parameter variations.

Index Terms—Active-clamp, forward converter, large-signal
transient.

I. INTRODUCTION

T HE forward converter is one of the most popular switching
topologies for low and medium power applications. To

achieve high efficiency at higher switching frequencies, an ac-
tive-clamp reset circuit is often applied across the main switch
[1]. The function of the active-clamp reset circuit is to pro-
vide the flux reset of the core of the power transformer, thus
eliminating the need for an additional winding or a dissipative
RCD-clamp reset. A number of papers have discussed various
design issues that relate to the active-clamp reset mechanism
[2]–[7], but no explicit analysis has been presented so far for
the large-signal transient response. Since during large-signal
transients the active-clamp-circuit dynamics strongly affects the
maximum magnetizing current of the transformer and the peak
voltage of the primary switch, the design of a forward converter
with the active-clamp reset cannot be optimized based only on
its dc characteristics.

Even though the peak values of the magnetizing current and
the primary switch voltage can be easily obtained for a spe-
cific set of circuit parameters by using time-domain simulators,
simulations do not offer the insight into the general dynamic
behavior in terms of the worst-case scenario. In this paper, an
average-state-trajectory approach is used to analyze the tran-
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Fig. 1. Circuit diagram of the active-clamp forward converter.

sient behavior of the active-clamp circuit during line and load
changes. The forward converter with output-voltage feedback
control is used to demonstrate the proposed analysis approach.
It is shown that in addition to the selection of the transformer pa-
rameters and active-clamp capacitance, the control loop band-
width is a major design parameter that determines the maximum
voltage of the main power switch and magnetizing current of
the transformer during transients. This paper is focused on an-
alyzing the trends of the maximum magnetizing current of the
transformer and the peak voltage of the primary switch under
worst-case conditions and parameter variations for the converter
with the voltage feedback control. The same approach can be
extended to the current mode control. The analysis and design
guidelines for the current mode control were presented in [8].

II. L ARGE-SIGNAL TRANSIENT BEHAVIOR

The forward converter with the active-clamp reset and voltage
feedback control is shown in Fig. 1. The active-clamp reset cir-
cuit consists of the series connection of auxiliary switchand
clamp capacitor . The transformer in Fig. 1 is modeled as a
parallel connection of magnetizing inductance and the ideal
transformer with turns ratio .

To illustrate the behavior of the forward converter with the
active-clamp reset, Fig. 2 shows the simulation results of the
circuit in Fig. 1 during large-signal transients. Fig. 2(a) shows
clamp-capacitor voltage , magnetizing current of the trans-
former , and output voltage of the error amplifier during

0885–8993/02$17.00 © 2002 IEEE
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(a)

(b)

Fig. 2. Simulation results of large-signal transients of the forward converter
with the active-clamp reset and output-voltage feedback control: (a) input-
voltage step change from 100 V to 200 V and (b) load step change from 18 A
to 20 A.

an instantaneous input-voltage transient from 100 V to 200 V.
Fig. 2(b) shows the same waveforms during a load transient
from 18 A to 20 A. The circuit parameters used in the simu-
lations by using SIMPLIS simulation software [9] are:

uH, uF, mH, nF, ,
maximum duty cycle , switching frequency

kHz, and control-loop crossover frequency kHz.
In Fig. 2(a), before the input-voltage transient, the converter

operates with a large duty cycle and with a balanced flux in the
core of the transformer so that . Since after
the line change the duty cycle and the clamp-capacitor voltage

does not change instantaneously, the volt-second product
becomes unbalanced, i.e., . As a re-
sult, the magnetizing current of the transformer starts increasing
after the input-voltage change. The increased magnetizing en-
ergy charges the clamp capacitor, increasing the clamp-capac-
itor voltage. This transition continues until becomes large
enough so that the volt-second product becomes

and the magnetizing current of the transformer
starts to decrease. The described clamp-capacitor voltage in-
crease and the subsequent decrease after the transient can be
seen as an oscillatory response of the resonant circuit consisting
of the clamp capacitor and the magnetizing inductance of the
transformer. Similar resonant behavior during the load transient
can be observed in Fig. 2(b).

(a)

(b)

Fig. 3. Simplified circuit diagrams: (a) during the on-period of the main switch
and (b) during the off-period of the main switch.

As can be seen from Fig. 2(a) and (b), the peak voltage of
the clamp voltage and magnetizing current during transients are
much larger than the ripple voltage and current in the steady
state. If the forward converter circuit with the active-clamp reset
is not correctly designed, the peak clamp-capacitor voltage and
magnetizing current during input-voltage and load transients
may cause an excessive voltage stress on the primary switch
and/or saturation of the core of the transformer. In addition, it
may happen that during transients the body diode of auxiliary
switch starts conducting due to a positive magnetizing cur-
rent at the instant when main switch is turned on, as indicated
in Fig. 2(a). If the auxiliary-switch body diode is conducting
when the main switch is turned on, a slow reverse-recovery
of the body diode may cause the failure of the circuit because
of the low-impedance current path through the clamp capacitor,
the auxiliary-switch body diode, and the main switch [2].

One approach to eliminate this problem is to connect a
Schottky diode in series with the auxiliary switch to block the
conduction of the body diode and then to connect a fast-re-
covery anti-parallel diode around the series connection of the
Schottky and the auxiliary switch [2]. The other approach is to
design an active-clamp circuit so that the magnetizing current
is always negative at the instant main switch is turned on.
Therefore, for a proper design of the circuit, it is very important
to understand the circuit performance and predict the maximum
stresses of the components during large-signal transients.

III. STATE TRAJECTORY OFACTIVE-CLAMP RESETCIRCUIT

Fig. 3(a) and (b) are the simplified circuit diagrams of the
forward converter with the active-clamp reset during the turn-on
and turn-off period of main switch , respectively. According
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Fig. 4. State trajectory of the active-clamp reset circuit in steady state.

to Fig. 3(a), the state equations ofand during the on the
period of are

(1)

(2)

By solving (1) and (2), the state trajectory during the on time
of can be described as

(3)

(4)

where is the initial value of the clamp-capacitor voltage
and is the initial value of the magnetizing current of the
transformer at the turn-on instant of main switch. The state
trajectory during this period is a line parallel to axis with a
constant , as shown in Fig. 4.

From Fig. 3(b), during the off period the state equations of
and are

(5)

(6)

By solving (5) and (6), the state trajectory during the off time of
can be described as

(7)

(8)

(9)

where

(10)

(11)

(12)

(13)

and is the initial value of the clamp-capacitor voltage
and is the initial value of the magnetizing current of the
transformer at the turn-off instant of main switch. The state
trajectory during this period is shown in Fig. 4.

Fig. 5. State trajectory of the active-clamp reset circuit during input-voltage
step from 100 V to 200 V transient.

IV. DUTY CYCLE EQUATIONS DURING STEP INPUT-VOLTAGE

AND LOAD TRANSIENTS

The transient behavior of the active-clamp reset circuit de-
pends on the speed of the control and the characteristics of the
resonant circuit. As can be seen from Fig. 2(a) and (b), the clamp
voltage and magnetizing current transient waveforms show a
resonant behavior with superimposed high switching-frequency
ripples. Usually the resonant frequency is much smaller than the
switching frequency in order to obtain a small ripple voltage of
the clamp capacitor in steady state. Therefore, to simplify the
analysis, the switching frequency ripples are ignored in the fol-
lowing analysis. However, the clamp voltage and magnetizing
current ripples can be easily added later into the results obtained
by the simplified model.

As an illustration, Fig. 5 shows the relationship between a state
trajectory (solid line) and an average state trajectory (dashed
line) of the active-clamp reset circuit during input- voltage step
from 100 V to 200 V transient as in Fig. 2(a). The state trajectory
starts with a closed circle as described in Fig. 4. The dashed line
shows the average-model state trajectory, which has a simpler
waveform. The average state trajectory will be discussed below.

A. AverageModel of the Active-Clamp Forward Converter

From Fig. 3(a) and (b), by neglecting the high switching fre-
quency ripples, the average model of the active-clamp forward
converter can be written as

(14)

(15)

(16)

(17)

where is the duty cycle of main switch and .
Equations (16) and (17) can be rewritten as

(18)

(19)
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(a)

(b)

Fig. 6. Average model of the active-clamp forward converter: (a) average
model of the forward converter power stage and (b) average model of the
active-clamp reset circuit.

According to (14)–(19), the average model of the forward
converter power stage and the active-clamp reset circuit can be
drawn as in Fig. 6(a) and (b), respectively. As can be seen from
Fig. 6, the forward converter power stage and the active-clamp
reset circuit are only coupled through the duty cycle. For step
input-voltage and load changes, the forward converter power
stage represents a linear system. However, the average active-
clamp reset circuit is nonlinear with respect to the duty cycle.

B. Duty Cycle Equations During Line and Load Changes

To further study the transient behavior of the active-clamp
circuit, it is necessary to find the duty cycle dependence during
input-voltage and load changes. Assuming that the input-
voltage perturbation is limited to a step change, the following
relationships can be established:

(20)

where and are the perturbations and and are
the corresponding changes.

The perturbations of (14) and (15) yield

(21)

where

(22)

(23)

(24)

and is the duty cycle before perturbation, is the
input voltage after the line step change. The derivations assume

Fig. 7. Forward converter closed-loop block diagram.

that at the instant of the input step change the new input voltage
is , whereas the new duty cycle is still since the
duty cycle cannot be changed instantaneously.

As shown in the closed-loop block diagram of the forward
converter in Fig. 7, assuming that the transfer function of control
loop compensator is , the loop gain is .
According to Fig. 7, the closed-loop equations are

(25)

(26)

Generally, neglecting the ESR zero of output-filter capacitor
, the optimal compensation of the output-voltage feedback

control loop requires the transfer function of the compensator
in the form

(27)

where, compensator zeroes and are placed to cancel
two poles in transfer function, i.e., and are close
to , and is placed at a frequency between
crossover frequency and switching frequency [10].

Since when , and when
. The transfer function becomes

(28)

as shown in Fig. 8.
Substituting (28) into (25) and (26), the closed-loop transfer

functions are

(29)

(30)

Therefore, from (29), for a step input-voltage change, the time
domain equation for the duty cycle can be written as

(31)
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Fig. 8. Bode plot ofT=(1 + T ).

Because generally is selected so that , (31) can
be simplified to

(32)

Similarly, from (30), under the same assumptions, the time
domain equation for the duty cycle during a step load change
can be obtained as

(33)

V. LARGE-SIGNAL TRANSIENT ANALYSIS

A. AverageState Trajectory Equations

From Fig. 6, it can be seen that the average model of the
active-clamp reset circuit is a nonlinear system whose param-
eters are the functions of the duty cycle. At the same time,
the duty cycle is independent of the parameters of the-
resonant network, i.e., it is decoupled from the state variables,

and . In addition, since the duty cycle does not change
during a switching period (sampling nature of PWM), the av-
erage model in Fig. 6(b) can be considered linear during each
switching period with input voltage fixed at , mag-
netizing inductance fixed at , and clamp capacitance
fixed at .

By solving (18) and (19), the state trajectory equations during
each switching period are

(34)

(35)

where

(36)

(37)

(38)

In (34)–(38), is the initial average voltage of the clamp
capacitor, is the initial average magnetizing current of the
transformer, is the resonant frequency of

- resonant network, and is the charac-
teristic impedance of the resonant network.

Fig. 9. Average state trajectory without damping (solid line) and with damping
(dashed line).

By combining (34) and (35), the averaged state trajectory
equation can be written as

(39)

The average state trajectory is an ellipse with center
in the state plane, and a circle in the

state plane as shown with the solid line in Fig. 9.
The dynamic equilibrium point, , is the center of the state
trajectory and is a function of the duty cycle and input voltage.

Because the duty cycle is a slow varying variable compared
with a switching period, duty cycle changes gradually
during a transient. Consequently, it can be assumed that the
average state trajectory movement is a continuous movement
with moving center described by equations (34)–(39),
where all quantities dependent on duty cycle are functions of
time.

Similarly, one can analyze the average state trajectory in the
presence of resistive loss which represents a sum of the
switch on resistance and the core loss of the transformer. The
normalized average state trajectory with damping is shown
with a dashed line in Fig. 9. is the spiral point of the state
trajectory and the damping of the trajectory is .
Since the time constant in the damping term is usually very
large when no external damping circuit is used, the effect of the
damping does not have a significant impact on peak values of
state variables in the transient analysis. The rest of the paper will
analyze the circuit’s transient behavior without the damping ef-
fect.

B. Movement of the Average State Trajectory During
Input-Voltage Transient

Before the input-voltage step change from to ,
the average state trajectory is a single point in the
state plane with duty cycle , initial average clamp-ca-
pacitor voltage , and the average
magnetizing current of the transformer . Since im-
mediately after an input-voltage step change, the duty cycle
cannot change instantaneously, the trajectory center after the
change is and the average
state trajectory follows the circle described in (39) with the
center and radius .
Since a larger duty cycle has a larger and , thus
higher peak clamp-capacitor voltage and magnetizing current of
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Fig. 10. Open-loop state trajectories during input step changes.

the transformer during input-step changes, a circuit with larger
typically has higher stresses.

When the converter operates with the control loop open, i.e.,
has a fixed duty cycle, does not change. Consequently,
and do not change, and the state trajectory is a fixed circle as
shown in Fig. 10. However, when the forward converter has an
output-voltage feedback control, the duty cycle changes grad-
ually from to as described in (32) so the center of
the circle moves from to

, which is the new steady state value of the clamp-capac-
itor voltage. The trajectory movement is illustrated in Fig. 11.

Fig. 11(a) and (b) are the state trajectories during input-
voltage from 200 V to 300 V transient with a bandwidth

kHz and kHz, respectively. Both state trajectories
follow the open loop circle (dashed line) at the beginning of the
transient. Since moves faster in Fig. 11(b) due to a higher
bandwidth, the state trajectory takes less time to move to the new
steady state, which results in a lower peak voltage of the switch
and a lower peak magnetizing current (smaller thick solid-line
circle).

Fig. 11(c) and (d) are the state trajectories during input-
voltage from 300 V to 200 V transient with a bandwidth

kHz and kHz, respectively. These trajectories are sim-
ilar to those observed in Fig. 11(a) and (b). As can be seen from
Fig. 11, the worst case (largest thick solid-line circle) happens
when the input-voltage steps from low to high, and the band-
width is the lowest.

From the state trajectory analysis, we can see that the reso-
nant frequency of the active-clamp circuit plays an important
role, since the state trajectory is determined by two movements,
the state trajectory center movement, whose speed is controlled
by bandwidth and the resonant movement, whose speed is
determined by resonant frequency. Fig. 12 shows the nor-
malized maximum average and as a function of for
line transient. In Fig. 12, the input-voltage-step changes instan-
taneously from to 200% , whereas For
the same bandwidth, a lower resonant frequency has a smaller
peak clamp-capacitor voltage and peak magnetizing current.

The peak magnetizing current of the transformer
and the peak voltage of the main switch can be cal-
culated by adding the ripples as

(40)

(41)

where is the maximum magnetizing current of the
transformer and is the maximum voltage of the
clamp capacitor in the average stage trajectory, andis some-
where between and . For the worst-case scenario,
(40) should be calculated for the larger value of and ,
whereas (41) should be calculated for the smaller value of
and . The values of and can be
calculated by simulating the average model of the active-clamp
forward converter shown in Fig. 6 under worst-case conditions.

C. Movement of State Trajectory During Load Transient

Before a load step change, the average state trajectory is a
single point in the state plane with duty cycle

, initial average clamp-capacitor voltage
and the average magnetizing current of the

transformer . According to (33), at the moment of a
step load change, the duty cycle changes to

(42)

so that the initial trajectory center is

(43)

The average state trajectory follows the circle described
in (39) with the circle center at and the radius

. Since a larger duty cycle has a
larger and , thus higher peak clamp-capacitor
voltage and magnetizing current of the transformer during
load transients, a circuit with larger typically has higher
stresses.

Because of the output-voltage feedback control, the duty
cycle returns gradually to as described in (33). Therefore,
the center of the circle moves from to , which is
the original steady state value of the clamp-capacitor voltage,
as illustrated in Fig. 13.

Fig. 13(a) and (b) are the state trajectories during a step-load
change from 18 A to 20 A with a bandwidth of Hz
and kHz, respectively. The in the figure is 21.5 kHz.
Both state trajectories follow the open loop circle (dashed line)
at the beginning of the transient. Since moves faster in
Fig. 13(b) due to a higher bandwidth, the state trajectory takes
less time to move to the new steady state. It should be noted that
according to (33), the circuit with higher control bandwidth has
a larger initial duty cycle jump. As a result, the initial radius
is much larger for the high bandwidth case. This is the opposite
of the case of a step input-voltage change, where the circuit
with a lower bandwidth control experiences a larger maximum
clamp-capacitor voltage and magnetizing current.
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(a) (b)

(c) (d)

Fig. 11. Closed-loop average state trajectories with different bandwidths and input step changes: (a)–(b) input-voltage step from 200 V to 300 V; (c)–(d)
input-voltage step from 300 V to 200 V.

Fig. 12. Normalized maximum averagev andi as a function off =f for
line transient.

Fig. 13(c) and (d) show the state trajectories during a
step-load change from 20 A to 18 A with a bandwidth of

Hz and kHz, respectively. As can be seen
from Fig. 13, the maximum transient voltage stress of the
switch and the maximum transient magnetizing current occur
for a positive step-load change with a high bandwidth. For the
same bandwidth, a lower resonant frequency has a smaller peak
clamp-capacitor voltage and peak magnetizing current.

Generally, the minimum input-voltage condition exhibits the
largest clamp-capacitor voltage and the magnetizing current
transient since is the largest due to the smallest. A
smaller output-filter inductance helps to reduce the duty cycle
change during transients and reduces the peak voltage and the
magnetizing current. Fig. 14 shows the normalized maximum
average and as a function of for the load transient.

The load step changes are from 90% of full load to full load,
whereas .

VI. EXPERIMENTAL VERIFICATION

The presented analysis was verified on a 100 W, 5 V forward
converter with active clamp reset circuit shown in Fig. 15. The
input-voltage range of the circuit is 40–100 V, the switching
frequency is 100 kHz, and the maximum duty cycle is 0.7. As
shown in Fig. 15, the magnetizing inductance is 1 mH and the
clamp capacitance is 22 nF. The control bandwidth is 2 kHz.

Fig. 16 shows the experimental waveforms of the clamp ca-
pacitor, , and the magnetizing current, for an input step
change from 50 to 75 V with 10 A load. Fig. 17 shows the mea-
sured (solid line) average state trajectories ofand and
the corresponding calculated (dashed line) trajectories using
the model without damping. The average state trajectories are
generated by moving-averaging of the measured data. As can
be seen from Fig. 17, the measured and reach the new
steady state faster than the calculated due to the damping in the
real circuit. Nevertheless, the model without damping predicts
very well the peak clamp capacitor voltage and the peak mag-
netizing current during the line transient and, consequently, it
is quite adequate for the worst-case analysis and design pur-
poses.

Fig. 18 shows the experimental waveforms of the clamp ca-
pacitor, , and the magnetizing current, with a load step
change from 10 to 15 A for the input voltage of 50 V. Fig. 19
shows the calculated (dashed line) and measured (solid line)
average state trajectories of and . Similarly, as for the
input-voltage step change, the measuredand reach the



22 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 17, NO. 1, JANUARY 2002

(a) (b)

Fig. 13. Closed-loop average state trajectories with different control bandwidths and load step changes: (a)–(b) load current step from 18 A to 20 A; (c)–(d) load
current step from 20 A to 18 A.

Fig. 14. Normalized maximum averagev andi as a function off =f for
the load transient. The load step changes are from 90% of full load to full load,
whereasD = 0:7.

Fig. 15. Circuit diagram of the experimental circuit.

new steady state faster than the calculated due to the damping in
the real circuit. However, the analysis also predicts the dynamics
of the peak clamp capacitor voltage and the peak magnetizing
current very well during the load transient.

Fig. 16. Experimental waveforms with input step change from 50 V to 75 V:
Time domain waveforms of clamp capacitor voltage and magnetizing current.

Fig. 17. Comparison of calculated (dashed line) and measured (solid line)
averaged state trajectories ofV and I during 50–75 V input-voltage
transient.

VII. D ESIGN CONSIDERATIONS

Generally, because of the EMI input filter, any line voltage
transient will be slowed down at the input of the forward con-
verter, i.e., the slope of the voltage transient will be reduced.
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Fig. 18. Experimental waveforms with load step change from 10 A to 15 A:
Time domain waveforms of clamp capacitor voltage and magnetizing current.

Fig. 19. Comparison of calculated (dashed line) and measured (solid line)
averaged state trajectories ofV andI during 10–15 A load transient.

Fig. 20. Maximum switch voltage and magnetizing current with different
input voltage rising rates.

This reduced slope change also reduces the peak voltage of
the switch and the magnetizing current as shown in Fig. 20. In
Fig. 20, the input changes from 100 V to 200 V with different
rising rates. In off-line applications with a rectifier circuit as the
input source to the forward converter, assuming that 115
input voltage recovers from a % sag, the input voltage of
the active-clamp converter will have an approximately 100–200
V slope change within 5 ms. This corresponds to 20 V/mS rising
rate. Fig. 20 shows that with this low rising rate, the circuit does
not have any transient problem.

If the circuit experiences a faster line transient, e.g., under
some abnormal condition, it could have problems when the
rising rate exceeds a critical value, e.g., the critical value is
700 V/mS in a forward converter with kHz using 600

V voltage-rating device. One possible solution to this problem
is to add a voltage feed-forward limit in the control design to
reduce the initial radius , and thus having a smaller peak
clamp capacitor voltage and magnetizing current.

During load transients, the rising rate can be much faster than
the one in the line transient, so the compensator could be satu-
rated at the beginning of the transient. In this case, the duty cycle
will be clamped to the maximum clamp value for a period of
time until the circuit recovers to the normal operation. It is rela-
tively easy to enhance the circuit’s transient performance from
high load to low load because the control can be implemented
so that the gate signal of the clamp switch is shut down when
the duty cycle becomes zero [4]. For transients from low load
to high load one can see from (43) that becomes ex-
tremely large with a duty cycle close to 1 (e.g., 90%), producing
an excessive transient peak voltage and magnetizing current.
Therefore, the major design challenge is to keep the peak switch
voltage and magnetizing current within the permissible limits
during low-load to high-load transients. The design trade-offs
are discussed and the detailed design guidelines are given in [8].

VIII. SUMMARY

An average-state-trajectory approach is proposed to analyze
the forward converter with the active-clamp reset and the output-
voltage feedback control. Based on the analysis, the circuit per-
formance during large-signal line and load transients can be pre-
dicted. The analysis results match the experimental results very
well during both the line and load transients. The worst-case sce-
narios occur when the input voltage changes from the minimum
line voltage to a higher voltage and when the load experiences a
low to high change at the minimum line voltage. It is shown that
besides the clamp capacitance and the magnetizing inductance
of the power transformer, the control bandwidth plays a major
role in determining the maximum clamp-capacitor voltage and
magnetizing current.
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