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ABSTRACT: The main advantages of the flyback converter are the simple topology and the isolation
of the output from the primary, which is useful for cases where a compact design is required. The
converter exhibits inherently nonlinear dynamic behavior, it is also a non-minimum phase system with a
zero in the right half plane. In this paper, a combined topology of the flyback converter and conventional
forward converter, or so-called “forward-flyback converter” is investigated. In addition to the fact
that the forward-flyback converter has the inherent advantages of the flyback converter (isolation and

simple topology), it is shown that this converter will have better dynamic behavior than the flyback  Keywords:

converter. thalpmg .the transfer func.tlon of the forward-ﬂyba.ck conv.erter throug}_l the a.verage state oo d-Flyback Converter
space equations is a difficult task. In this paper, the transfer function of this converter is obtained through .

. . . . . .. . Minimum Phase System
anew and simple innovative method. The design of the converter to achieve minimum phase dynamics is
also presented. To confirm the analysis performed, laboratory setup of the flyback and forward-flyback Average Model

converters with a 50-watt power and voltage conversion of 150 to 24 volts DC is implemented, and the ~ Transfer Function
obtained results from the measurements show the superiority of the dynamic behavior of the forward-  Nonlinear Control

flyback converter compared to the conventional flyback. This work also presents two feedback control

designs for the forward-flyback converter using obtained equivalent circuits and models.

1- Introduction

One of the most widely used switching converters for
powering light loads is the flyback converter. Also, this
converter is one of the most widely used switching power
supply topologies, which is used in cases such as chargers,
computer power supplies, and audio-visual devices. The
main advantages of this type of converter are: the possibility
of natural isolation of the input from the output and the
possibility of implementing multiple outputs on the converter
by performing a simple modification on the converter
transformer and its simple topology. Normally, the continuous
conduction mode of this converter is used more for feeding
loads up to 100W loads [1].

One of the important issues in using switching power
converters is their dynamic response. To improve the
dynamic response of the flyback converter, several researches
have been done. To analyze and study the dynamic response
behavior of switching converters, one of the most efficient
methods is the average modeling method [1]. A small signal
model of a PWM flyback converter in continuous conduction
mode (CCM) considering the effect of parasitic components
is given in [2]. In [3], the small-signal analysis of the second-
order flyback model has been performed using the state space
average model.

In general, average models can be classified based on the
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resulting system of equations (reduced order to full order)
or based on the extraction method (modeling with sampling
data, circuit averaging, and state space averaging) [3].

In conventional reduced-order models, the discontinuous
variable is considered as a dependent variable and its
dynamics are removed from the state equations. Removing
the discontinuous variable is undesirable for applications
where this variable is used for control purposes [3].

The methods of obtaining the average model of DC-DC
PWM converters in discontinuous control mode (DCM) are
given in [4-8]. In [9] and [10], a new digital control method
is used to improve the dynamic performance of the flyback
converter. To improve the efficiency of light loads, the multi-
mode control method is used to reduce the frequency when
the load is lightened [11-13].

In [14], the control of the flyback converter in current
mode with an optically isolated feedback path is presented
to achieve complete electrical isolation of the input from the
output and to simplify the dynamic behavior of the converter
power stage. The performance of the flyback converter in
the continuous conduction mode has several advantages,
including higher power density, less voltage and current
stress, and less electromagnetic interference, but compared to
the DCM, the control problem is more difficult, therefore, in
[15] a design method for the two-step controller is used in the
continuous control mode.

The peak current mode control method is widely used in
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DC converters due to its fast response, overcurrent protection,
and the possibility of parallel operation. Therefore in [16] a
systematic block diagram for the flyback converter controlled
by the peak current mode is used to evaluate the dynamic
details in high switching frequencies. The transient response
of conventional PWM-controlled converters is not fast, but
it can be improved if the switching frequency is increased.
However, increasing the switching frequency will lead to the
adverse effect of switching losses. Also, hysteresis control
inherently has characteristics of fast transient response;
however, the switching frequency changes dynamically
concerning the load conditions, which causes problems for
efficiency optimization and the issue of electromagnetic
compatibility [17].

Pseudo-resonance control is one of the most common
methods to reduce switching power losses in light loads. This
method is used in [18]. In this method, the converter mode is
automatically changed to the continuous conduction mode to
reduce the switching frequency and power losses, especially
in light loads. In many applications, the LC filter is used at the
output to reduce ripple and switching noise, but the addition
of the filter worsens the phase characteristics of the control
input to output transfer function and remains zero on the right
half plane (RHP) [19].

Some designs of DC-DC converters have RHP zeros in
the control input to the output transfer function, which slows
down the dynamic response of the converter and complicates
the control design [20, 21]. The flyback converter also
inherently has a RHP zero in the control input to the output
transfer function, which slows down the response and
creates the effect of undershooting or overshooting the
output waveform. In fact, in terms of dynamic behavior,
such systems are non-minimum phases. The strategies used
to eliminate RHP zero of the converter are either based on
designing a suitable compensator or based on modifying the
circuit topology.

One of the proposed methods to reduce the RHP zero
effect for the flyback converter is the operation of the
converter in discontinuous mode. In this method, the zero on
RHP is shifted towards the switching frequency. Using this
method, it is possible to achieve good dynamic performance
by designing the control loop, but the current stress in the
switch increases and leads to a decrease in efficiency [22].
In [23], the use of leading-edge modulation is proposed to
convert the flyback converter into a minimum-phase system.

In [24], a modified topology is used to eliminate the RHP
zero effect in a flyback converter. In [25], an optimized sliding
mode current controller is used for power converters with
non-minimum phase properties. In [26], a magnetic coupling
is used to create a direct path for energy transfer to the output,
which cause eliminating the RHP zero effect. In [27], bond
graphs are used to retain the system structure and connection
between dynamic models and transfer functions of control
systems, and a comprehensive and general-purpose analysis
method is presented to remove zeros on RHP. In [28], using
classical compensators, two feedback compensation designs
are presented for boost and flyback converters to reduce the

effect of RHP zero; however, the designs are sensitive to
input voltage ripples. In [29], using a magnetic coupling, the
RHP zero of the boost converter is omitted which needs an
additional coil. In [30], a two-loop nonlinear sliding mode
control alleviates the RHP zero of the Z-source converter
which needs the measurement of current.

In this paper, a forward-flyback converter is investigated.
The most important features of the forward-flyback converter
are its simple structure, the use of one switch, and high
reliability [31, 32]. Also, in comparison with the flyback
converter, this converter has a higher power transmission
capability. In addition, there is energy transmission in both
the on and off states of the switch through the transformer. In
other words, the transformer works in both directions of its
magnetic curve and this improves the use of the transformer
core. This converter has two operation modes: CCM and
DCM. In DCM, the stored energy in the magnetizing inductor
is discharged completely and its current becomes zero.
This paper focuses on CCM. In [33], the forward-flyback
converter is introduced as a new combination that has only
two coils in comparison with the forward converter. In this
reference, an additional inductor is used at the output of
the converter to connect this converter to the battery, and
simple control is used to control the output voltage. In [34],
a hybrid control method is suggested for the forward-flyback
converter with 10 operation modes which is complicated in
practical implementation. The converter used in [34] was
first proposed in [35]. In [35], the steady-state analysis of the
converter and circuit design to ensure zero voltage switching
(ZVS) are presented. The same topology is used in [36] with
voltage multipliers and soft switching of the converter in
DCM is investigated.

Because of the following issues, this paper concentrates
on CCM operation:

1. In CCM converters the reduced peak value of current
through power switch is an advantage in relation to the DCM
converter processing the same power.

2.Because DCM charges and discharges the magnetization
inductor completely, the primary current ripple is logically
much greater than in CCM. This current variation generates a
variating signal, which is then propagated due to the antenna-
like behavior of the different components in the primary
current loop, generating significant levels of electromagnetic
interference (EMI).

3. Regarding the regulation and stability of the system, a
converter in DCM is easier to compensate than a converter
in CCM. This is because the problematic RHP zero appears
and introduces instability at lower frequencies when the
converter operates in CCM. DCM pushes the RHP zero to
higher frequencies, making the loop easier to be compensate,
and therefore offering a faster transient response than CCM.
Therefore, most of the topics and designs presented in the
paper are not required for DCM converter.

In this paper, the dynamical model of the forward-
flyback converter of [35] is obtained by a new method. Using
this new method, the difficult task of obtaining the full-
order average model of the converter which has singularity
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Fig. 1. Equivalent circuit of forward-flyback converter in switch on and off states

considering the leakage inductance of the transformer, is
eliminated. Its transfer function is obtained and the effect of
the RHP zero on the dynamic performance of this converter
is investigated. It will be shown that, unlike the flyback
converter whose structure in the CCM is inherently RHP zero,
the structure of this converter in CCM, despite being close
to the structure of the flyback converter, can be a minimum
phase in some performance regions. Also, a comprehensive
design is provided to achieve a converter without zero on the
RHP. Two applications of the obtained equivalent circuits
and models, a type III controller and a feedback linearization
nonlinear controller are developed for forward-flyback
converter. Finally, some practical results are obtained and
presented to validate the proposed model of the converter.
The contributions of the paper are highlighted as follows: 1)
A novel modeling of forward-flyback converter is proposed
in CCM suitable for its analysis and the circuit/control design
2) An analysis of the converter presented to investigate the
minimum-phase behavior of the converter 3) A transformer
design is presented that leads to minimum-phase behavior
4) The validation of the proposed modeling is performed
through three method: AC frequency response, using the
model in design a linear controller and using the model in
design a nonlinear controller.

2- Forward-Flyback converter

The topology of the forward-flyback converter is shown
in Fig. 1. In the new modeling method; the topology of this
converter is considered based on the combination of forward

and flyback topologies. The function of this converter can be
explained based on the two states of switch S1 being on and
off.

When the switch sl is turned on, the input DC voltage
is applied to the primary side of the transformer, and at the
same time as the diode D1 is turned on, the capacitor C1 is
also charged. In this period, diode D2 is off. When the switch
sl is turned off, the direction of current in the secondary is
reversed due to the magnetizing current of the transformer,
and diode D1 turns off and diode D2 turns on. In this situation,
the voltage of the capacitor C1 and the flyback voltage of the
transformer are placed at both ends of the load.

In the flyback converter, when the switch is on, it is not
possible to transfer energy to the secondary due to the diode
turning off. In fact, the flyback converter transformer works
only in one direction of the B-H characteristic curve, so it
must be designed in such a way that saturation does not occur.
In the flyback converter, there are two operation modes in
the switch-off state. The first mode corresponds to the mode
in which all the energy stored in the magnetizing inductance
of the transformer is completely transferred to the secondary
before the switch is turned on (discontinuous conduction
mode). In the second mode, part of the energy stored in
the magnetizing inductance is transferred to the secondary
(continuous conduction mode).

The transfer function of the flyback converter in the full
energy transfer mode inherently has a RHP zero, but in the
non-full energy transfer mode there is no RHP zero.

Considering that the state variables in the forward-
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Fig. 2. Description of forward—flyback converter operation

flyback converter are dependent on the switch-off state and
the method of extracting the average model for this converter
is complicated, therefore, in the fourth part of this paper,
an innovative method to determine the control input to
output transfer function of the forward-flyback converter is
suggested.

It is suggested that the converter is divided into two
sections, forward and flyback, and the transfer function of
each section is calculated, finally, the total transfer function is
obtained from them, which represents the equivalent transfer
function of the forward-flyback converter.

In the fourth section, the results of modeling and computer
simulation of flyback and forward-flyback converters are
presented considering the zero effect on RHP.

In the fifth section, the practical results of the
implementation of the forward-flyback converter and the
comparison of the dynamic behavior of this converter with
the conventional flyback converter are presented.

2- 1- Dynamics of forward-flyback converter

The description of the dynamics of the forward-flyback
converter is based on the determination of the control input
to output transfer function using the average model. To
obtain the average model, the state variables of the forward-

flyback converter including the current of the magnetizing
transformer, capacitor voltage C1 and output capacitor
voltage Co are considered. However, because the state
variables depend on each other in the off-state, the calculation
of the average model will be complicated. Therefore, to
determine the control input to the output transfer function of
the converter, a new and innovative method has been used in
this paper.

In this method, the converter topology is separated into
two sections, forward and flyback sections, and the transfer
function of each section is calculated separately, and then the
total transfer function is calculated. Fig. 2 illustrates how the
converter works and how the voltages of the capacitors are
generated in the on and off states of the switch.

In fact, since the forward-flyback converter is created by
the combination of two forward and flyback sections, the
control input to output transfer function is obtained based on
the following steps:

- Separate the converter as drawn in Fig. 3

- Calculate the transfer function of each of the specified
sections (forward section and flyback section)

- Based on the principle of superposition the transfer
function of the original converter is determined as the sum of
these transfer functions.
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By separating the forward-flyback converter into two D
forward and flyback sections; according to Fig. 3, the load Vi R,
resistance for each of these two sections is obtained based R,= 1-Dn ~ _ DR, )
on the following relationships in CCM (using the voltage E.,. D Q
divider): n 1-Dn

Vi
n

Vo o Ry (V LDV
n R,+R,\U 1-Dn
D

R +R,=R,, V=

D V;n _ RL2 ( I/m
- at
1-Dn R, ,+R, 1-D n

where D is the duty-cycle in steady-state; n is the
transformer ratio; R, and R,, are equivalent loads in
forward and flyback sections respectively to achieve the

same voltage and current at the output, similar to the original
circuit.

V.
R
Ry=y—p 5 =(-D)R, (1)
n 1-Dn

2- 2- The transfer function of the forward section

Fig. 4 shows the circuit of the forward section in the
switch-on and switch-off states. The peak current of diode
Dl is

(vm - vol\)dn
_\n_ _J 3)

where L, is the leakage inductance of the transformer;
d=D+d is the duty-cycle; d is the duty-cycle perturbation;
T is the switching period.

The average current of diode D1 is determined as follows:

v, 2

—n vy \d°T
o _Lmd :( n °‘j ' @)
) 2L,

Using Kirchhoff’s current law one can obtain the output
node:
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) —7  — Vol The variables with * symbol are the perturbations around
CiVo1 = Ipy (5) »
the steady-state quantities.
The output variable is:

L1

(Vm _ Voljaﬂ]; Y=Va ®)
5 —\n _ Va (©)
ol —
2le Cl RLlCl In steady state condition:
By linearizing the equations around the operating point |
. o . : DT R
and neglecting high-order nonlinear terms and input voltage v " s ©)
changes; the linearized equation is obtained as follows: ol =
£ a D ZY;RLI +2L,
. = -D°T s _ 1 » For small signal variation conditions:
2L,C, R, C, !
V. b= AD ]
Yiapr, —20V,T, | | Vor = AV, + Bd (10)
+| L d
2L, C, (7 where:
n DT -D¥. T V.
n * ors Vol i2DTs_2DV01Ts
+ - B=_n (11)
2L,C, RC, 2L,C,
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A=——>- (12)

Finally, the control input to output transfer function is:

2DT.R,, (V,-n - ’/01)
F - n (13)
fomard (D TR, +2L,)+2L,Cys
where s is the Laplace transformation variable.
By substituting ¥V, from Eq. (9):
Fromara =
4DL,T R,V ,, (14)

n(D’T,R,,+2L, ) (DT, R, +2L, +2L, R, Cys )

It can be seen from the above relationship that the
transfer function of the forward part has a pole on the left
half plane.

2- 3- The transfer function of the flyback section
The control input to the output transfer function of the
flyback section of the forward-flyback converter is as follows:

15
4 n*(1-D)'R,,~L,Ds (1

n(1-D) n*(1-D)'R,,+L,s +L,R,C,s’

2- 4- The transfer function of the Forward-Flyback converter

The output voltage of the forward-flyback converter is the
sum of the output voltage of the forward and flyback sections.
Therefore, according to the principle of superposition, the
control input to output transfer function for the forward-
flyback converter is obtained from the sum of the control
input to output transfer functions of the forward section and
flyback section.

Vo =Vor TV (16)

FForwardHyback (S ) = FForward (S ) +FF7yback (S ) =
V., (P1 +P,s +P3S2) (17)
n(D=1)'Q,(Q, +0:5)(0: +L,s +0.5°)

P=n*(4L% (1-D) +DR, T, x
(4L, (1-3D (1+D?)+D* (4+D?)) (18)
+D°R, T, (1-D +D?))

P,=2R,,R,C,L,n’x
((7.R,D*+2L, )(1-DY)

19

4T R, L, (1-2D) (1
+LmD 2 4p2 2

—(4L, DR} T?)
P,=2L,R,,D(2R,,C,L,T,(1-D)’

(20)

—C\Ly (D’R,\T, +2L, )
Q1 = RLIT.;DZ + 2le (21)
Qz = 2leRL1C1 (22)
O, =R,,n*(1-D)’ (23)
0,=L,R,,C, (24)

where L is the magnetizing inductance of the transformer.

To validate the obtained new modeling of the forward-
flyback converter, small AC signals with three frequencies
are considered in the duty-cycle and the output voltages of
the converter circuit and the obtained model are shown in
Figs. 5. a and 5.b respectively. It can be seen the responses
are almost the same. The small differences are from the
switching effects, the approximation in the modeling, and the
calculation errors.

The forward-flyback converter has three stable poles and
two zeros in its transfer function, one of these zeros is on
the left half plane, and the second zero can be placed on the
left half plane or RHP based on the values of the converter
parameters. Therefore, the forward-flyback converter, unlike
the flyback converter, can be the minimum phase for some
values of its circuit parameters.

3- Calculation of forward-flyback converter transformer

If the operation of the converter in the CCM is considered,
the current of the magnetizing inductor will be almost
constant:
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(25)

The average current of diode D, is equal to the average
output current:

I,=1,,

o

(26)

On the other hand, due to the current balance of the second
capacitor, the average current of diode D, is also equal to the
output current:

I, =1,

o

27

In the switch on state, the primary voltage of the
transformer is equal to the input voltage. The output voltage
is related to the input voltage by the transformation ratio of
the transformer. The voltage of the capacitor C1 will be equal
to the secondary voltage:

10

(28)

Vi

V.=V, = 7 29)

Based on the balance of the secondary voltage in the
magnetizing inductor of the transformer in a complete cycle:

V.D=(, _Va)n(l_D) (30)

Finally, the output voltage of the forward-flyback
converter is obtained as follows:

” EVmD+nVCl(1—D)

31
? n(l—D) Gl

Fig. 6 shows the waveform of the input current and diode
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D, current in a cycle. The load corresponding to level A in
the secondary causes the capacitor C1 to be charged, so the
average current corresponding to level A will be equal to
I,/ n and based on the balance of the second current in the
secondary capacitor, the average input current is obtained as
follows:

I, =Ti(A+B)=

s s s

iA+lB=£n+IlD
T n

(32)

According to Eq. (26), the average current of diode D, is
equal to the average output current, therefore:

nl,(1-D)=1, (33)
10
L=1,= m (34)

The average value of output current in terms of output
power is equal to:

I =

o

£
v (35)

11

The maximum magnetizing current is obtained by
considering the current ripple of the magnetizing inductor as
follows:

DT, (36)

To remain in the CCM, the following conditions must be
satisfied:

%DTS <2,

m

(37

After determining the value of the magnetizing inductance
and the maximum magnetizing current of the transformer, the
number of primary turns of the transformer will be calculated
from:

L1 =N BA

‘m* Lmmax — *'p

(3%)

where Np is the number of turns in the transformer
primary; B is the flux density; 4 is the cross-section area of
the core.
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¥

17.
Select the Maximum value of
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18.
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Selected in step 9
Fix the “Lm” value that was
Selected in step 10
Fix the “LIk” that was
determined in step 17

25.
Select the final “D” within
intercept zone of step 23 and 24
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Fig. 7. Flowchart of forward-flyback converter design without RHP zeros
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4- Design of the minimum phase forward-flyback
converter in CCM

Unlike the flyback converter, which has a RHP zero
in all ranges of the duty cycle and transformer ratio of the
transformer which has a non-minimum phase nature; the
forward-flyback converter can be a minimum phase with
some duty cycles and transformer ratios. To design a minimum
phase forward-flyback converter in CCM, it is necessary to
perform the design steps of the converter according to Fig.
7. Based on the algorithm illustrated in Fig. 7, a forward-
flyback converter with the general specifications stated in
Table 1 has been designed. The minimum and maximum
range for the transformer ratio is between 1 and 10 and
the duty cycle is from 1 to 90%. Reducing the size of the
magnetizing inductance of the transformer (L ) leads to the
improvement of the minimum phase effect of the converter.
Also, to keep the converter in the CCM, it is necessary to
consider a minimum value for L based on the condition Eq.
(37). According to this, it is suggested to choose a double
confidence margin for choosing L .

To design the forward-flyback converter in the CCM
with the condition of minimum-phase dynamic behavior,
the magnetizing inductance value of the transformer is first
determined. It is also necessary to determine the values of the
turn ratio and the leakage inductance of the transformer coil,
therefore, based on the flowchart in Fig. 7, first, the minimum
value of the magnetization inductance is determined by
considering a suitable margin so that the condition Eq. (37) is
met. Then the amount of leakage inductance is experimentally
determined according to the coupling coefficient and a range is
also selected for the values of the turn ratio and the duty factor.
The minimum-phase region of the converter is determined
for different values of n and D according to the previously
determined values of Lm and Llk and based on the zeros of
the converter transfer function. Also, in this minimum-phase
region, the values that set the output voltage of the converter
at the nominal value are also determined. Then, from this
area, the maximum values of n and D are selected so that
the converter has less stress on the switch. Now, because the
selected value of n and D changes the condition Eq. (37), the
value of Lm is updated again. Therefore, so far the values of
Lm and n have been finalized and the value of L/k should also
be measured after the construction of the transformer. Finally,
by designing the transformer based on the values of Lm and n
and measuring the value of Llk after its construction, the final
value of the duty cycle that results in the rated operating point
of the converter is determined.

For the initial design of the converter, considering that the
leakage inductance value of the transformer is not yet known,
this value is considered based on the estimated value of the
coupling coefficient equal to ten percent of L . Then the
transformer ratio and the duty cycle are obtained so that the
converter remains in the minimum phase zone and satisfies
the voltage gain equation. The minimum value of L required
for the converter to remain in CCM, considering a sufficient
margin for transformer ratio and different duty cycles is
shown in Fig. 7. Fig. 8 shows the range of transformer ratios
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and duty cycles that provide the converter minimum phase
and non-minimum phase zones.

Notably, all the points of this range do not satisfy the
voltage gain equation, so in Fig. 10 range of these points
satisfied in the voltage gain equation is shown. Finally, the
intersection of the above two zones, which satisfies both
conditions of being minimum phase and the voltage gain
equation in the CCM are shown in Fig. 10. These points are
listed in Table 2.

To reduce the effective value of current and switch stress,
it is better to choose the highest possible duty cycle for the
converter. Therefore, based on the results of Table 2, the
most appropriate choice for the converter is the transformer
ratio equal to 9 and the duty cycle equal to 50% (Assuming
that the leakage inductance is a certain percentage of the
magnetization inductance).

The next step is to construct the transformer, which
must be wound based on the transformer ratio of 9 and the
magnetizing inductance of 2.9 mH. By choosing the ferrite
core of type EE42/21/20 and according to Eq. (38), the
number of primary turns of the transformer is equal to 63
turns, and the number of secondary turns is calculated to be
equal to 7 turns.

After winding the transformer and setting the
magnetizing inductance to 2.9 mH, the leakage inductance
of the transformer winding is measured. The maximum and
minimum range for the leakage inductance value of the
transformer is experimentally considered between 1 and 10
pH.

The minimum phase zone of the converter is determined
by selecting the duty cycle and the leakage inductance in
the defined zone (Fig. 11). The zone where the voltage gain
equation is satisfied is shown in Fig. 12. Values of the duty
cycle and leakage inductance that satisfy both minimum phase
zone and voltage gain conditions are obtained by subscripting
these two zones (Fig. 12).

Table 3 shows the values of leakage inductance and the
corresponding duty cycle. If the winding of the transformer
is implemented properly, it is possible to achieve low values
of leakage inductance. Increasing the value of the leakage

Table 2. The values of transformer ratio and duty cy-
cle satisfying all three conditions of CCM, voltage gain,
and minimum phase

Duty cycle Transformer ratio
% 20 3
% 30 5
% 40 7
% 50 9
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Table 3. The values of leakage inductance and duty cycle satisfying both conditions of voltage gain
and minimum

Duty cycle Leakage Duty cycle Leakage
inductance (LH) inductance (uH)
48 % 1 54.5% 6
50 % 2 55% 7
52 % 3 55.2% 8
53 % 4 55.5% 9
54 % 5 56% 10

Table 4. Final design values of minimum phase forward-flyback converter in CCM mode

Input voltage

Power

Rated output voltage

Core magnetization inductance
The leakage inductance of winding
Primary to secondary circuit ratio

Nominal duty cycle

150 v
50 W
24 v
2.9 mH
7 uH
9

55 %

inductance leads to increasing the duty cycle to reach the
nominal operating point, and its excessive can result in a non-
minimum phase zone (Fig. 12).

On the other hand, with a large increase in leakage
inductance, the duty cycle needs to be increased to satisfy
the voltage gain equation, which causes the converter to
go towards the non-minimum phase zone. The design of
the transformer is completed by winding the transformer
properly and measuring the actual value of the leakage
inductance of the winding. Based on the results obtained from
the implementation of the algorithm presented in this paper,
the selected values for the forward-flyback converter to
operate in the continuous conduction mode and to be within
the minimum phase zone are given in Table 4.

The flyback converter is the non-minimum phase for all
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duty cycles, and increasing the duty cycle in this converter
intensifies the effect of being a non-minimum phase. This
causes RHP zero to approach the origin. Based on the
analysis done in the fourth section, the maximum duty cycle
that the forward-flyback converter remains minimum phase
is 57%. The nominal duty cycle considered for this converter
is considered to be 55%. The location of the zeros and poles
of the forward-flyback converter designed according to the
parameters of Table (4) is shown in Fig. 13.

By changing the output power of the converter, the duty
cycle of the converter changes, so the converter must remain
in the minimum phase zone in the condition of changing the
output power. Fig. 14 shows a range of converter duty cycles
that satisfy the gain voltage equation at different output
powers. The design method presented in this paper guarantees
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Fig. 9. Determination of minimum phase zone for the range of Transformer ratio and duty cycle
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Fig. 16. Output voltage of flyback and forward-flyback converters
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Fig. 17. The CCM and DCM regions of forward-flyback converter with the designed con-
verter specifications

the remaining of the converter in the minimum phase zone for
output power changes (Fig. 14).

In fact, unlike the flyback converter, which inherently has
a zero in the control input to output transfer function for all
duty cycles, and it appears on RHP; the zeros of this converter
can be placed on the left half plane for some parameters
and duty cycles. In other words, minimum phase dynamic
behavior is possible for the forward-flyback converter. Fig.
15 depicts the bode diagrams of the forward and flyback
sections and the forward-flyback converter. It can be seen
that the flyback converter is always non-minimum phase;
the forward converter is always minimum phase and the
forward-flyback converter is minimum phase. Fig. 16 shows
the dynamic behavior of the output voltage of both flyback
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and forward-flyback converters with changes in the output
voltage from 24 to 12 volts. It is seen that the behavior of the
flyback converter is non-minimum phase, while the behavior
of the forward-flyback converter is minimum phase.

Fig. 17 shows the CCM and DCM regions of the
forward-flyback converter considering the load current
and the switching frequency with the designed converter
specifications.

To compare the flyback, forward, and forward-flyback
converters, some aspects of these converters are presented in
Table 5. In this table V, , and N 5 are the number of turns in
primary and demagnetizing windings; I,, is the magnetizing
current; I, is the transformer secondary current which can
be larger for a forward-flyback converter compared to a
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Table 5. Some aspects of flyback, forward and forward-flyback converters

voltage number of  number number of  number of input Power switch voltage
gain in capacitors  of diodes inductors  transformers current stress
CCM
flyback D 1 1 1 0 1 im Vin + nVo
converter 1-Dn
forward 1 1 1 1 ] N,
pl i +2 VotV
converter n " n 3
Forward- 1 2 2 0 1 i V
S i+ Y, nl,—=m)=n,
flyback 1-Dn mt Y
converter
Vin
Geomp (s) Gpwm (s) Geonv (s) l
vref Com;?ens.ation PWM L9 Converter fe
Ve circuit
a)
Z

Vo
Z;
Rs
C, R,

+ I Vref }Rtl

1

b)

R1,C R.C
3,2
R21(-"1 RQ,C3

c)

R1,R3,C>

fz1 f2 fPW fPZ

Fig. 18. Feedback control loop a) block diagram b) circuit model ¢) gain diagram

forward converter because of the charging current of the
series capacitor.

5- Feedback compensation circuit design
5- 1- Feedback control loop

To control and regulate the output voltage of the forward-
flyback converter, a voltage control loop is used. A general
solution for unconditional stability for CCM operation of the
converter in voltage mode with any type of output capacitor
and a wide range of ESR values is to use a feedback control
loop with a type III compensating circuit [37]. The transfer
function of the compensating circuit used in this loop has two
zeros and three poles, one of which is located at the origin.
The block diagram of the feedback control loop and the
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circuit model along with the compensator gain diagram are
shown in Fig. 18.

In general, the efficiency and stability of the voltage
control loop to adjust the output voltage of the converter
are determined based on the open loop characteristics of the
system. In this compensator, the combination of capacitor C3
and R2 creates a pole and the combination of C, and R, creates
a zero, assuming that the frequency of the pole is higher than
zero (C>>C,), the transfer function of the compensator is as
follows:
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Table 6. Location and frequency of converter poles and zeros
Location Frequency (kHz)
Polel -1.16e3 +j1.09¢4 1.75
Pole2 -1.16€3 - j1.09e4 1.75
Pole3 -1.5¢e4 2.39
Zerol -2.14¢e4 3.4
Zero2 -1.88e5 29.9
the feedback control is as follows:
H(S):ﬁz (sC, (R +Ry)+1)(sCR, +1) 39)
Z, (sRC)(sC,R, +1)(sR,C; +1)

The frequency of the poles and zeros of the compensator
is as follows [37]:

P | e

"7 2R (C+C,)  27RC, (40)
1

In=2mre, (41)
(1 1 1

= —_— 7+7 [

S 27zR2(C1 CJ 272R.C, (42)

. 1

1 27(R +R,)C, (43)

/. S 44

27 22RC, 9

By selecting a value for R, and correctly placing the
poles and zeros of the compensator according to the desired
specifications, the transfer function of the forward-flyback
converter whose calculation method is explained in this
paper, the values of the capacitors and the resistances of the
compensator circuit are determined. The open loop gain of
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G (5) (45)

G, (s) =G, (s) X %/ X

osc

where Vosc corresponds to the peak amplitude of the
sawtooth waveform of the PWM section; Gmmp is the
compensator transfer-function and G, is the converter
transfer-function. To achieve a small steady-state error
between the output voltage of the converter and the reference
voltage; the gain should be high at low frequencies but small
at the switching frequency. In the design of the compensation
circuit and the placement of zero and its poles, the crossover
frequency (f) of the converter plays an important role.
Normally, this frequency is selected for switching converters
between a quarter and a tenth of the switching frequency to
enable quick response to disturbances.

The bode diagram obtained from the transfer function
of the forward-flyback converter (with the specifications
of Table 4) whose calculation method was described in this
paper is given in Fig. 15c. Also, the frequency of poles and
zeros of the converter is given in table 6.

5- 2- Compensator circuit design

The phase margin at the frequency of 15 kHz is 24.4°,
which must be increased by the compensator circuit to
ensure the stability of the system. Because the first pole of
the compensator is located at the origin, the first zero of the
compensator must be at a frequency lower than the pair of
converter poles so that the phase of the loop does not tend to
zero near this frequency. A suitable choice for the first zero of
the compensator circuit is as follows [37]:

Ja=0.7xf, (46)



S. M. Ahmadi et al., AUT J. Elec. Eng., 57(1) (2025) 3-30, DOI: 10.22060/eej.2024.23038.5584

Table 7. Location and frequency of compensator poles and zeros

Location Frequency (kHz)
Pole2 -1.57e5 25
Pole3 -2.51e5 40
Zerol -7.54e3 1.2
Zero2 -1.01e4 16

__Bode Diagram (converter, compensator & loop)

100 £

50

Magnitude (dB)

——Gconverter
— Gcompensator
G open Loop |

Phase (deg)

Increasing Phase margin |
i i T i bl " T ——

3

10 10

Frequency (kHz)

Fig. 19. The Converter, compensator, and open loop Bode diagram

where f »p 18 the frequency of the complex conjugate
poles of the converter.

According to Table 5, the frequency of the pair of
converter poles is 1.75 kHz, so the first zero frequency of
the compensator is selected as 1.2 kHz. The second zero of
the compensator should compensate the other pole of the
converter so that the loop gain slope at the gain pass frequency
is -20 dB/dec. Considering that the gain pass frequency of
the converter is 15 kHz, the second zero frequency of the
compensator is determined to be 16 kHz. The second pole
of the compensator should be at a frequency higher than the
crossover frequency and lower than the switching frequency
(f;,) so that lag does not reduce the phase margin, so it is better
to determine the frequency of the second pole as follows [37]:
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47

Therefore, the frequency of the second pole is also chosen
to be 25 kHz. The third pole of the compensator should provide
more attenuation for high frequencies, so the frequency of
the third pole is close to the second zero frequency of the
converter and equal to 40 kHz. Also, the gain of the loop at
the crossover frequency must be unity, that is:
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Fig. 21. The output voltage transient behavior

Fig. 19 is the bode diagram of the feedback control open
loop. The frequency of the pole and zeros of the compensator
are given in Table 7.

One of the main purposes of this paper was the design
of the minimum phase forward-flyback converter in CCM
mode, which was done in the previous section. The diagram
of Fig. 19 shows that the converter is minimum phase.

As shown in Fig. 19, the minimum phase condition of
the system is maintained. The phase margin tends to infinity
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after compensation. Also, the gain and phase margin at the
crossover frequency have increased after compensation. After
compensation, the cutoff frequency is increased from 2.56
kHz to 3.82 kHz, and thus the bandwidth of the system after
compensation is increased. On the other hand, the cutoff rate
of the open-loop transfer function has become slower, which
is desirable. Also, the gain in low frequencies has increased.
Fig. 20 shows the step response of the converter along
with the step response after placing the compensator in
the feedback control loop. According to Fig. 20, the step
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response of the output voltage of the converter controlled
by the feedback loop has better transient behavior and has
reached the reference voltage in less time.

The effectiveness of the designed feedback loop in
following the output voltage in the condition of changing the
load current from 50% to 100% of the nominal and changing
the reference voltage is shown in Fig. 21. Of course, it is
certain that if the feedback loop is not used, it will not be
possible to track the reference voltage due to the change of
the operating point.

5- 3- Nonlinear controller design and simulation

In this section, a nonlinear controller is designed for a
forward-flyback converter based on the proposed equivalent
circuit shown in Fig. 3. Taking the time derivative of Eq. (16)
and considering the average models of forward and flyback
sections, one can obtain:

dv
° = f(d)+ (48)
a e
where:
V. 2
in d T
1-d)ni ( Vol ) s
c, 2L,c,
vol V02
=" —— 50
Ry R, 0
Define the following output voltage error:
h=v,-v, (51)

where vV is a constant output voltage reference.
Taking the time derivative of Eq. (51) and using Eq. (48),
the following error dynamics is obtained:

h=v,=f(d)+g (52)

To achieve a fast convergence of error to zero, the
following dynamics are proposed:

h :—th—Kzsign(h)—KJhdl” (53)
0
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where K|, K, and K, are positive constants which are
tuned by trial and error.
Comparing Eq. (52) with Eq. (53), yields:

f(d):_g_th_KQSig”l(h)—K3j-hdr (54)
0

In fact, Eq. (54) is the control law. The proposed control is
a combination of nonlinear feedback linearization control and
sliding mode control with an integral term. Using Egs. (54),
(49) and (50), the duty cycle is obtained from the following
quadratic equation:

ad*> +bd +c=0 (55)
where:
(vm - vol j T;
g=in (56)
2L,c,
ni
h=——tu
c (57)
ni,
c=—-=

t
+g+K1h+K2sign(h)+K3.[hdr (58)
¢ 0

o

To verify the obtained model and the effectiveness of the
proposed control, a closed-loop control simulation test is
done. In this simulation test, the voltage reference is 20v and
it is changed to 24v after t=0.05s. The obtained results are
shown in Fig. 22. It is seen that the output voltage tracks its
reference with good dynamic. In addition, the magnetizing
current and C1 voltage are within acceptable ranges. The duty
cycle is also shown in Fig. 22 which is averaged in minimum-
phase region.

6- The results of the practical implementation of the
forward-flyback converter and its comparison with the
flyback converter

To practically evaluate the dynamic behavior of the
forward-flyback converter, a laboratory prototype of flyback
and forward-flyback converters has been made. Fig. 23
shows the photograph of this laboratory prototype. To verify
the performance of the forward-flyback converter, the duty
cycle of the converter has been changed by a step change
using a signal generator.

To minimize the amount of leakage inductance of the
transformer, the transformer is wound in a sandwich form,
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Fig. 23. Practical laboratory circuit of flyback and forward-flyback converter
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Time Div =2 psec

V D1 [10V/div]

¢ AP o

| Switch OFF/D1 OFF

Fig. 27. D1 voltage in forward-flyback converter
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V D2 [10V/div]

Switch OFF/D2 ON
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Time Div =2 psec

Switch ON/D2 OFF
T >

Fig. 28. D2 voltage in forward-flyback converter

Vcl [5V/div]

Switch: OFF

[Time Div=2pus]

Switch: ON

Fig. 29. C1 voltage in forward-flyback converter

and the distances between the coils have been removed and
they are completely wrapped together. The switch used in
the converter is MOSFET IRF840. Fig. 24 shows the output
voltage of the flyback converter for output voltage change
from 12 to 24 volts. Corresponding to the flyback converter,
in Fig. 25, the output voltage of the forward-flyback converter
is shown for output voltage change from 12 to 24 volts.

As it is known, due to the addition of a forward section,
the forward-flyback converter can create the desired output
voltage at a lower duty cycle compared to the flyback
converter. Also, if the duty cycle range of the forward-flyback
converter is less than 50%, the converter is minimum-phase
and shows a better dynamic response compared to the flyback
converter. Fig. 26 shows the voltage across the switch in the
forward-flyback converter. A clamp circuit has been used to
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eliminate the severe voltage spike. As shown, adding a clamp
circuit has limited the spike amplitude.

The voltages across the diodes D, and D, in a switching
cycle are shown in Figs. 27 and 28 respectively. Also, in Fig.
29 the voltage across capacitor C, in a switching cycle is
shown.

7- Conclusion

In this paper, the dynamic behavior of the forward-
flyback converter compared to the flyback converter is
investigated. For similar input and output voltage values and
power, the forward-flyback converter shows better dynamics
in a range of duty cycles. To determine the transfer function
of the forward-flyback converter, a new method is presented,
based on which the converter is divided into two sections,
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flyback and forward section, and the transfer function of each
is determined separately, finally, the total transfer function
is calculated. Using the new modeling method, without
obtaining the full order average model of the converter which
has singularity for the leakage inductance of the transformer,
an accurate model is obtained which is suitable for converter
analysis and control design. Also, a flowchart for the design
of the forward-flyback converter in minimum phase region
in continuous conduction mode is presented. Simulation and
experimental results represent the superiority of the forward-
flyback converter over the flyback converter for some duty
cycles and confirm the presented analysis. The obtained
equivalent circuits, model, and bode diagram can be used
not only for analysis but also for control design. Based on
the obtained transfer function of the converter, two closed-
loop control systems, using the classical control approach
and nonlinear control, are designed which have appropriate
performance in regulating the output voltage and validate the
proposed model of the converter. It is notable that when the
duty cycle falls within a specific range, the flyback-forward
converter exhibits minimum phase behavior, in the next
research work the converter topology is modified to extend
the minimum-phase region.
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