(multi input multi output) systems controller design using
classical approach becomes more complex. These limitations of
classical approach led to the development of state variable
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Abstract—Many sophisticated ac/dc or dc/ac converters with
varied degrees of complexities are available for low voltage, high
current applications like photovoltaic cells, fuel cells, hybrid
electric vehicles, telecommunication power supplies and battery
chargers., In dc-dc, converters like buck, boost, buck-boost are
widely used. In this paper, the mathematical modeling based on
various energy parameters like stored energy, pumped energy,
and time constant, damping constant is done and analysis are
carried out on isolated forward converter with self- driven
synchronous rectifier with current double rectifier. The isolated
forward converter suits the requirements of the above said
applications. Also, the performance of the converter is analyzed
with a controller whose parameters are selected using
conventional tuning method and soft computing approach like
particle swarm and whale optimization techniques.

Index Terms—Active Clamp, Forward Converter, Current
Double Rectifier, Energy Factor and DC-DC Modeling, PI
controller, Particle Swarm Optimization algorithm, Self-Driven
Synchronous Rectifier, Whale Optimization Algorithm.

I. INTRODUCTION

High power density DC-DC converters make the electronic
systems of various industrial space flight systems smaller,
lighter and more efficient [1], [2]. The efficiency of these
converters is the key factor influencing the power density. The
heat/power losses tend to reduce the life and reliability of these
converters. The transfer function and state space analysis are
used in design and analysis of mathematical modelling for
fundamental converters. Transfer function approach of system
modeling provides final relation between output variable and
input variable. However, a system may have other internal
variables of importance and state variable representation
considers all such internal variables. Moreover, controller
design using classical methods, e.g., root locus or frequency
domain method are limited to only LTI systems, particularly
SISO (single input single output) systems; since for MIMO

Ms. Alagu Dheeraj, Assistant Professor is with Electrical and Electronics
Engineering Department, SSN College of Engineering, Anna University,
Chennai 603 110, India (e-mail: alagudheeraj@ssn.edu.in).

approach of system modeling and control which forms a basis
of modern control theory. State variable models are basically
time domain models, where the dynamics of some variables
called state variables which along with the input represent the
state of a system at a given time are taken into consideration.
These models will automatically adjust to any shift in
parameters. State space representation is best suited for both
theoretical solutions like analytical and optimization, and
numerical calculations.

As the complexity of the circuit increase, so does the order
of differential equation which leads to difficulty in time domain
analysis. Power DC-DC converters consists of DC power
supply source, pump-circuit to transfer energy from supply to
passive energy storage elements, filter circuit with passive
elements like inductors, capacitors and load. Load could be
resistive, back EMF or battery. Energy Factor parameters [18]
like pumped energy, stored energy, energy loss, etc., which give
the relation between time domain response of dc-dc converter
and all the energy storage devices in a switching period are
derived. A dc-dc converter is an energy storing device as it has
energy storing components like inductors and capacitors. When
the converter performance changes from one steady state to
another, the stored energy also changes. The inductor currents
and capacitor voltages varies in the process of conversion. This
variation results in oscillation of the stored energy of the
inductors and capacitors. These oscillations of total stored
energy determine the boundary condition between continuous
conduction mode (CCM) and discontinuous conduction mode
(DCM) operations. These parameters are useful in design and
analysis of the converter. Energy Factor for various
conventional non-isolated converters like Buck, Boost, Super-
lift converter have been done by F.L. Luo [18], [23], [24].
However, literature is sparse for similar work on isolated
converters. This mathematical modeling for isolated forward
converter is described in this paper.
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This paper provides a complete analysis and mathematical
model of Active Clamp Forward converter [8] with CDR using
SDSR [9] - [14], [15], [16], [17] using the energy factor
approach as suggested by Luo [18]. The constrained Ziegler
Nichols PI controller response is compared with optimizing
techniques such as particle swarm optimization (PSO) and
whale optimization algorithm (WOA).

The performance of forward converter [19] mainly depends
on core resetting technique. The magnetic energy of the core is
recycled which would otherwise result in the current build up
at each switching cycle saturating the core. Active clamp reset
[20], [21] has better performance than other resetting methods
like RCD, two switch forward converters, tertiary winding etc.,
and it overcomes 50% duty cycle limitation with minimal
component stress. There are other standard techniques available
to operate forward converter above 50% duty cycle such as

Active Clamp
Circuit n:1

+
C% Ro<Z Vo
_ -
lo

Fig 1: Circuit diagram for active clamp forward converter
with SDSR and CDR

introducing tertiary winding. It must withstand twice the input
voltage but cause very high switching stresses. In RCD clamp,
the cost less than tertiary winding. The design is complicated.
and dissipates energy. Finally, 2-switch forward converter is
easy to implement. But limits the stress to input voltage switch
and diodes with complicated driving circuit.

The transformer core is better utilized in the active-clamp
reset method [22]. This is due to the transformer core being
energized in both the halves of the switching cycle. This method
is a better solution for improving the functioning of the forward
converter.

By choosing the appropriate leakage inductance and precise
gate turn on/off the switches, noise and ringing could be
avoided. Conventional Active Clamp Forward Converter
(ACFC) is limited 50% duty cycle operation. By increasing
turns ration duty cycle is stretched beyond 50%. Thereby
primary side conduction losses are reduced. A low forward
voltage drop switch can be selected. Hence lower breakdown
rating of rectifier on secondary side. The efficiency of the
secondary side of the converter can further be improved by
Current Double Rectifier (CDR) with half bridge, full bridge,
push-pull or forward converter [3], [4]. ZVS operation of
synchronous rectification without additional driver circuit for
high current applications reduces conduction losses [5], [6].

Further CDR [7] reduces the current ripple, and the required
output capacitor rating. The degree of ripple cancellation is
dependent on duty cycle. The use of two output inductors each
carrying half the total current (at half the switching frequency),
helps is distributing the heat losses significantly which is the
important factor in high current designs. In this paper, case
study on Active Clamp Forward Converter with SDSR based
CDR is done.

CDR
L
SDSR m Io=ivatin
K - +
Active Clamp  sec=iu| ¢ ! I 1
Circuit n:1 /. +i CsT Ro< Vo
:. . - + lo=I 1+ -
CCIJ: Vpr NP | NS Vsec Llo
+ s T SR, L T i
Vin = 2 Ph,-v,

Fig 2a : Mode I
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Fig 2b : Mode 11

II. ACTIVE CLAMP FORWARD CONVERTER

A. Principle of operation

An active clamp forward converter with self-driven
synchronous rectifier based current double rectifier (as shown
in Fig.1) is taken for case study. The circuit consists of main
switch Sy, active clamp comprising of auxiliary switch S, and
clamping capacitor Ccj, on primary side. The output inductors
Li, Ly, SR; and SR; at the secondary side of the transformer
forms Current Double Rectifier Circuit (CDR). The converter
energy is transferred during on time of main switch S; and Cq
is charged through body diode of S,. During off time of Si,
energy of parasitic capacitance of S; and leakage magnetizing
inductance L, of transformer are discharged through clamping
capacitor C. Capacitor C resets flux of transformer core and
zero voltage switching to turn on the switch.

At the secondary of the transformer, load is connected
through CDR circuit. In high current applications, with low
output voltage results in large power dissipation. By having



CDR at the output, the load current is shared between the two
inductors and reduces heat dissipation and conduction losses.

B. Modes of Operation

It consists of active energy transfer, core resetting and
freewheeling stages. The ACFC-SDSR consists of two modes.
Fig.2. a. shows Mode I: Main switches S; and SR on, S, and
SR; off.: where the active energy is transferred from source to
load. Fig.2.b. shows Mode II operation. Auxiliary switch S, and
SR; on, S; and SR, off, where core resetting takes place. Key
waveforms of the converters are shown in Fig.2.c. The detailed
operation is described below.

There are five stages during a switching cycle.

Stage 1[t0-t1]: The main switch S, is turned on at t = t0.
Simultaneously gating pulse from transformer secondary side
turns on SR»,. The output current ip flows through inductor L,
Co and Ry; there by inducing primary current of the transformer.
The magnetizing inductor L., is charged linearly by input
voltage Vin.

The output current ip flowing through CDR inductors,
charges the inductor L, and  discharges the inductor L;. This
stage ends at t = t1, when the main switch S; and SR> are turned
off while SR is turned on.

Stage 2[t1-t2]: After the main switch S, is turned off at t1,
the clamping capacitor C is charged by the reflected load
current in the primary winding, io/n. This stage ends when Vs;
reaches the input voltage Vi, at t2.

Stage 3[t2-t3]: After Vs; reaches Vin, the secondary voltage
becomes zero and the transformer is shorted. Since the rectifier
current cannot to reduce to zero immediately, it starts to
resonate. It continues to resonate until ., —y, . v, . The output

current ip lowing through CDR inductors, discharges the
inductors L1 and L2. This stage ends at t = t3.

Stage 4[t3-t4]: At t = t3, core resetting stars by turning on
auxiliary switch S, by ZVS. At t = t4, when the clamping
capacitor current reaches zero it starts discharging. Current
flowing through inductor L, continues to decrease whereas
inductor current L increases.

Stage 5[t4-t5]: During this interval clamping capacitor
discharges completely. The magnetizing current flows in the
opposite direction through S,. At t =t5, S, is turned off. This
stage ends at t = t5.

At all-time the load current is shared between the two

inductor currents i.e., iy =1, +1I,,.

Fig. 2.c. shows various key waveforms of ACFC. Where Vy,
and Vg are main and auxiliary switch voltages;, Im —
magnetizing current; I clamping capacitor current; SR; and
SR, — SRs gating pulses and CDR — Ir; and 11, output filter
inductor currents.

s+ DT, 1-DT,
S;and S
"1 S on S, on
Vg [ ton toff T 1

| iy li i
SR2 Gating oo ) |
t T | —
SR1 Gating n ! |
R/ — -
CDR i |
T T
) | |
to tll t3 . t4 I t5

Fig 2¢ : Key wave forms of the ACFC converter

III. SELECTION OF COMPONENTS

The forward converter is designed for 2.5V / 15A / 100 kHz
applications. The input voltage range of 150 ~ 250 V and duty
cycle range of 0.36 to 0.63 were assumed. Table 1. gives the
design specifications and component selection.

The basic design equations of active clamp forward
converter are used in selecting the components.

V. V.
Turns ratio, n = in(min) " in(max) 0
VO (I/m (min) + Vin(max) )

Ai (1-D_.)*

Clamping Capacitor, C, = : ( ml:< ) @
L6*V e * fon
1-D
Resonant frequency, fo= (—max) 3)
274L,C

V,(1-D,_,

Output filter inductor, L, = M @

(AiO)ripp * sw
Where L, =L, =2L,

As each inductor value of the CDRs is twice that of output filter
inductor.

(Mo)ripp
8 * fjvw * (VO)ripp

Output capacitor, C, = ®)



(Alo)ripp 10% of Ip and Vo(ripp) 0.1% of Vo,
where (Alp)ripp = (Alsec) max

TABLE 1
DESIGN PARAMETERS AND COMPONENTS

Parameters/Components Value
Maximum Power (P0) 50 W
Input Voltage (Vin) 200 VDC
Output Voltage (VO) 25V
Output Current (10) 15A
Switching Frequency(fsw) 100 kHz
Transformer turns ratio (n) 12
Clamping Capacitor (Ccl) 40 nF
CDR Inductors (L1 & L2)) 30uH each
Output Capacitor (C0) 660 uF
Load Resistor(R0) 0.165Q

A. Controller optimization

. The closed loop response of PI controller is analyzed with
the conventional Ziegler Nichols method. To further improve
the performance, soft computing algorithms such as PSO and
WOA are used with an objective function of minimizing the
steady state error. Using Ziegler Nichols algorithm [25], the
estimated set value for PI controller parameters such as K, and
K; were determined. Using these values as guide line,
optimization is done with PSO [26] and WOA [27] methods.
PSO is a global optimization method which depends on few
parameters, whereas WOA is a multi-threshold method used to
improve the accuracy. The optimal value is obtained based on
minimal steady state error.

With the set output voltage of 2.5V, the response of the
controller using the parameters obtained from the two
optimization algorithms are compared with the conventional
Ziegler — Nichols method and the results are given in Table II.
Fig.3 shows the closed response of ACFC for Z-N, PSO and
WOA methods.

TABLE 11
CONTROLLER PARAMETERS
7Z-N PSO WOA
Ky 1.3 1.283 1.2
Ki 500 429 494
ts(ms) 6 5 4
Mp(%) 48 36 32

where K,-proportional gain, Ki-integral gain, ts-settling time
and M,-percentage overshoot

Closed Loop Response of ACFC
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The percentage peak overshoot for Z-N, PSO and WOA are 48,
36 and 32 respectively. In Z-N method the overshoot period is

Fig.3. Closed Loop response of ACFC for Z-N, PSO and WOA
methods (VO Vs T)

greater and gives an under damped response. The PSO gives
moderate response. The WOA method gives better closed
response with minimal overshoot of 32% and fast settling time
of 4ms. The steady state error for all the above methods was
Zero.

IV. SIMULATION RESULTS AND DISCUSSION

Simulation of the Active Clamp Forward Converter with
SDSR is done in MATLAB. Gating pulse for main switch S;
along with auxiliary switch S, and transformer peak value of
primary 200V and secondary 5V. Active clamp circuit gives a
voltage of 100V and current of 1A. Fig.3. a. shows the
waveforms for CDR inductors currents (I; & Ii2) and

CDR WAVEFORM
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Fig.3.a. CDR output inductor currents and magnetizing current I _

magnetizing current I,. The output current of 15A is shared
between the two inductors. It is observed that the two inductor
currents are asymmetric and the simulated average currents are
close to the calculated results. During core resetting period
when the active clamp circuit is turned ON, the clamping
capacitor is charged during that time. Turning on of S; and S,
by Zero Voltage Switching (ZVS) i.e., when the Vg of
corresponding switches reaches zero current increase. Similarly
turning on of Synchronous switches SR; and SR, by ZVS.



The Converter output voltage of 2.5Vand current of 15A
is shown in Fig.4.
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Fig.4. Output voltage and current waveforms

V. MATHEMATICAL MODELING FOR POWER DC-DC

CONVERTERS

Traditional mathematical modelling of power converter
are done by various experts and the Mathematical modelling
for all power DC-DC converter is given as,

G(s) = M .
(I+szt+s7z7y)
Where G(s) — transfer function; M — voltage transfer
gain; T — time constant; 1q — damping constant; s — Laplace
Transform in s-domain
From Mode I of Fig.2.a. , input impedance is given as,

(6)

V.
z, (5)= n + 5L, + Ry|CylsL, 7
expanding eqn. (7), we get
[V"" (s*LyR,Cy +5Ly + Ry )+ 5°L L R,Cy +5° Ly L, +sRy(L, + L, )}
n
- (s*L,R,Cy +5L, +R,)
(7a)

From Mode II of Fig.2.b., input impedance is given as,

I/il1
Zin($) == +5Ly + Ro[|Co|sZ, (7b)

Solving eqn. (7b), we get

Vin
_ n

(7c)

Also,

(S4L1R0C0 +sL +R, )+ S LiL,RyCy +5*LiLy +sRy (L, + L,)

(s*L,RyCy + 5L, + Ry)

R,|C
UREE. ®
V Li+(R)|Cy)
Solving eqn. (8), we get
" (sR,C, +1) ‘

Since Mode I and Mode II are symmetric, the transfer function
G(s) for the ACFC converter is determined using equation (7a)
or (7¢) by state space analysis. G(sL) in terms of components
listed from Tablel is given as

Using eqn. 7a. and 8a., transfer function G(s) is obtained as,

M R, (s*L,R,C, + 5L, + R,)
G(s)= N7
(sRCo+D {7 (s*L,R,C, + 5L, + Ry )+ S LL,R,C, + s*L,L, + sRy(L, + L, )}
- €
TABLE 111
ENERGY FACTOR PARAMETERS
Energy Factor
Parameters Symbol & Formulae Values
Pumped PE =V,I1,T
Energy 6 (mJ)
ny n,
Stored Energy | SE = Z Wy, + Z W 88.93 (mJ)
j=1 j=1
T
Energy Loss EL= J‘Ploss dt = Plomt 0.6 (mJ)
0
Output Energy PO = (PE - EL)T 54 (mJ)
" Py PE-EL
Efficiency off =—"—="_"—"— 90%
F’iﬂ PE
nc
Capacitor to Zj:l WCj-
Inductor CIR = — 8.2663
Ratio L
Z j=1 WL,
2T.EF 1-
Time Constant T= 1+ CIR —’7 5.374 (us)
1+ CIR n
o 2T.EF CIR
Damping Time | 7, = . 13.412
Constant 1+ CIR || n+CIR (1 - 77) (us)
£ Ta CIR
Time Constant B T B 2494

ratio

Neglecting L, and higher order terms, and rearranging eqn. (9)

we get,



M.RO.Vl
2 n n
s COLI.V—m+s R,Cy+ L, V—m +1
Where Eqn. 10 is of the general form of eqn. 6.
n
7=R,C,+L — (10a)
Vi
n
T, = COLI.V—M (10b)
Substituting eqn. 10a. in eqn. 10b. we get 7, as,
R,C,L,n
0~ot (10¢)

s (ROCon + nLl)

VI. ENERGY FACTOR

For the ACFC shown in fig.l.energy factor and its
parameters are determined. The input energy of the source is
pumped into the circuit and the energy is distributed to all the
energy storing devices like inductors and capacitors. The
following equations give the relationship between transfer
function and stored energy in power DC-DC converters [18].
The SDSR converter is analyzed in terms of, PE - Pumped
Energy, SE - Stored Energy, EL - Energy Losses, 1| - Efficiency,
CIR - Capacitor to Inductor Ratio, T - Time constant and T4 -
damping constant.

The input energy in a switching period T is given as Pumped
Energy(PE). Total energy stored in inductors and capacitors are
represented SE. The ACFC shown in fig .1 has Vin as PE, Cq,
Co, L and L, are the energy storing elements SE.
Energy stored in inductor (W) and capacitor (W.) are,
w, :%L[LZ;WC:%CVCZ (11)
and the total energy stored in inductor due to L; and L, is
given as,

W, =W, +W,, (12)
The total energy stored in Clamping capacitor(Cci) and output
capacitor(Cy) is,

W.=W,+W, (13)
Power loss during conversion process due to resistance,
leakage inductors and parasitic capacitor and power losses in
semiconductor switching devices is given as Energy loss (EL),

dt=Ph

loss

t, where B, =P +P +P,

loss r

(14)

T

EL = J'PlOSS
0

Where P, — resistive power loss, P. — passive element power

loss and P4 — device power loss

Output power (Pg) = Volp and Input power (Pin) =Po+Pioss  (15)

Output energy in period T, F, = (PE - EL)T (16)
For the ACFC with SDSR, transfer function G(s), and gain(M)
from (10) is given as,

G(s) = 0.20165 .
72.0841s" +5.374s +1
V.

M =-2=0.0165

"
Using formulae of the Energy Factor parameters like PE, SE,
T, T4, &, 0, and o, were calculated at various converter
efficiencies. Table 1. shows the energy factor parameters at
90%. Since time constant ratio(&) > 0.25, output wave form is
oscillatory and over shoot occurs. System performance can be
further improved by PI controller

nd

Efficiency (1)
P, t
arameters 0% 80% 90%
Time Constant (1) ps 12.726 8.591 3375
Damping Constant (td) 7.2826 9.4397 13.412
us
Time Constant Ratio (&) 0.572 10988 2:495
Damping Factor (6)Hz 68656.8 52967.78 37280.05
96157.83 97598.196 111723.098
Frequency(o)
TABLE IV
ACFC ENERGY FACTOR PARAMETERS PERFORMANCE AT VARIOUS
EFFICIENCIES
Step input response for the converter is
2 1 )
g(t)=V,| 1—e™ *(cos ot ) — ———(sin at)
/ 4r,
T
where V is the output voltage. 17)

Table IV. shows the energy factor parameters for three
different efficiencies viz. 70%, 80% and 90%. Since time
constant ratio(§) > 0.25, output wave form is oscillatory and
over shoot occurs. 70% efficiency converter give better
performance. With PI controller, system performance with
higher efficiencies can be achieved.



Step Input Response of ACFC-SDSR for various Efficiencies
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Fig.7: Converter response for various input voltage, M Vs t

Fig. 6. Shows the simulated time response for various
inductor (L; and L ) values at a constant input voltage of Vi, =
200V. It is noticed that, converter performance is better at 30uH
inductor value. Time response of various input voltage ranging
150~250V with inductors L; and L, , 30uH each is shown in
Fig. 7. It is observed that, with input voltage, Vin = 200V the
converter gives better response. Simulated results show that the
DC model and analysis are the same in Section III.

VII. CONCLUSION

For high current applications, Active Clamp Forward
Converter with CDR using SDSR is analyzed with energy
factor parameters in this paper. Compared to half bridge or full
bridge converter on front end, the active clamp forward
converter using SDSR with CDR improves overall efficiency
with high power density. A novel method of the time domain
analysis for the isolated converter is done based on the energy
factor parameters. For any values and any number of stored
energy components like capacitors and inductors, the system
performance can be determined in terms of its energy. This
throws light on the performance of energy devices in a
converter and their response. Compared to conventional
methods this energy factor approach gives better understanding
of energy storing elements. Also, the closed loop control of the
converter is done using PI controller using various optimization
algorithms and WOA is found to offer a better transient and
steady state performance while the other methods such as PSO
and Z-N offered a good steady state performance alone
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