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ABSTRACT

With the rapid development of Microprocessors/Mamnatrollers digital controllers are becoming viabéme as
compared to conventional controllers. To overcohmdrawbacks in single loop simple Voltage Modetfodiers

and improve the performance of the converter, waplcurrent mode Controllers need to be designaik paper
presents the step by step design procedure tomesigjgital Current Mode Controller for Active Clantorward

Converter. Small Signal Discrete-time Model of toaverter is first designed. Control dynamics @& tonverter
are explained in detailed to design a current modatroller for Active Clamp Forward Converter. Ardmuous —
time current mode controller is first designed amith the help of digital redesign method a digitakrent mode
controller is designed. Finally, the behavior oétActive clamp Forward Converter with designed oalidrs and
achievement of desired compensation is verifieddplying disturbances at both ends of the converter

Key words: Active Clamp, Current Mode control, Digital Redesid-orward converter, Small Signal Model

INTRODUCTION

Due to rapid development of power electronics itiugrimary trends moving towards for low voltagesd high
current power supply circuits for various applioas like Telecom Power Supply; Distributed Poweppdu
Circuits, fuel cell Power generation systems, @t@]. Forward converter is a promising topology fow and
medium power applications where low voltages athha@urrents are required with higher efficiency. But
transformer in forward converter requires resetimgach and every switching cycle to overcomesttearation
problem. There are different resetting techniques available to reset the transformer, between hvlictive
clamp resetting technique becoming viable one dueimplicity and power reversal capability. Insthihethod
power is transferred back to the source while tegpthe transformer hence the efficiency of thenaater is
improved [3-6]. Fig.1 shows the basic circuit deagrfor Forward converter with the active clamp waitc

To get desired performance from switching convertercontroller is required. But with continuous adeement
in the technology, digital controller is the prefble one due its advantages as compared to anahdglter. The
advantages of digital controllers are accurates $esisitive to disturbances, programmable chaistitsrand less
in cost. And also suffers from drawbacks like delaysampling a signal, requires time to computepacHic

function [7-9]. Some of the authors are concenitpton the converter circuit to improve the effiadgrof the

converters and the others are concentrating onctimroller circuit to achieve better performancenir the

converter. In [3] methods to determine mathematialdel of the converter and procedure to desigmeat

controller is presented. But to improve the perfance of the converter and to get accurate resudfisad
controllers are preferable one. In [8-9] some é¢ffdrave been made towards the design of digitairaiber for

simple buck and boost converter. But no one isudised regarding the design of digital controllerda Active

Clamp Forward Converter. In [10], the authors arespnted design procedure of small signal dis¢mete-model
of Active Clamp Forward Converter and design ofitdigcontroller by using a digital redesign methdul.the

presented paper [10] simple digital voltage modetradler is designed in continuous form and thescobtized
into digital form by using the bilinear approxinmati method. But voltage mode controller also suffessn some
drawbacks like a slower response and compensatidarther complicated by the fact that the loopngadries
with input voltage.
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Fig.1. Basic circuit diagram of Forward Converter with Active Clamp Cir cuit

The main objective of this paper is to presentdimeple design procedure to design discrete-timeeotirmode
controller for isolated DC-DC converter by deteringnthe discrete-time model of the ACFC by usindigital
redesign method. Design procedure of discrete-immxlel of the ACFC is presented by using the bilinea
transformation method and the exact design proeedmd analysis of the converter is presented. Etieat
analysis of the designed digital current mode adiatr is confirmed by the results of MATLAB, the ff@rmance

of the controller are observed by applying distadm at supply side and load side and results a¥septed.
Finally, conclusions are made based on the obtaiesdlts from the designed digital current conénoll

MATHEMATICAL MODELING OF THE CONVERTER

Small Signal M odel of the Converter

First step in designing the controller for any tygfeconverter is the determination of its mathegatmodel. This
represents a physical phenomenon by its matherhatigavalent. There are different methods availablenodel

the DC-DC converters. But the small signal modefkisy suitable for converters are having nonlingearacteristics
like ACFC [11]. Consider the Active Clamp Forwardr@erter as shown in Figure. 1. In deriving the Isignal

model, the leakage inductance of the transformeramd the parasitic capacitance of the main swi@hare

neglected [12]. It is assumed that the small Istégnotes the time varying quantities, capitakistdenote DC
guantities and small letters with hat denotes sraallperturbations. Also, it is assumed that theveder is

operating in continuous current mode.

Applying KVL to the primary side of transformerdiaveraging over a switching period.

Vi =0+ (Y, ~V )= d) (1)

Perturbing (4.1) with small ac quantities such ttlat< D , \7g <<V,

] O ] ] O ]
Vi Vi = (V +V,)(D +d) + (V, +V, =V, =V, )0~ D ~d)

&)
] O O ] o0
=V, +V, =[V, = (0= D)V, ] +[v,~ @~ D)V, +V, d] +v,d -
oo
Neglecting the small terms, d , (3) gives the steady state and perturbed compgnen
Vi =V, —@-D)V]
O O O m]
Assuming ideal behavior, the steady state voltagbe transformer primary side must satigfy-0 (5)
Thus from (4) steady state equation becomes
0=Vs—(1-DM
V, (6)
=Vc= 2
1-D
Hence the small-signal components of (4) becomes
. LAV
Vi, =V, —@-D)v, +d (7

1-D)
The magnetizing currenit, flows through clamp capacitor. @hen the main switch is OFF.
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Perturbing (4.8) with small ac quantit
C 0 0

Ic+ic:(||m+im)(l_D_d) 9)
= In steady state =0 =0 (10)
The small signal components of (9) .

0o O 0

i, =i,@-D)-1I,d (11)

n O

Substituting (10) in (11)i, =i, (1—- D) (12)

Now consider the ideal classic forward convertar,without any resetting circuit. The relationshigtween the
primary and the secondary voltages is give

V., = d \Y

sT N 9

N (13)
Perturbing (13) with small ac quantiti

O 1 O O
V, + vy =—(D +d)(vg +vg)
N (14)

The small signal components are

o = OgD +V,d

S
N (15)
Similarly the relation between primary and secopdanrents is given
_diy
p =2
N (16)
The small signal components of (16)
. l,d+i,D
g =
N (17)
Also the relationship between the main switch curredtthe input current
i, =i.d
q n (18)

The complete model of an active clamp forward cotevecan be obtained as shown in Fig.2 by combieupggtior
(7), (12), (15) and (17) artay referring clamp capacitor, to the primary side.

DlT Veg »
-~ b N
N
. . ° e P
~ Y
oL v 1,
Vm m g N
li’" ~ ﬂ:l
V.d D

C, :
=Dy T (1-D)

Fig.2 Small signal model of Active Clamp Forward Converter

It is observed from the small signal model showirigure 2, the inputs a\A/g , d and the output arV,, iO and

A

im. The mathematical model of active clamp forward eoter that relates the input and output variabbas le

given by (19), (20) and (21).
Vo =GV, +G,4.d (19)
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i, =G, ¥, +G,d (20)
i1y = Gy Uy + Gy d 1)

The transfer functions in (19), (20) and (21) abtamed by considering each input at a time whileepinput is
zero. The transfer functios,, , G4, G,,, are given by (22), (23) and (24) wheh=20.

_ DxR,
Cold T N(STL,CR, +SL, +R,) “
Gy (9) = D{L+SGR)) (23)
! N(S?L,C,R, + Sl + Ry
_sq
Ging (8) = [S°L.C. + - D)) (24)
Similarly the transfer functiofs 4, G4, G4 are given by (25), (26) and (27) Wh§'|a =0.
Gu9) = ML @)
N(S*LCoR, + Sly + Ry)
Gy (s) = VoL SGR) (26)
! N(S?L,CoR, + Sl + Ry )
Ging (8) = Ve XSG (27)

(1- D)x(s’L,C. + @1-D)?)
Now by considering the design parameters of ACF@tiocaous time transfer functions are determined toaoh

descritized into a discrete form by using the leiin transformation method to obtain small signatmite-time
model of the ACFC. Table-1 shows the design pararaeif ACFC.

Table-1 Design parameters of ACFC

Parameter

Symbol Typical Units
Input Voltage \ 48
Input Turn-on Voltage W 35 v
Input Turn-off Voltage \bre 34
Output Voltage Y 5
Duty Cycle D 0.4166 --
Full Load Efficiency n 90% --
Output Voltage Ripple AVq 100 mMVpg
Output Load Current ol 20 A
Output Current Limit thm 32
Switching Frequency F 100 KHz
Output Filter Components Lo, Co 8uH, 590pF
Magnetizing Induc_:tance and Lm, Cc 100uH, 100nF
Clamp capacitance
Transformer rating 12:3

By substituting the designed parameters in equatid®) — (27), the continuous-time transfer funtdiare obtained

are as follows,

22069209.0395

G, (s) = 28

v9 () = 5767805 + 2.119¢8 (28)

6 Gs) = 13020.8333(s + 6780) 2o
i9'%) = "2 167805 + 2.119¢8 (29)

Gimg (5) = e (30)
img\S) = 2 7 3.403e10

6o (o) 254237288.3559 "
va'S) = 267805 + 2.119¢8 (1)
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1500000(s + 6780)

G: =
a(8) = 757805 T 2.119¢8

(32)

822857.14295s

G =
ma($) = <7 583310

(33)

Now by using the bilinear transformation technigquatinuous-time model (28)-(33) into discrete-timedel by

z~1

replacing S byrz— by considering sampling tirfie= 5e~°. The obtained discrete-time transfer functions 34

1+

1+z71

(39) are as follows,
0.00013546(z + 1)?

Gog(?) = 719622 1 0.9667 (34)
0.03251(z — 0.9667)(z + 1)
Gio() = 7 " 19622 1 0.9667 (35)
; ~0.0020616(z — D)(z + 1) .y
mg\Z) = T e 1208z + 1 (36)
0.015605(z + 1)2
Gva(®) = 719627 7 09667 G7)
3.7451(z — 0.9667)(z + 1)
Gia(?) = — 7 19617 1 0.9667 (38)
1.507(z - D(z+ 1)
Gima(2) = (39)

z2—-09313z+1
CONTROLLER DESIGN

After determining the mathematical model of the \eoter, it needs to observe the control dynamicghef
converter. These dynamics are changing with the tffcontroller. In simple voltage mode controttentrolling of
output voltage is very easy. Because it sensestbelyutput signal and compared with a referendgevand the
error signal is connected to the controller, thetadler will take appropriate action to get thesided output. But in
case of current mode controller both voltage andetti signals need to sense and with the helpesktiwo signals,
we need to generate appropriate control signaletotlte desired output. As compared to voltage naddrol,
current mode controller design is difficult. Butrent mode controller will give better performarecompared to
the voltage mode controller. In the case contirtimae-peak current mode controller, there is a deskbit requires
an external ramp signal to generate the controlasifL3]. But in the case of discrete time curnewide controller,
there is no such type of problem [14-15]. And mafsthe industries prefer average current mode odlatr In this
paper Average current mode controller is desigioedACFC by analyzing control dynamics of the comeerThe
relation between controlled currefit and duty cycled can be derived in terms of output inductor current
magnetizing current, output voltage and input \g#ta

Output Current Slope
VWg_Vo vg—Nv,
M, = Lo NL
(] o

The magnetizing current slope is given by (41)

M; =~ (41)
The primary current slope is obtained by adding @l (41) as given by (42)

Ml = M2 + M3 (42)
Equating control current with added artificial rabopgthe primary side current.

Ve

i ar .
©pmy St id = 25— S,dT

Ry
(43)
Assuming that the atrificial ramp is constant, peying with small ac quantities and separatingabeomponents
we get,

of4

i dr = . DT . _— v, -
T My iy — + Tpd :_R;_SedT (44)
; 5 5Ll _Go DT o (1  1\DT. .
Solving for d d—k R, N+2Lovo+(NLo+Lm)2vg imD) (45)
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Where k=(2+s,)T (46)
Now the gains are given as
1 1 DT
szz; Flzﬁ! szm
DT , 1 1., _
by=5 Gt Fim = (47)

Therefore, with the help designed a mathematicalahof the converter and control dynamics of theveuter,
Block diagram representation of the ACFC with AClis determined and is shown in Fig

With the help of block diagram representation AC®{th ACMC is simulated in MATLAB software and tt
controller transfer function is determined to geeé tdesired output in continuow time. And then designed
continuoustime transfer function is discretized into disc-time to implement the controller in digital mocAnd
the corresponding equations are as folli

0.43652z2+0.02523Z—0.4112

Gi(z) = 72-1.119Z+0.119 o
1.436 z2—1.094 Z—0.2923
1+Gi(2) = Z2-1.119Z+0.119 .
—4.537e5 Z+4.402¢5
Ge(2) = Z-0.5073 o
U{ U{ d.T
Ye £ —5.dT i d+
Rs "

POWER STAGE
SMALL SIGNAL

{]g
MODEL
d

Fig.4 Block diagram representation of ACMC with power stage

RESULTSAND DISCUSSION

Now with the help of complete small signal modeatdi diagram of Active Clamp Forward Converter (AQH
with Average Current Mode Control (ACMC) shown iigB. is simulated in MATLAB softwre corresponding
simulation diagram and results are shown below.5Figepresents simulink mode of the ACFC with combius-
time ACMC, Dynamic response of ACFC with ACMC isosin in Fig.6. and the output voltage waveform
ACFC with continuougime ACMCis shown in Fig.7.
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Fig.9. Pole-zero of ACFC with Discrete-time ACMC

With the help designed discrete-time controllensfar functions ACFC is simulated with Digital Aage Current
Mode Controller. And the results are shown beloig.& shows the simulink model of ACFC with Dis@ettime
ACMC, Fig.9.shows the location of poles and zera-plane. The output voltage and current wavefoofm&CFC

with Discrete-time ACMC is shown in Fig.10.

To analyze the behaviour of ACFC and achievementiedired compensation is observed by applying the

disturbances at supply side and load side. A dtepge of 10V is applied at 0.004sec and a loadcttapge of 5A

is applied between 0.006 sec and 0.008sec. Frorolitaéned results, it needs to observe that bathctises zero

voltage regulation is achieved by designed corrsl|
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Fig.10. Steady state output voltage and current waveforms with Discrete-time ACMC

CONCLUSION

A step by step design procedure to design a Di@itatent Mode Controller for Active Clamp Forwardrwerter is
presented. Small Signal Discrete-time Model of ¢baverter is first designed. A detailed explanai®provided
about the control dynamics of the converter andsied to design a current mode controller for Aci@amp
Forward Converter. A continuous—time current moaoietioller is first designed and with the help ajithl redesign
method a digital current mode controller is designEinal results confirmed that the achievementdes$ired
confirmation with designed controllers for ACFC apdrformance of the designed controllers is vatifley
applying disturbances at both ends of the conveArad with the help of results, it need to obsettve bilinear
transformation technique is able to shift wholet feft side of the s-plane into inside the unittgrin the z-plane.
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