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Abstract- This paper presents an analysis of the continuous
current and the discontinuous current mode operation of the
transformer of a step-up DC/DC converter topology intended
for applications with widely changing input voltages. The
proposed topology consists of a LC network coupled with a
single-phase inverter on the primary side and a full-bridge
rectifier on the secondary side of an isolation transformer. When
the input voltage is above the nominal value, the converter
operates in the buck mode, but when the input voltage level is
below the nominal value, the converter operates in the boost
mode.

L INTRODUCTION

Topologies of lattice networks coupled with the pulse
width modulated (PWM) inverter in today’s power electronic
applications are numerous [1-6]. These converters have both
voltage step-up (boost) and step-down (buck) properties.
Moreover, they can buck and boost input voltage in a single
power conversion stage. Reduced number of passive elements
in such lattice filters results in reduced costs, dimensions and
increased power density of the whole system. The simplest
filter topology which could be used for voltage buck and
boost operation is a conventional LC filter [7, 8]. But without
LC circuit modification, the boost mode cannot be performed
since the special operation state of the PWM inverter [1-6, 9,
10] does not allow that. To exclude such a disadvantage an
auxiliary switch 7, with antiparallel diode in the filter
capacitor C circuit (Fig. 1) are proposed to be added. This
paper presents the mathematical analysis of a converter
containing an LC filter coupled with the single-phase inverter
with switches T, T, T3, and T, (Fig. 1). Generally, the on-
state time of one switch pair can be expressed as DTy, where
D is the duty cycle of one switch pair and Ty is the operating
period of the transformer.

If D<0.5, switch pairs periodically connect the inverter to
the primary winding of the transformer and the converter

L

operates in the buck mode with an active state of switches
D,T,, where D, is the active state duty-cycle and 7} is the
operation period of one switch pair (Fig. 2a).
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Fig. 2. Operation principle of the proposed converter: buck mode (a) and
boost mode (b).

If D>0.5, both transistors of one inverter leg are switched
simultaneously, thus periodically shortening the inverter
bridge (intervals DgT) in Fig. 2b). This special switching state
is also known as a shoot-through state [1, 2, 6]. At that time
the auxiliary switch 7, in the capacitor circuit is turned off
and is repeatedly switched on during D,T). In such a way the
boost mode is provided. The secondary winding of the
transformer is connected to the RC load via a full-bridge
rectifier (Fig. 1). Capacitor C1 in parallel with the load limits
the output voltage ripple.
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Fig. 1. General power circuit of the proposed converter.
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II. OPERATION IN THE BUCK MODE

In the buck mode the input LC filter is connected and the
duty cycle of the inverter switches is D4<1. The basic voltage
and current waveforms in the discontinuous current mode of
the primary winding of the transformer are depicted in Fig. 3.
When T;, T, are switched on, the primary winding of the
transformer is being fed with the supply voltage Up~=U,.
Current /; of the primary winding of the transformer is almost
linear in the time interval DT, and grows from zero up to the
amplitude value I,, but when the switch pair is switched off,
the primary voltage of the transformer changes the polarity to
—Ujythrough the antiparallel diodes of the inverter bridge and
the current i; decreases up to zero in the time interval z,.
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Fig. 3. Basicvoltage and current waveforms in the discontinuous current
mode.

If the transformer turns ratio is n=w,/w,, the load current
irp at the output of the rectifier grows periodically from zero
up to nl, and then in the interval ¢, decreases up to zero
(Fig. 3, where n=1). Changes of the current i; of the
transformer primary winding in both intervals are defined by
respective voltages (U — nU;p) and (U +nU;p), as well as
by the transformer leakage inductance Lyg=L;+n,L;.

Using the self-inductance voltage equation we can write

Uy —-nU,p)D,T,=Uy+nUp, , 1)
where

— Uy —nU,,)D,T, '

t2
Uy+nU,,

2

If i; change is linear, the load voltage is

U,, =0.5n1 R(D, +1,f,) - 3)

Since the current /; amplitude can be found as

_WUy - nU,p)D,

I, s 4)
Lig-fo
the load voltage can be found as
_ 2p2
U, =U, (Lypfo +7 RDA)+«/§’ )

2nL, £,

where

B=+/(Lypfy +n*RD})? +4n*RD*Ly, f; .

This equation can be used until the moment the continuous
current i; of the transformer starts, i.e. until (D,T,+t,)<T,.
From (2) a boundary between continuous and discontinuous
current mode of the primary winding of the transformer will
occur when U;p=(2D41)Up/n. The boundary of
discontinuous current i; of primary winding of the
transformer in the buck mode can be found from (2) and (3)

L
D, =(0.5—%f°)+
n“R

+J(0.5 _ LTRfO )2 + LT];fO
n’R n“R

In the interval from D4=0 up to D, the capacitor current ic
in the period T, consists of three parts: during D47 part ic has
linear change from Iy up to —(I,—Iy); during ¢, the linear
change of current is from (Z,+Iy) up to Iy; during (7D, To—
t,) the ic=I,, where I,y is the average current of the DC
source

(6)

2
RU,,

The minimal voltage value of the capacitor U, will
occur at the end of the switch on (D,T),) state of the switch
pair, but the maximal value will develop approximately at the
beginning of that interval. Then

(I -1,)'D
AUp =Ucppy =Ucmin =—"=7252 . (®)
21,1,C
From here the capacity C necessary in the buck mode can
be found if AU is given.

Basic voltage and current waveforms in the continuous
current mode (within D,,<D,<1) of the primary winding of
the transformer are depicted in Fig. 4. In this case in the
period T, the current i, part of time (¢;) flows through the pair
of the switches of the inverter, but the rest of the time ¢, -
through the reverse diodes of the transistor module. Current i,
in the interval ¢; changes from zero up to +/—I,, but in the
interval ¢, linearly in time it tends to zero.
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Fig. 4. Basic voltage and current waveforms in the continuous current mode.

The average value of the load current is /;,=0.5#n1, and the
average load voltage is

U,,=0.5n R . ©)

Taking into account that in both intervals ¢ and ¢,
transformer primary winding voltage polarities are reverse
and from the absolute value are equal with Uy, we can write

Uy —nUp )T, -t) = Uy +nU ), , (10)

where

n’l R

t, =0.5T,(1- ) . ¢1))

IN

n’l R

Inturn, £, =0.57,(1+ ).

IN

Since the current i; growth in the interval ¢; is defined by
the voltage (Up—nU;p), then

[ = Uy =nUp)t .
" Lp

Using Ujp and ¢, equations, the amplitude of the current i,
can be calculated as

2
L, =— Ié’! [—2meo + AL 2 +n2R2] 13)

Like above, the filter capacitor current i- changes within
(I +Iy) up to —(I,~Iy). The minimal value of the capacitor
occurs in the switch off moment of the switch pairs, but the
maximal value develops approximately at the beginning of
the interval ¢,. Therefore the capacitor C voltage ripple can be
approximately calculated as

(12)

IR

(I, —Iy) 1+ -2=)
AU = 20 (14)
41,Cf,
II1. OPERATION IN THE BOOST MODE

During the shoot-through state, when the switches of one
inverter leg are switched on simultaneously (e.g., 7; and T in
Fig. 1), the periodical shortening of the transformer input is
made and at the same time the filter auxiliary switch 7 is
switched off.

During the shoot-through interval (Ds7, in Fig. 5) the
electromagnetic energy is stored in the inductor L, which after
the shoot-through state will be transferred to the filter
capacitor C and to the transformer.
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Fig. 5. Basic voltage and current waveforms in the discontinuous current
mode.

Also, in this operation mode the discontinuous and the
continuous current mode of the primary winding of the
transformer is possible. The discontinuous current of the
primary winding of the transformer is characterized by the
waveforms in Fig. 5.

The boosted voltage Up seen on the transformer primary
winding after the shoot-through state [4] can be expressed as

Uy
Up= (15)
1- D
Such voltages occur only in the case of an ideal source with
zero internal resistance.
In Fig. 5 I}, is the average value of the load current:

1,,=0.51 (1-Ds+t,1,) , (16)

where ¢, is the time in the shoot-through interval when i,
changes from the amplitude value +/—I,, up to zero:
L.,1
t, =—&nm (17)
nU,,

where [, is the amplitude of the transformer primary
current i;:
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I = (UB_nﬁLD)(I_DS) : 8)
Lipfo
U, — average value of the load voltage:
U,,=I,,R=0.5n,R(1-Dg +1t,£,) . (19)

From (17), taking into account (19) and the fact that ¢,
becomes equal to DsT, boundary between the discontinuous
and continuous current mode of the primary winding of the
transformer can be defined by shoot-through duty-cycle:

2Ly fo
R

Generally, taking into account (19), ¢, for discontinuous
current mode of the primary winding of the transformer can
be expressed as

-1~ D)+\/(l Dy + 3mlo
t,= n’R 63))
2/

Also, from (18) the current amplitude i; can be expressed as
I,=4U, 41, L +n*R(1- DS)2 +
+(1= DyWn*'R*(1- D,)? +8n°RL f,]

This expression allows calculating an average value of the
load voltage. Assuming that supply current is smoothed, the
filter capacitor C current changes only within 7(1-Dgs) and
peak-to-peak value can be calculated as

Al.=2(1,-1,),

Dy, = (20)

(22)

(23)
Ul
RU,

Assuming, that the current i of the capacitor C is linear,
the voltage uc of capacitor is

where [, =

0.5AI.t 0.5AI.t°
U =Uc pin + o <
’ C CT,

where time ¢ in the interval T)(1-Dg) changes from zero up to

the length of the whole interval. The amplitude of this voltage
is at =0.5T(1-Ds):

, (29

Al T,(1-D
UC,max = UC,min % > (25)
so the full ripple is
AU c= M . (26)
8CY,

It should be taken into account that the average value of the
capacitor voltage is equal to the boosted voltage Us.

Fig. 6 shows the basic voltage and current waveforms in
the continuous current mode of the primary winding of the
transformer.
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Fig. 6. Basic voltage and current waveforms in the continuous current mode.

UC min

The waveform of transformer primary winding current
(21,,) consists of two components:
in the interval DsT),

2

AL = 0.51,n"RDg : @n
JoLz

in the interval (1-Ds)T),

U, —0.51,n°R(1- D)

Al = (28)
’ foLTR
Merging, 21,=A41;+ AI,, and from here
U
I,= - (29)
2L fo —n*R(Dg —0.5)

The peak-to-peak value of the capacitor current can be
expressedas Al =2(I, —I,).

Current ripple of the voltage source in the boost mode can
be calculated during the shoot-through state:

UnDs
foL

In practice (30) defines the parameters necessary for the
filter L inductor. At maximal shoot-through duty cycle Dy,
the full change of the current must be on an accepted level

k] — AILm — UIZNDSm (31)
IIN,m Lf;)PN

where Py is the nominal load power, Iy, — the largest
average value of the source current. From here

U2 D,
& f,Py

Al = (30)

(32)
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IV. SIMULATION RESULTS

Fig. 7 shows the PSIM simulation results of the buck mode
of the proposed converter in the discontinuous current mode
of the transformer current.
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Fig. 7. Basic voltage and current waveforms in the buck mode

(discontinuous current mode of the transformer).

Fig. 8 shows the PSIM simulation results of the boost mode
of the proposed converter in the continuous current mode of
the transformer current. It is seen that the simulation results
are in good agreement with the theoretical assumptions
discussed earlier.
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Fig. 8. Basic voltage and current waveforms in the boost mode (continuous
current mode of the transformer).

V. EXPERIMENTAL RESULTS

To verify the theory discussed before the experimental
setup with the rated power of 800 W was developed and
tested. Fig. 9 presents the equivalent circuit of Fig. 1 which
was used in experiments, where inverter (7;-T) is substituted
with switch T but the secondary part of converter is

substituted by equivalent resistance R.,. It was stated that the
input voltage (Upn=40 V) should be boosted two times
(Uoyr=80 V).
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Fig. 9. Equivalent circuit diagram of proposed converter used in
experiments.

To obtain the desired twofold boost the shoot-through state
duty cycle Ds of a switch T was set to 0.5. The component
types and values used during experiments are summarized in
Table I.

TABLEI
COMPONENT TYPES AND VALUES USED IN EXPERIMENTS
Component Value/Type
Inductor L 110 pH
Capacitor C 120 puF
Switch T’ SKM50GB123D
Switch T SKM50GB123D

Fig. 10 presents the main operating waveforms of the
discussed converters. These are input voltage (Uy), input
current (), output voltage (Upyr), and output current (Ioyr).
It is obvious that the proposed converter can step up the input
voltage two times.
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Fig. 10. Main operation waveforms of proposed converter.

In the second experiment the voltage boost properties were
examined. Relation between the converter output voltage
Uour and shoot-through duty cycle Ds of the switch T is
shown in Fig. 11. It can be seen that at a larger Dg value the
experimental curve becomes lower than the theoretical curve.

831



This fact can be explained by the voltage drop on the circuit
elements.
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Fig. 11. Experimental and theoretical boost properties of proposed converter.

The voltage boost properties for proposed converter are the
same as it is for classical boost converter. It can be explained
by the same number of energy storage elements.
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Fig. 12. Inductance of inductor (L) and capacitance of capacitors (C) of
proposed converter dependence on different boost factors B.

Fig. 12 shows the inductance L and capacitance C of
commutating filter as a function of the boost factor B for the
discussed converters for the assumed input current ripple of
20%.

VL CONCLUSIONS

The discussed DC/DC converter with a commutating LC
filter can operate in both the buck and the boost mode. In the
boost mode the filter capacitor C must be disconnected during
the shoot-through state.

The expressions obtained for the continuous and the
discontinuous current mode of the isolation transformer

primary winding in the buck and the boost mode can be used
to calculate the parameters of the circuit elements. Changes in
the filter capacitor voltage depend on the difference between
the converter input and the source current. In addition, in the
buck mode the ripple is around the source voltage value, but
in the boost mode - around the boosted voltage, which is
defined by the boost short-circuit process.

The capacitance of the capacitor C must be selected from
the buck mode according to an allowable voltage ripple. The
inductance of the inductor L must be selected from the boost
operation mode at the highest boost (at the highest shoot-
through time).

The experimental results show that proposed converter
with commutating LC filter has voltage boost properties and
can be used for voltage stepping-up.
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